
NASA SP-188 

@ 

: C82:  CHEMICAL, BIOCHEMICAL, AND 

PHYSI GICAE .ASPECTS 

N 7 0 - 2 3 2 9 0  
. (ACCESSION NUMBE 

6 -  
(NASA C R  OR TMX OR AD NUMDER1 

.- 

A s y m p o s i u m  h e l d  a t  

H A V E R F O R D  C O L L E G E  

H a v e r f o r d ,  P e n n s y l v a n i a  

A u g u s t  2 0 - 2 1 ,  1 9 6 8  

NATIQNAL A E R O N A U T I C S  AND S P A C E  ADMINISTRATION 



NASA SP-188 

6 0 2  t CHEMICAL, BIOCHEMICAL, AND 

P:HYSIOEOGICAL ASPECTS 

Edited by 

Robert E.  Forster 
University of Pennsylvania 

John T. Edsall 
Harvard University 

Arthur B. Otis 
University of Florida 

F. J. W. Roughton 
Cambridge University 

A symposium held at 
Haverford College 

Haverjord, Pennsylvania 
August 20-21, 1968 

Scientific arid Technical In foviiiation Diuisiotr 
OFFICE OF TECHNOLOGY UTILIZATION 1969 
NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Kashington, D.C. 



FOREWORD 

During the 1920% and 1930’s there was a wave of investigation into the bio- 
chemistry of C02: into the acid-base reactions of plasma and whole blood, the 
interaction of COz with 02-hemoglobin equilibria, the hydration-dehydration re- 
actions of C02 culminating in the discovery of carbonic anhydrase, the reaction of 
COz and hemoglobin to form carbamate, and the overall transport of COZ by the 
blood. These researches provided fundamental data on the physiological chemistry 
of blood and the foundation of clinical chemistry, as well as techniques for a decade 
of clinic.4 investigation. 

Since that very active period, these topics have been relegated to the back- 
ground in favor of nwre modern and more exciting subjects, largely because they 
were considered completely understood : the contempt for the familiar. However, 
during the past several years there has been a resurgence of interest in specific 
aspects of the chemistry and physiology of C02. Kew measurements have been 
made with modern instruments of the thermodynzmic and kinetic constants of the 
reactions of C02 with buffer systems. The equilibrium and velocity constants for 
the carbamates of simple peptides and of hemoglobin, including the influence of 
oxygenation on the latter, have been reinvestigated. Blocking the terminal alpha- 
amino groups in hemoglobin has been found to eliminate carbamate formation at 
physiological pH. Carbonic anhydrase has been intensively investigated, the amino 
acid sequences of different forms are in process of determination, the crystal struc- 
ture of one form is being delineated with increasing refinement, and detailed chemi- 
cal mechanisms of its catalysis are proposed for experimental test. Details of enzymic 
carboxylation have been investigated, including the determination of whether COz 
or HCOa- is the active species. Although the equilibration of Pco2 between alveolar 
gas and end capillary blood in the alveolus is a pillar of physiological dogma, 
investigations in a number of laboratories have demonstrated that, under some 
conditions a t  least, the C02 tensions in blood and gas may be significantly different. 

In view of these developments and because no major meeting on these subjects 
had taken place for many years, we believed it would be worthwhile to bring 
together those active in these particular fields. Because many interested investi- 
gators were expected to be in the United States in the fall of 1968 to attend the 
24th International Physiological Congress in Washington, D.C., a conference on 
COz was arranged for August 20 and 21 at Haverford College. Genmous support 
was provided by the National Aeronautics and Space Administration and the 
National Heart Institute. The problem of biochernical production of CO2 was not 
included because of its magnitudc. Even so, the interest in carbonic anhydrase 
alone was so great that it became necessary to extend the duration of the conference 
half a day. 
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iv FOREWORD 

This volume includes the formal presentations as well as the discussions that 
followed. Every effort has been made to  present it as soon as possible, and we 
gratefully acknowledge the cooperation and assistance of the National Aeronautics 
and Space Administration in publishing these proceedings. 

The task of organizing the conference and coinpiling the proceedings fell 
largely upon Miss Michele Ramirez, who was assisted by Mrs. Florence Fisher, 
Mrs. Ruth Manwaring, Mrs. EveIyn Connolly, Miss Carol Shaffer, and Mr. John 
H. Read. We gratefully acknowledge thcir successful efforts. Miss Pamela Brown 
was of invaluable assistance in editing tha whole. 

R. E. FORSTER 
J. T. EDSALL 
A. B. OTIS 
3’. J. W. ROUGHTON 
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SESSIQN B 

Theoretical Aspect8 of CO, Chemistry 
Chairman: F. J. W. ROUGHTON 



Introductory Remarks 
F. ,I. W. ROUGHTON 

As one of the three assiotant organizers of this conference, I should like to 
open on two personal notes. First, I would like to express our warmest thanks to 
the main organizer, Dr. Robert E. Forster, his secretaries, and other local colleagues 
for all the work they have done and the finances they have raised, to bring us 
together in this beautiful Haverford campus, for what is likely to be a rewarding 
meeting. Only those who have been local secretaries to an international gathering 
such as this can appreciate the almost interminable efforts imposed by such a job. 
Thank you, Dr. Forster, your wife and family, your secretaries, and all your other 
local talent-"troops" as you have been calling them-for all you have already 
done for us and all you are going to do for us in the next 2 days. 

Second, I should like to say how delighted I am a t  last to be in the thick of 
a conference on carbon dioxide in chemistry and animal biology. 

During the last 5 years I have taken part in two very successful conferences 
on oxygen in biology, and like some others at those meetings, I have hoped rather 
wistfully that some day would come the turn of the junior partner, carbon dioxide. 

Here at  last we are and I trust that many of you, if not all, will contribute 
happily to one or more of the five main sections into which we have divided the 
conference. 

Since 1930 my colleagues and I, at one time or another, have published papers 
in every one of these five fields and 1 greatly appreciate the privilege, in my 70th 
year, of being in the chair for two of our sessions, together with the opportunity 
of being brought up to  date in a very wide range of topics, about which I once 
knew or thought I knew something, Without further ado, I now open the first 
two sessions of the conference. 

3 



Distribution of Carbon Isotopes and Their Biochemical 
and Geochemical Significance’ 

Most elements are coxposed of two or more 
stable isotopes. For example, carbon has two 
stable isotopes of masses 12 and 13, and oxygen 
has three isotopes of masses 16, 17, and 18. 
Carbon dioxide is, thus, a mixture of different 
isotopic species such as : C1*016016, C13016016, 
Cl2Ol6018, etc. The chemical and physical prop- 
erties of the different isotopic species of a com- 
pound are sufficiently similar so that it is custom- 
ary to ignore the isotopic constitution of a 
compound when its properties are described. On 
the other hand, it is well known that there exist 
differences in the thermodynamic and kinetic 
properties of the isotopic species of a chemical 
compound (Urey, 1947), t.he differences in the 
thermodynamic properties being primarily a 
result of the effect of mass on the vibrational 
frequencies of the compound or crystal. Because 
of this effect, t.here occur measurable isotopic 
fract.ionations associated with many processes 
in nature and in the laboratory for elements such 
as H, C, N, 0, and S. The geochemist has made 
clse of natura variations in the isotopic coni- 
position of the lighter elements to study natural 
processes that have taken pLce in the recent and 
ancient history of the Earth. To illustrate some of 
these uses will be the aim of this paper, wif.h 
particular reference to carLon isotope fractiona-’ 
tion. 

Diffeiznt isotopic specks nf a compound may 
alrn rcict a t  different rates resulting in isotopic 

Financial assistance for this research wn3 provided b:: 
Natioml Science Foundation grant GB 7517 and U.8. 
Atomic Energy Commission contract AT(04-3)-427. 

* Division of Geologic Sciences, Contribution Nn. 1572. 

fractionation during nonequilibrium reactions 
(Bigeleisen, 1949). The effect of mass on rates of 
diffusion and on molecular velocities undoubtedly 
caused isotopic variations in natural substances 
as well. 

The equilibrium distribution of the isotopes of 
carbon between two compounds can be dehed  by 
considering an isotope exchange reaction between 
the two compounds: 

C’*02-+ c13o2=c13oa2- + cw2 
The equilibrium constant (or fractionation factor 
a) for this reaction is 

a = ( Ci303”-/C12032-)/( Ci3O2/CUO2) 

If the standard Gibbs free-energy change for the 
above reaction is not equal to 0, then CY is either 
smaller or greater than 1, which in turn means 
that a t  equilibrium, the C13/C12 ratio of the carbon 
dioxide can be respectively lower or greater than 
that of the carbonate. In fact, a is equal tq about 
1.008 for this exchange reaction. Namely, a t  equi- 
libriilm, the C1R/C12 ratio is greater in the carbon- 
ate by about 0.8 percent, or 8 per mil, relative 
to tfhat of the carbon dioxide. Although this is a 
relatively small isotopic fractionation, a precise 
mass spectrometer is now available which permits 
one to measure with relatively high precision 
a and the change cf a 1vit.h temperature. 

The isotopic effects in chemical kinetic reactions 
we also expressed in terms of a “fractionation 
factor” for all “ e-:change reactim” between the 
reactant and activated complex in accord with 
Eyring’s transition-state hypothesis, The frac- 
tionation factor then represents the ratio of the 
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rate constant of reaction for the different isotopic 
species considered. 

Isotope fractionations associated with kinetic 
effects have been observed in many cases (Me- 
lander, 1960). From a geochemical point of view, 
an interestkg case is that observed for the 018/016 
ratio in oxygen dissolved in the ocean. Rakestraw, 
Rudd, and Dole (1951) observed that the 018/016 
ratio increases with depth, whereas the concen- 
tration of oxygen decreases proportionately, in- 
dicating that during oxidation of organic debris 
in the ocean, the 0 1 6  is preferentially used. The 
kinetic fractionation factor that they calculated 
suggests that the rates of reaction are dependent 
upon the square root of the mass of the oxygen 
molecular isotopic species. 

Mass Spectrometry and Notation 

Small differences in the C13/C12 ratio are 
measured on an isotope ratio mass spectrometer 
of the Nier (1947) type, which hts been specifi- 
cally modified for thii purpose by McKinney, 
McCrea, Epstein, Allen, and Urey (1950). The 
instrument compares the C13/C1* ratio between 
two carbon dioxide gases. One gas serves as a 
standard, the other is the unknown. Actually, the 
ratio 45/44 (C'3016016/C12016016) is compared 
between the gases. This ratio is the same as the 
ratio C13/C12, provided some known minor cor- 
rections are made (see Craig, 1957). The difference 
in tehe C13/C12 ratio between the two gases is re- 
ported in terms of &values where: 

6 = { [C13/C12(sample)/C13/C12 
(standard)] - 1) X loo0 

A &value of +1.0 means that the CI3/Cl2 ratio 
in the sample is 1 per mil greater than that of the 
standard, and a &value of -1.0 means that the 
C13/C12 ratio of the sample is 1 per mil lower than 
that of the standard. The precision of the measure- 
ments permits the detection of a difference of 0.1 
per mil in &value. The standard gas used for the 
measurements discussed here is the carbon di- 
oxide extracted from a fossil skeleton called 
BelemniteUu americana, a standard originally used 
in the Chicago laboratories of Professor Harold 
C. Urey. 

The fractionation factor 01 for an equiliborium 
system of two chemicai compouilds A and B is 

related to 6 by the expression: 

a= ( ~ + ~ A w o ) / ( ~ + ~ B / ~ w B )  

In many cases, the carbon dioxide preparation 
procedures determine the meaningful accuracy 
of &measurements. Essentially, the most desirable 
procedure for preparing carbon dioxide for the 
mass spectrometer is the conversion of the carbon 
compound to carbon dioxide quantitatively and 
without introducing or retaining gaseous im- 
purities. Impurities of masses other than 45 and 
46 can still affect the re?hbility of the 6-values. 

The C13/C12 Ratio of Some of the Natural 
Reservoirs 

The first limited survey of the C13/C12 ratio in 
natural materials was made by Nier and Gul- 
bransen (1939). Craig (1953), using the more 
sensitive mass spectrometer, made an extensive 
survey of the Cl3/C12 ratio using a large variety 
of sources of carbon compounds. Since then, 
many additional carbon isotope data have been 
added to the literature to give a better under- 
standing of the natural variations of the C13/C12 
ratio. Figure 1 summarizes, essentially, Craig's 6- 
values for carbon in the most common types of 
natural carbon reservoirs. This illustration shows 
that the range of the &values of the C13/C12 ratio 
is about 35 per mil which is about 350 times 
larger than the precision of measurement of the 
ratio. 

The range of the &valuy for carbon is even 
larger if one takes into account the isotope data 

MARINE 
LIMESTONE 

BICARBONATE 
ATMOSPHERIC 
co2 

MARINE 
PLANTS 

1MIERTEmTEs 

RANTS 

MARINE - 
TERRESTRIAL 

COAL 

SEDIMENTARY 

MARINE - 
NONMARINE - 

- 
CARBON 

PETROCEUM 

PETROLEUM 

t5 0 -5 -10 -15 -20 -25 -x)  -35 
8,PER MIL 

FIGURE l.-The approleirnate ranges of the Cla/CI* ratios 
(&values) for carbon from aarious reservoirs. (Data mostly 
Irom Craig, 1965.) 



DISTRIBUTJON OF CARBON ISOTOPES 7 

for some of the more rare natural occurrences 
of carbon. For example, Clayton (1963) found a 
&value of about +60 per mil for a carbonate 
mineral in a carbonaceous chondritic meteorite, 
while Silverman and Epstein (1958) measured a 
&value of -49.3 for a natural gas from the Red 
Wash field in Utah. There is, therefore, a t  least a 
115-per-mil variation in the CI3/C12 ratio in 
natural materials. 

Carbon Isotope Fractionation Processes 

hs figure 1 shows, the C13/C12 ratios of the 
natural carbon reservoirs fall into several groups. 
The carbonate-bicarbonate compounds are the 
most enriched in (213, next is atmospheric carbon 
dioxide, followed by marine animals, algae, ter- 
restrial plants, marine petroleum, carbon found in 
shales (sedimentary carbon), and, finally, non- 
marine petroleum. The groupings are primarily a 
result of a few basic isotope fractionation proc- 
esses. The smallest is the equilibrium fractiona- 
tion factor associated with the carbon dioxide and 
dissolved ocean bicarbonate. This fractionation 
factor is about 1.007, resulting in an enrichment 
of 7 per mil in the bicarbonate. There is little 
fractionation between the bicarbonate and car- 
bonate in the ocean, perhaps 1 or 2 per mil. The 
equilibration between the bicarbonate and the 
atmospheric carbon dioxide is rapid, so that the 
6-valum of the atmospheric carbon dioxide and the 
dissolved carbonate in the ocean remaw nearly 
const.ant and are controlled by the o! between the 
carbon dioxide and carbonate. The rapid rate of 
the equilibration between atmospheric carbon 
dioxide and the carbon in the ocean has been 
established by the C*4 measurements of the two 
reservoirs (Suess, 1953). The rel%tively large 
range for the 6-values of atmospheric carbon 
dioxide shown in figure 1 is primarily caused by 
large diurnal and possible seasonal variations in 
the C13/’C12 ratio in highly vegetated areas 
(Keeling, 1958) and to industrial contributions 
of isotopically light combusted petroleum in in- 
dustrial areas (Friedman and Xrsa, 1967). Normally 
the 6-value of rural atmospheric COz is essentially 
constant over the world. 

The other main fractionation processes for 
natural carbor are those associated with photo- 
synthesis and the conversion of living organic 

matter to sedimentary carbon. Fractionation 
caused by photosynthesis in the marine environ- 
ment appears to be about 11 per mil, and ir. the 
terrestrial environment, about 20 per mil. 

In addition, there appears to be an isotopic 
fractionation associated with the conversion of 
biogenic material to petroleum and to car- 
bonaceous material found in sediments (primarily 
shales). The exact reason for this isotope effect 
has not as yet been worked out, but several pos- 
sibilities exist. The decomposition of biogenic 
material may be accompanied by an isotope 
effect such that, for example, Cl3-rich cellulose or 
lignin may decompose a t  a more rapid rate com- 
pared to the C12-rich cellulose or lignin. The 
C12-rich cellulose or lignin may then be retained 
preferentially in the sediments and be rearranged 
to form the carbonaceous material found in the 
sediments. The second possibility is based on the 
fact that, in a plant, the C13/C12 ratio is 5 to 8 per 
mil lower for the lipid fraction relative to that of 
the rest of the plant (Park and Epstein, 196l), 
and that the lipids will be retained preferentially 
to form the carbonaceous material in sediments. 
It is possible, then, that the lipid fraction of 
living plants or animals provides the material for 
t.he petroleum reservoirs of the world. 

The CI3/C1* Ratio of Ancient Carbon 

With the knowledge of the C13jC12 ratio frac- 
tionations associated with the few key processes 
discussed above, it is possible to apply carbon 
isotope data of ancient carbons to determine the 
magnitude of the various carbon reservoirs in the 
past history of t.he Earth, because the isotopic 
composition of any of the reservoirs on the Earth 
depends upon the fractionation factors between 
reservoirs and upon the relative amount of carbon 
in each reservoir. Also, it may be possible to as- 
certain a t  what time in the history of the Earth 
tLe contribution of biogenic carbon to the total 
carbon of the Earth became important. The 
average isotopic composition of the total carbon 
of the Earth is determined primarily by sedimen- 
tary carbonates and organic carbon in sediments 
(mostly shales) because, according to ‘Rubey 
(1951), hhese two sources represent 99 percent of 
the totd carbon in the Earth’s carbon cycle. The 
carbon in the carbonates is about 73 percent of the 



: ' #  /y 
1\ASCE k Isotope Ratios (&Values) in Sedimmts (Shales, Slates, and Chert) ICS Determined 

bjj Hoering (1967) 

Locat,ion 

Aransas Bay, Tex. 
Green River formation, de Beque, Col. 
Woodford formation, Okla. 
Chattanooga formation, Tenn. 
Alam formation, Sweden 
Nonesuch formation, Mich. 
Thompson formation, Minn. 
McMinn formation, Australia 
Gunflint iormat,ion, Ontario, Canada 
Onwantin formation, Ontario, Canada 
Ventersdrop System, South -4frica 
Knife Lake formation, Mich. 
Soudan formation, Minn. 
Soudan formation, Rlinn. 
Swazilan System Fig Tree formation 

total. Using a material balance calculation where 
the &value of carbonate is taken to be 0 and that 
for shales about -27, the &value of the Earth's 
carbon should be about -7 per mil. If, in the 
early history of the Earth, the carbon was present 
almost entirely as carbonates, the &value for these 
carbonates would be -7 per mil. It follows that 
if the isotopic differences between the reservoirs 
remained constant, the &value of the atmospheric 
carbon dioxide would be -14 per mil and that of 
the sedimentary carbon, -34 per mil. Conversely 
if, a t  some time, the amount of carbon in the shale 
would be the dominant resprvoir, then the carbon 
in the shales would have a &value of about - 7 per 
mil. The &value of the carbonates would be +20 
per mil, and that of atmospheric carbon dioxide, 
+13 per mil. It folIows that a lower proportion 
of biogenic carbon than that of the present day 
would result in a correspondingly more negative 
&value for the biogenic carbon. The 8-value of old 
carbon might then provide evidence as to the time 
when biological processes began to play an im- 
portant role in the carbon cycle of Earth. 

There are difficulties in obtaining the necessary 
data for the above considerations. It is not certain 
that the isotopic composition of very old carbon 
is preserved over many millions of years. It is 
possible that photosynthesis and the processes 

Approximate age, million year2 

Recent 
40 

280 
320 
500 

1100 
1600 
1600 
1800 
1700 
2100 
2600 
2000 

3000 
_-______._________________ 

6 for C13 

a -19.4 
-29.8 
-28.8 

a -28.5 
a -28.4 

-29.3 
-30.4 
-31.7 
-30.2 
-22.3 
-37.9 
-35.6 
-37.4 
' -35.8 

-25.0 

associated with the formation of shale carbon 
were accompanied by unexpected isotopic frac- 
tionations. There is also the possibility that some 
of the carbon associated with very old shales was 
secondary carbon added at a much later time 
after the shaIes were formed. Nevertheless, it is 
still interesting to examine isotopic data available 
for some very ancient organic matter. Hoering 
(1967) has analyzed organic carbon from some of 
t.he oldest known shale and slate (metamorphosed 
shale) formations, in order to evaluate the pos- 
sibility of the existence of biogenic carbon a t  that 
time. The age a d  &values given by Hoering for 
these carbons are listed in table 1 and figure 2.3 
It would appear that the older carbon has a lower 
&value, suggesting that around 2 billion years 
ago, the Earth contained a rehtively small frac- 
tion of biogenic material. The ratio of sedimen- 
tary to carbonate carbon reached its present value 
about 1200 million years ago. The problems of in- 
terpretation of isotope data for carbon as old as 1 
billion years are discussed in. some detail by 
Hoering, and it would appear lhat more in- 
formation is necessary regarding the biochemistry 

3 The organic material that can be washed out or ex- 
tracted by benzene-methanol is ignored, because in most 
cases the material that can be extracted represents a 
minor contribution to the total carbon of the shale. 
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FIGURE 2.-A plot of Hoering’s (1967) Cla/Cl? data for 
shales and shies of various ages. 

of shales and the isotopic fractionations associated 
with biochemical procesws. Hoering’s data, how- 
ever, serve to illustrate an interesting application 
of carbon isotope measurements to an interesting 
geobiological problem, 

It is relevant to point out that the &value for 
carbon in carbonatites is about -5 to -8 per mil 
(Taylor, Frechen, and Degens, 1967). Carbon- 
atites are carbonate rocks considered by many 
geologists to be deep seated and of magmatic 
origin and, thus, could possibly be the primary 
inorganic carbon of the Earth. Isotopically, 
carbonatites qualify to be the early source of 
carbon associated with the early formation of 
biogenic materials because tfheir 8-valGes are very 
similar to the -7 calculated for the average 6- 
value of the Earth’s carbon. 

CARBON ISOTOPIC FRACTIONATION IN 
THE PHOTOSYNTHETIC FIXATION OF 

CO, 

Considerations of carbon isotope variations in 
natural materials point out the importance of un- 
derstanding the isotopic fractionations associated 
with a large number of biological processes. The 
lack of this knowledge makes interpretation of 
natural isotopic variations very difficult. One at- 
tempt to study a biological process to gain under- 
standing of natural carbon isotopic variations is 
described below. At  the same time, these ex- 
periments may illustrate how isotopic fractiona- 
tions can be used in conjunction with biological 
research. 

Park and Epstein (1960) made an attempt to 
determine the mechanism which causes the carhon 

I 

isotope fractionation associated with photosyn- 
thesis. Such a mechanism had to explain the 
existing isotope information : (1) the magnitude 
of the fractionation factor between carbon di- 
oxide and plants; (2) the range in &values of 
plants; (3) the differences in &value for plants 
found in close proximity to one another, iinp!ying 
that the isotopic cornposition of carbon dioxide is 
not the only factor in the range of the 6-value of 
the plant; and (4) the difference in &value for 
marine acd nonmarine plan&. In addition, there 
were several results obtained by additional ex- 
perinlent8 which also had to be consistent with 
the proposed mechanism. 

Baertchi (1952, 1953) determined that the 
photosynthetic is0 tope fractionation is not caused 
simply by the diffusion of carbon dioxide through 
the atmosphere to the surface of the plant. He 
showed that absorption of carbon dioxide froin the 
atmosphere into a -ohtion of barium hydroxide 
caused a maximum fractionation of only 14 per 
mil, as compared with a maximum fract.ioiiation 
of 26 per mil he observed for a bean plant grown 
under controlled laboratory conditions. 

Experiments, where tomato plants were grown 
in a closed box from seed in vermiculite and 
watered with nutrient solution (Hoagland’s) in an 
atmosphere containing carbon dioxide of known 
6-value and concentration, gave a-values between 
carbon dioxide and plant of 1.0279 and 1.0285, 
representing about a 28-per-mil difference between 
the 6-values of carbon dioxide and plant. This 
carbon dioxide air mixture was passed over the 
plant with sufficient speed so that neither the 
concentration nor the &value of the carbon di- 
oxide was changed appreciably during the growth 
of the plant. Plants, which were grown under con- 
centrations of carbon dioxide ranging from 50 to 
one-half times the concentration present in the 
Earth’s atmosphere, gave fractionation factors 
ranging from 1.0280 to 1.0247, respectively. The 
plant grown at  half the atmospheric concentration 
of carbon dioxide gave an unusually low yield of 
plant growth (about one-fourth that of the other 
plants). This result will be discussed later in the 
light of the proposed model for carbon isotope 1 

The &values were ther, determined for carbon ; 
dioxide respired under dark conditions by tomato 
plants. Using a tomato plant whose total carbon 

fractionation during photosynthesis. ‘ d  



&value was -32.4 per mil, the carbon dioxide 
respired during the first 10 minutes gave a &value 
of -25.8 per mil. As respiration continued, the 
8-vahe of the respired carbon dioxide continuously 
decreased. This result will also be discussed in the 
context of the proposed model. 

Calvin and Bassham (1962) have shown that 
the primary fixation reaction in photosynthesis 
is the carboxylation of ribulose1 ,&diphosphate 
(RuDP) to yield two 3-phosphoglyceric acid 
(PGA) molecules, the resciion being enzyme cata- 
lyzed. Using a large excess of bicarbonate so- 

lution as the source of the “dissolved COZ,” 
RuDP was converted completely to PGA in the 
bicarbonate solution. With the knowledge of lhe 
&values of the rtuDP, the PGA, and the bi- 
carbonate, it was possible to calculate the differ- 
ence in the &value of the bicarbonate arid the 
&value of carbon dioxide fixed by the RuDP to 
form PGA. The difference was 17.4 per mil, 
giving a fractionation factor of about 1.017. With 
this information, it was possible to suggest the 
following model to explain the isotopic fractiona- 
tion associated with photosynthesis: 

wall of leaf 

fixation by 
cell 

kinetic (11, I enayme (2) 
Atmospheric-+ “dissolved C02’ --A Carbohydrate 

I t--- XLz- respiration 

other compounds 
I co2 

translocation by 
flow of sap through 
the vascular system (3) 

It was suggested by the authors that the step 
associated with absorption of carbon dioxide into 
plant cells can be accompanied by an isotope 
fractionation similar to that associated with the 
capture of carbon dioxide by a barium hydroxide 
solution. This fractionation factor would be about 
1.014 (Baertchi, 1953, and Craig, 1953). Because 
atmospheric carbon dioxide has a &value of -7, 
the dissolved COz in the cytoplasm of the cell could 
have a &value of -21 per mil. Because the pH of 
cytoplasm is not high (37), it is Sossible that ex- 
change between atmospheric carbon dioxide and 
dissolved COz in the cytoplasm may take pIace, 
resulting in a 6-value for the dissolved COZ of 
approximately 0 per mil (the value for bicar- 
bonate in equilibrium with atmospheric COZ) . 
The 6-value of the dissolved COz in the cytoplasm, 
therefore, can range from -21 to 0, depending on 
how rapidly the atmospheric carbon dioxide is 
fixed by the plant. Considering that plants can 
grow at different rates, it  would not be surprising 
if the dissolved COZ could have a wide range in 
6-values. Thus, step 1 aIone can account for the 
existing relatively Iarge variation in the C13/C*2 

ratio of plants. 
It was possible to extract the dissolved Con 

from photosynthesizing tomato plank to deter- 

mine whether the &value of this material is in the 
range of 0 to -21. The extraction of the dissolved 
COz was accomplished by rapidly cutting tomato 
leaves into a liquid nitrogen bath. With appro- 
priate precautions to eliminate the addition of 
contaminating carbon dioxide, the dissolved COz 
was extracted by permitting 1 N sulfuric acid to 
react with the leaves at temperatures of about 
0 C. The &values for the extracted carbon dioxide 
ranged from -9.5 to -17.5. To indicate that 
carbon dioxide extracted in this manner represents 
carbon dioxide introduced into the cytoplasm, the 
experiment was repeated with respiring tomato 
plants. In this case, the average &value for the 
extracted carbon dioxide was -23.5, as compared 
with the respired 6-values averaging -25.8. It 
a ~ m s  reasonable to conclude that the extracted 
carbon dioxide from the cytoplasm represents the 
intermediate dissolved COZ in both respiration 
a d  photosynthesis. The second carbon isotope 
fractionating step in photosynthesis is the enzyme- 
catalyzed fixation process adding the dissolved 

Whenever there are two successive kinetic 
steps in a reaction, the isotope fractionations 
associated with the two steps cannot be additive. 
This fact becomes obvious if step 1 is considered 

COz to RuDP to form PGA. 
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as the slow ratecontrolling step and step 2 as a 
rapid one. Namely, as soon as the carbon dioxide 
is absorbed by the cytoplasm, it is immediately 
converted to the primary photosynthetic product. 
In  such a case, only the first step would cause 
isotopic fractionation, because total conversion of 
carbon from one form to another cannot be ac- 
companied by fractionation. The plant would 
have a m i n i u m  &value of -21 per mil. On the 
other hand, if step 2 were the rate-controlling 
one, then the dissolved COz in the cytoplasm 
would have the opportunity to equilibrate con- 
tinuously with atmospheric carbon dioxide and 
acquire and maint&:n a &value of about 0 per 
mil, the approximate equilibrium &value of 
bicarbonate when in equilibrium with atmospheric 
carbon dioxide. In this case, the isotope frac- 
tionating step would be due to the enzyme re- 
action (step 2) which would result in the &value 
for the plant of about - 17 per mil. Any combma- 
tion of intermediate rates for steps 1 and 2 would 
give &values for the plant ranging between -17 
and -21. To permit the addition of isotopic frac- 
tionation by the two successive kinetic steps, it is 
necessary to introduce a third step which, during 
photosynthesis, could eliminate part of the dis- 
solved COz from the plant. The suggested step 3 
is the translocation of dissolved C02 by the flow of 
sap through the vaqcular system of the plant. 

If the pumping of carbon dioxide through the 
root system is relatively rapid, and if step 1 is 
the slow rate-controlling step, there will not be a 
complete incorporation of dissolved C02 to form 
PGA by the rapid step 2. The isotopically light 
carbon dioxide will be fixed photosynthetically 
because of isctopic fractionation and the remain- 
ing C13-enriched carbon dioxide in the cytoplasm 
will be pumped away through the roots. Ideally, 
then, step 1 will give an isotope fractionation of 
1.014 and the enzyme-catalyzed step 2 will add a 
fractionation factor of 1.017 resulting in a maxi- 
mum overall fractionation factor of the photo- 
synthetic fixation of atmospheric carbon dioxide 
of 1.031. The plant will then acquire the minimum 
&value of -38 per mil. 

Similarly, if step 2 is the slow rate-controlling 
step, the equilibration of the dissolved CO2 with 
atmospheric carbon dioxide will not take place in 
step 1 because the dissolved C02 will be contin- 
uously pumped away by way of step 3. Provided 

there is no isotopic fractiondtion associated with 
step 3, the minimum &value of -38 for plants can 
be attained under these conditions as well. 
Naturally, if the &value of atmospheric carbon 
dioxide varies, the &value of the plant can vary 
to maintain the a-value. The rapid evolution of 
carbon dioxide through the root systems of the 
plants during the period of exposure to light has 
been observed by Harris and van Bavel (1957). 
In addition, Galimov (1966) has shown that car- 
bon dioxide sampled from sandy and sandy loam 
soils in forests gives &values more typical of 
&values for dissolved C02 rather than &values 
expected for respired carbon dioxide. Galiiov 
explains his results on the basis of the above 
model; namely, that welldeveloped roots in this 

It is also possible to assign a priori the maximum 
&values for plants in the extreme case that plants 
can incorporate nearly all the carbon dioxide in the 
air that is available to them. If the translocation 
of carbon dioxide is small, the quantitative 
transfer of COn to plants would be void of an 
isotope fractionation and the &value of the PI-ants 
can be similar to that of atmospheric carbon 
dioxide, namely, -7 per mil. In the oceans where 
the bicarbonate &values are around 0 or -1 per 
mil, the marine plants can also have &values of 
0. It is, therefore, possible that plants may have 
&values ranging from about -38 to 0 per mil. This 
phenomenon explains the existing range in the 
&values for marine and nonmarine plants. The 
value of a= 1.028 observed for the tomato plants 
grown under laboratory conditions gives a &value 
of -35 for the plants. This value is also within the 
range indicated above. 

Variability of the &values of the plants growing 
within a narrow area can also be explained. Be- 
cause the fractionation associated with photo- 
synthesis is so sensitive to the relative rates of 
steps 1, 2, and 3, the &values of atmospheric 
carbon dioxide alone will not determine the 
&value of the plants. 

The presence of a C13-enriched dissolved C02 
in the cytoplasm (relative to total plant and 
respired C02) explains the nature of change in 
the &values of carbon dioxide as respiration of the 
tomato plants proceeds. During respiration, the 
isotopically heavier dissolved COz was being swept 
out of the cytoplasm by the respired carbon 

soil pump C02 into the soil. 



dioxide so that the first carbon dioxide sample 
collected was the richest in C13, and this enrich- 
ment decreased as the proportion of the C13-poor 
respired carbon dioxide increased. 

It is also possible to explain the difference 
between the &values for marine and terrestrial 
plants. If we assume that there is adequate com- 
munication between the cytoplasm and ocean 
water in the marine environment, then the enzyme 
step 2 will have BS its starting point a &value for 
carbon dioxide of about 0. The most negative 
&value for marine plants should be about -17 
or -18 per mil. This result is in agreement with 
the data of Craig (1953). Recent work by Degens, 
Guillard, Sackett, and Reppman (1968) showed 
that some marine planktonic diatoms have &values 
lower than - 17 per mil. They have proposed that 
these plants use carbon dioxide gas dissolved in 
ocean water. Because this carbon dioxide has a 
lower &value than that of bicarbonate, the plank- 
ton will acquire more negative &values. There are 
other variables, such as temperature and pH 
associated with the &value acquired by the 
plankton. The reader is referred to the work of 
Degens et al. (19E8) for further details. There is, 
of course, the difficulty of determining which 
form of carbon dioxide is incorporated into plants, 
but it is beyond the scope of this paper to try to 
discuss the possible ramifications of this problem 
on 6-values of plants. The model proposed should 
be qualitatively independent of the nature of the 
carbon dioxide used by the plants, but the pre- 
dicted isotopic compositions of the plants can vary, 
depending on whether plants use carbon dioxide or 
bicarbonate. 

Previously, it has been pointed out that halving 
the natural concentration of carbon dioxide in the 
atmosphere decreased the isotopic fractionation 
factor during photosynthesis. There may be two 
reasons for this decrease. The rate of growth of the 
tomato plants appears to be so markedly de- 
creased by the lowering of the concentration of 
carbon dioxide, that equilibration between the 
atmospheric carbon dioxide and the dissolved 
C02 in the cytoplasm is enhanced and, as was 
previously pointed out, such an effect would result 
in a lower fractionation factor. The other possi- 
bility is that the concentration of the carbon 
dioxide in the atmosphere WM decreased during 
photosynthesis, and because removal of carbon 

dioxide from the air would tend to increase the C1v 
concentration of the air, the overall result would 
affect a Cla-enrichment in the plant. 

Several aspects of the variation of the C13/C12 
ratio of photosynthetic materials have been ex- 
plained on the basis of the proposed model. It was 
also possible to use the model to predict the 6- 
value of certain plants and to design an experi- 
ment for one of many possible tests of the model. 
As was pointed out previously, absence of the 
translocation step 3 would permit a fractionation 
factor between carbon dioxide and the plant of 
1.017 to 1.021, provided the &value of atmospheric 
carbon dioxide remains constant. 

Certain terrestrial plants such as !ichens lack a 
vascular system, and translocation of solutes is 
negligible. Therefore, one would predict that the 
&values of lichens must ra.nge from about - 17 to 
-21 per mil. At the time this work was done, 
lichens had not, as yet, been analyzed isotopically. 
Also, there were no &values observed for any 
plants in this 6-mnge. It, therefore, proved 
highly satisfactory to obtain &values ranging from 
-18 to -21.1 per mil for seven lichens collected 
from three localities. In addition, a sample of 
grass and a leaf of Quprcus aqrifolia (both vascular 
plants) collected vithin a few feet of the lichen 
samples gave the normal &values for plants of 
-26.0 and -28.3. 

The proposed model required that the carbor. 
dioxide must be in the gaseous phase for step 1 
to contribute to the carbon isotope fractionation 
during photosynthesis. It was, therefore, inter- 
esting to be able to grow two identical plants: one 
under water and one in the open air. In  the plant 
grown under water, isotopic fractionation associ- 
a.tcd with step 1 of the model should be eliminated 
and the &value of the plant should be about - 17 
to -21, whereas the plant grown in air should 
have a &value more normal to  terrestrial plants. 
Two Hydrophyla polysperma plants, a common 
aquarium specimen, were grown side by side, one 
under water and the dher in a moist atmosphere. 
Both systems were well ventilated with the same 
air supply. The &value for new growth on the 
underwater sample was -21.7, whereas the 6- 
values for the new air-grown leaves were -25.5, 
-27.0, and -29.0 per mil. Considering that 
laboratory air may have a somewhat lower &value 
than -7 because of industrial and respiratory con- 
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tamination, the -21.7 value can be considered 
to be in the predicted range. The difference in 
&value between the two plants was also as the 
model predicted. 

The isotopic fractionations associated with the 
biochemical steps in converting PGA to cellulose, 
lignin, and lipids have not been investigated, but 
it seems reasonable that the formation of low 
C13/C12 ratio lipids must be accompanied by an 
increase in the CI3/C12 ratio in some part of the 
total Cot fixation and respiration processes. 
Lipid formation in plants is biochemically closely 
associated with plant respiration. It was, there- 
fore, suggested by Park and Epstein (1961) that 
the C13.KY2 ratio decrease in the lipids is com- 
pensated for by a small increase in the C13/C12 

ratio of the respired carbon dioxide. 
Since the above model was proposed, there 

do not appear to be any data that would contra- 
dict its validity. Considerably more carbon 
isotope data have been obtained for a large variety 
of plants. Smith and Epstein (unpublished results) 
have analyzed isotopically a large variety of 
species of terrestrial plants and found that there 
is a relatively consistent grouping of isotope 
uata for the plant. kingdom. With some exceptions, 
the grouping is related to the nature of the enzyme 
step 2. It is now known that photosynthesis is 
associated with intermediates ot.her than RuDP 
and PGA and, as was pointed out previously, that 
the rates in step 2 differ markedly depending on 
the nature of the intermediates. If step 2 becomes 
so rapid and efficient that the translocation of 
carbon dioxide through the vwcular system 
becomes relatively unimportant, the degree of 
carbon isotope fractionation would also decrease 
and the &values for the plants would become less 
negative. This appears to be true in many emeses; 
for example, corn fixes carbon dioxide rapidly 
and efficiently so that during the day, the con- 
centration of carbon dioxide in air around corn- 
fields can be reduced markedly. The 6-value of 
corn is about - 12 per mil. 

In summary, it appears that investigations of 
carbon isotope fractionations should be useful not 
only in studies of the fixation of carbon dioxide by 
plants, but could be extended to studies involving 
the interaction of carbon dioxide with many other 
biological systems. 
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Carbon Dioxide, Carbonic Acid, and Bicarbonate Ion: 
Physical Properties and Kinetics of Interconversion' 

JOHN T. EDSALL 
Haward Unitwsity 

The structure and certain properties of carbon dioxide, carbonic acid, and the bicarbonate 
ion are reviewed. The topics discussed include the solubility of COZ in water and in several other 
polar and nonpolar solvents and a comparison with other sinlple molecules, the thermodynamics 
of the hydration of COz and the ionization of HzCO~, the velocity of hydration of Cog and the 
dehydration of bicarbonate ion or HaCOa, arid the catalysis of the hydration and dehydration 
reactions by various inorganic and organic molecules and ions, including copper chelate com- 
plexes of peptides and related compounds. Certain unexplained discrepancies among the existing 
data are pointed out, with particular reference to the true ioni~ation constunt of HzCOa and the 
rate constants for the hydration and dehydretion reactions a t  various temperatures. 

As living organisms and producers of carbon 
dioxide, humans are a small part of the vast cycle 
thht involves the production, consumption, and 
exchange of this substance among Earth, at- 
mosphere, m d  ocean and plants and animals. As 
L. I. Henderson (1913) pointed out, two genera- 
tions ago, in "The Fitness of the Environment" 
(ch. IV, p. 133): 

Two chemical individuals stand alone in importance 
for the great biological "ycle upon the earth. The one is 
water, the other carbon dioxide. . . . These two simple 
substance3 are the common source of every one of the 
complicated substances which are produced by living 
beings, and they are the common end products of the 
wearing away of all the constituents of protoplrrsm, and 
of the destruction of those materiah which yield energy 
to the body. 

As Henderson pointed out, carbon dioxide is 
unique among gases in distributing itself, in al- 
most equal amounts per ullit volume, between a.ir 
and wdler. Thus it is constantly undergoing ex- 
change between the atmosphere and the ocean; 

and in the ocean it forms a component of the 
world's largest buffer solution, containitig approxi- 
mately 100 bicarbonate ions, and an appreciable 
quantity of carbonate ion, per molecule of COz. 
The steady-state concentration of COZ in the air 
is stabilized by this vast ocean reservoir, and 
maintained by the opposing and nearly balanced 
processes of photosynthesis, respiration, combus- 
tion, and sedimentary deposition. (For an excel- 
lent discussion, see Brown, 1957.) If the steady 
state is not maintained-if production of COz by 
respiration and combustion slightly exceeds its 
consumption by photosynthesis, as it appears may 
be the case at present-then thoughtful scientists 
ask questions and point to possible dangers for 
mankind. Congressmen have held hearings to ask 
the significance of the slowly rising concentration 
of carbon dioxide in the atmcmphere. 

At this meeting we shall not try to explore all 
these larger questions; our concerns are broad 
enough, however, because we shall consider the 
production and assimilation of carbon dioxide by 

1 The studies in our laboratory on the properties and 
reactions of carbon dioxide, particularly in their rclations 
to carbonic anhydrase, vwe supported by grants GI3 1255 

grant HE 03109 from the U.S. Public Health Service. 

living organisms, and the catalysts that accelerate 
t,his exchange. Before we turn to these mure corn- 

volved, as the physical chemist sees them. Just 
and GB 5826 from the National Science Foxndation, and plex phenomena, let loo'' at the morecules in- 
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over 10 years ago, Wyman and I (Edsall and 
Wyman, 1958) looked at  the current status of the 
problem; and in 1960, David Kern wrote an ad- 
mirable review on t.lie hydration of carbon dioxide. 
Some of the puzzles that were then apparent are 
still unresolved; some of them will be pointed out 
and the knowledge achieved since 1960 will be 
reviewed. 

THE STRUCTURE OF CO:, THE 
CARBONATE ION, AND THE 

CARBOXYL GROUP 

Figure 1 shows the st.ructure of the molecules, 
ions, and groups t.hat are the chief concern. We 
must note, however, that the C02 structure is 
based on spectroscopic data on the molecule in 
the gas phase, whereas the structure of the car- 
bonate ion was determined by X-ray diffraction 
measurements 011 calcite crystaIs. We are con- 
cerned with molecules and ions in aqueous solu- 
tions, in which the dimensions may be slightly dif- 
ferent from those given here. It is probably safe, 
however, to assume t.hat such differences are 
minor. 

Carbon dioxide is a symmetrical linear molecule 

ct Ik 
\) O ~ C ~ O  R 7 3 -  

............ * ._............. 

I.%\\ 

OH 

FIGURE 1.- Physical dimensions uj  carbon dioxide, the 
bicarbmate ion, and the carboxyl group in its ionized 
avd un-ionized state. The R C  distance in  the earboxgl 
group i s  jor a C-G linkage. A n  N C  linkage, as in  N- 
carboxybiolin, would be somewhat shorter. 

with zero dipole momeit. The C-0 distances, 
1.159 1, nrc shorter than those found in a typical 
C=O double bond (1.22 8) and indicate the con- 
tribution of resonance, as Pauling (1960) has 
pointed out. The ca.rbonate ion is plantar and sym- 
metrical, with three equivalent C--0 bonds, in- 
termediate in character between single and double 
bonds. Wtien it binds a proton to form the bi- 
carbonate ion, the threefold symmetry is de- 
stroyed-the C--(OH) bond must beccme longer, 
while the other two C-0 bonds acquire more 
doGbie-bond character and shorten. The addition 
of a second proton to form H2C03 carries the proc- 
ess further. Even after both protons are bound, 
all the C-0 bonds still retain enough double-bond 
character to maintain the planar triangular ar- 
rangement of the carbon and t.he three oxygens. 
Thus, when C02 is hydrated to form H2C03 or 
HCOa-, the two C-0 bonds must lengthen and 
must bend toward one another, the angle between 
them decreasing from 180" to about 120". The 
relative sIowness of the hydration and dehydration 
reactions must be associated with the necessity of 
making these electronic rearrangements. In con- 
trast me may note that the hydration of 802 
(Eigen, Icustin, and ibfaass, 1961) proceeds about 
100 million times as rapidly as that of C02. Sulfur 
dioxide is a bent triatomic molecule, with an 
07%-0 angle of 119.5". The sulfite (SOz2-) 
ion is a rather flat triangular pyramid with the 
sulfur atom at  the apex. 'When it forms by hydra- 
tion of SO2 , the added oxygen forms a bond to the 
sulfur with very little angular distortion of the 
two S--0 bonds already present (Edsall, 1968). 

When carbon dioxide is released in metabolism, 
generally in the course of the Krebs tricarboxylic 
acid cycie, it arises from a carboxyl group; when 
it is incorporated, either in photosynthesis or in 
other incorporation reactions, it joins an organic 
molecule as a carboxyl group. In  figure 1 the usual 
dimensions of the carboxyl group are shown in 
both ionized and un-ionized states. At physiologi- 
cal pH nearly all carboxyl groups are ionized, the 
two C-0 bonds being equivalent in length be- 
causr; of resonance, slightly longer than a typical 
C=O double bond, with an angle of 125" to 126" 
between them. It is possible that some biochem- 
ical carboxylations and decarboxylations are as- 
sociated with a transitory protonation of the 
carboxyl group. The dimensions of a typical un- 
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ionized carboxyl group with one double and one 
single C-0 bond are also shown in figure 1. But, 
in any case, tha biochemical processes of car- 
boxylation and decarboxylation-if COZ rather 
than bicarbonate is the reactive species-require 
not only the formation or breakage of a covalent. 
bond, usually a carbon-carbon bond, but also 
changes in the angle between the two G O  bonds, 
similar in magnitude to those occurring in the 
hydration and dehydration reactions. 

1.676 1 ...___. 

.989 2.81 

.746 2.57 

.429 __.____ 

SOLUBILITY OF CO, IN WATER AND IK 
MORE HYDROPHOBIC SOLVENTS; 
COMPARISON WITH OTHER GASES 

When carbon dioxide dissolves in water, it is 
present almost entirely as unhydrated C02. As 
yet, however, we know little about the interac- 
tions betiveer?. it and the surrounding water mole- 
cules. Does the C02 molecule induce orientation of 
water moiecules around it, either by eIectrostatic 
interactions or by hydrophobic bonding or some- 
thing analogous to it? Although the molecule as 
a whole is nonpolar, each of the two G O  bon& 
may act as a small dipole, with the oxygen at  the 
negative end, and these dipoles could attract and 
orient surrounding water molecules. At present 
there is little basis for an attempt to answer these 
questions; but it is of interest to consider the rela- 
tive a ik i ty  of Cot for water and for certain or- 
ganic compounds, and to compare it in this respect 
with some simple molecules. Table I records the 
solubfity of C02 in water, benzene, toluene, ace- 
tone, and ethanol at several temperatures. The 
data are expressed as cm3 of C02 (reduced to 0 C 
and 1 atmosphere) in solution per gram of solvent 
at 1-atmosphere pressure. In water this solubility 
coefficient X is not far from unity; it is exactly 
unity a little below 15 C, and decremes with rising 
temperature. COZ is more than three times as 
soluble in the nonpolar solvents benzene, toluene, 
and heptane as it is in water. It is even more 
soluble in ethanol, aiid especially in acetone, mole- 

* See note added in proof, p.26 . 
In this volume we have denoted temperatures according 

to the convention used by the American Physiological 
Society which omits the degree sign in centrigrade as 
redundant. We mention this point explicitly since this 
convention is different from that generally followed by 
chemical and biochemical journals.--The Editors. 

1, c 

___- 

cules which contain both hydrophobic and strongly 
polar groups. 

Table I1 provides some comparable data for 02, 
where the two oxygen atoms are directly joined, 
rather than being separated by a carbon atom as 
in C02.  Here the actual solubility in water a t  a 
given gas pressure is, of course, far less than that 
for C02 . At a given temperature, C02 is some 30 
times as soluble as Of. The affinity of 0 2  for hydro- 
phobic solvents, reiative to water, is markedly 
greater than for COz. This relative affinity is more 
directly shown in table 111, which also provides 
comparable data for nitrogen and carbon monox- 
ide. Whereas C02 is 3.5 times as soluble in heptane 
as in water, the other three gases are 17 to 22 times 
as soluble in heptane or hexane as in watcr. All 
these gases prefer acetone or cthanol to wter as 
a solvent. However, 02, Nz, and CO have less 

Solvent 

Water IBenrrne <;yclo- 
hexane __I----- 

TABLE I.-Solubilitg Coe$cient X a  of C02 in 
Several Solveztsb 

__ -- 
I Solvent 

0 _ - - - _ _ _  
1 5 - - - - - - - . . - - . - -  
25- - - - - - 

0.048 __.._... __.__... .._._.__ 0.290 
0.221 . _______  0.310 ._._.__. 

.0273 .226 0.323 .316 .273 

Toluenc 

3.55 
2.70 
2.42 

_.._._ 

Acetone 

. . . - . . . 
9.3 
7.4 

. . - . - - - 

Ethanol 

a x=cma (COJ (0 C, 1 atm)/g solventxp (atm). 
b AI1 data in this table, and in t,abIes I1 and 111, are 

taken from Landolt-Biirnstein “Zahlenwerte und Funk- 
tionen aus Physik, Chemie, Astronomie, Geophysik und 
Technik” Sechste Auflage. 11. Bd. 2. Teil, Sec. 22261 
(Springer-Verlag, Berlin: Gottingen-Heidelberg, 1962). 

A t  25 C: X in eyclohesane=1.97, in heptne=2.63. 

TABLE II.-Soobb%t~ Coefi&ent X of O2 in 
Various Solvmh 

Acetone Ethanol 
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TABLE III.-SolubiZitg Ratios in Oruanic Solvents Relative to Water (25 

8.3 9.6 
18.5 22.4 
11.7 14.4 
10.0 11.8 

O2 I Nz 

2.73 1.42 

Solubility ratio I 1  co 

8.7 
17.4 
12.5 
10.3 
2.15 

I coz I 
Solvent 

For the source of the data in this table, see table I. 
b In heptane. 

affinity for these polar mivents than for the strictly 
nonpolar solvents, whereas COz likes them better. 

We should not try to draw too many conclusions 
from these data, but they do have some suggestive 
implications when we consider the biiding of COZ 
to carbonic anhydrase. 1 he COz molecule dissolves 
much more readily in water than most gases do; 
it dissolves even better in hydrophobic solvents; 
and it dissolves most readily of all in solvents that 
contain polar groups, with C+-O-- dipoles, ad- 
joining nonpolar residues. This still leaves us a 
vast amount of latitude in specifying the active 
site of carbonic anhydrase, but it should provide 
us with a few clues. 

THERMODYNAMICS OF HYDRATION 
AND IONlZATION 

The ionization constant K of carbonic acid, 
expressed as 

has long been established with a high degree of ac- 
curacy (MacInnes and Belcher, 1933,1935; Shed- 
Iovsky and MacInnes, 1935; Harned and Davis, 
1943; Harned and Bonner, 1945). It will be dis- 
cussed here only in its relation to other problems. 
We are concerned primarily with the true first 
ionization constant of carbonic acid, 

and with the hydration constant, 

K h  = [HzCOa]/[COz] (3) 
These constants are of course interrelated by the 
equation: 

(4) 

The approximation indicated on the right-hand 
side of equation (4) is a good one, because Kt, is of 
the order of 0.003 or less. This equation defines 
Kh entirely in terms of the two ionization constants 
Kl and KI~,co,  . It ij also possible to calculate Kh 
in an entirely independent way, from the ratio of 
the velocity constants for the hydration and the 
dehydration reactions. Thii question will be dis- 
cussed later. 

I know of no new measurements of these ioniza- 
tion constants since 1958. Therefore, I present in 
table IV the same data that Wyman and I used in 
1958 (Fhall and Wyman, 1958, p. 561). The best 
direct meatqurements of K H ~ C O ~  are probably those 
of Wwbmn, French, and Patterson (1954) which 
were obtained by conductance measurements a t  
high field strengths (the Wien effect) extrapolated 
to zero field strength. They covered the tempera- 
ture range from 5 to 45 C. For measurements of 
the heat of reaction involved in hydration (or 
dehydration) and in ionizaticn, the measurements 
of Roughton (1941) are probably still unsiw- 
paSSed. 

The following point is noted: (1) the sum of the 
AH values for reactions (2) and (3), from Rough- 
ton’s thermal data, is in excellent agreement with 
the entirely independent data of Harned and 
Davis for reaction (1). This agreement is true also 
of the 2 .& values, and these findings strengthen 
confidence in Roughtcn’s measurements. How- 
ever, the temperature dependence of K H ~ o ~ ,  as 
reported by Wissbrun et al., leads to much lower 
values of AH for this relaction than those reported 

-=-- -& Ki Kt, 
KHICO~ 
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Reaction PK 

2.59 

3.77 

6.352 

10.329 

The pK value o f K ~ ~ ~ c o ~ k  from Wissbrun et al. (1954); 
see also Berg and Patterson (1953). The values of AH and 
AS for this reaction are from Roughton (1941). Roughton 
(1941) also gave an estimate of KH,CO~ at 0 C as 3.60, 
which was based on kinetic data for hydration and d e  
hydration, together with determinations of C. 

The values of K1 and KS are from Harned and Davis 

by Roughton and listed in table IV. They report 
AK as 580 cal/mole at 0 C, 0 at 17, -412 at  27, 
and -880 at 37. These values are consistently 
more negative than those of Roughton by 1100 to 
1500 cal/mole at  each temperature. It will be 
noted that their values of AC,, are large and nega- 
tive, as are those of Roughton, but the consistent 
discrepancy in the AH values is puzzling, and to 
my knowledge has not been exphined. Tenta- 
tively I favor Roughton's AH values, because 
they are based on direct thermal measurements, 
because he measures independently the heats of 
hydration and of ionization, and his data check so 
well with those determined by Harned and Davis. 

It is to be expected that the hydration of COz 
should involve negative values of A S  and AC,. 
The joining of two molecules to form one reduces 
the translational and rotational degrees of freedom 
of the system. In the absence of compensatory 
interactions with the surrounding solvent mole- 
cules, this will inevitably decrease the entropy and 
heat capacity of the system. The ionization of 
HzCOa also leads to negative values of A S  and 
ACp; here, of course, the effect is largely due to the 
immobilization of water molecules in the electric 
field of the ions produced by the reaction, and is 
characteristic of all such reactions in which two 
ions are formed from an uncharged molecule. The 
negative value of AS is even larger for the second 

AG 

3 530 

5 170 

8666 

14 092 

A H b  

1130 

1010 

2240 

3603 

A s b  

- 8  

- 14 

-21.6 

-35.2 

- 63 

-28 

-90 

-65 

(1943). (See also Harned and Bonner, 1945; MacInnes 
and Belcher, 1933, 1935; Shedlovsky and MacInnes, 
1935.) The values of KA are calculated from the other 
data by equation (4). 

b AG and AH in cal mole+, AS and ACp in cal deg-1 
mole-*. 

ionization constant of carbonic acid, as shown in 
table IT. 

Here the ionization constants KI and K H ~ C G O ~  are 
considered a t  zero ionic strength. The influence of 
ionic strength on the apparent ionization con- 
stants K,' and K'H,co, has not been discussed. 
Harned and Davis (1943) and Harned and Bonner 
(1945) have reported, in detail, very precise 
measurements of K i  over a wide range of ionic 
strength and temperature. Little is known directly 
concerning the ionic strength dependence of 
K'~,co*. The technique of Wissbrun et al. (1954) 
could be applied only in the absence of added 
electrolytes, except for the ions arisiig from the 
ionization of water and of H&Oa itself. Because 
the ionization of HZCOa involves the formation of 
an H30+ ion and a monovalent anion from a 
neutral molecule, we may expect that K'H~co~ 
will vary with ionic strength much as the ioniza- 
tion of acetic acid does; a t  least the two acids 
should behave similarly at low ionic strengths, up 

4 For the acid-base reaction HAeH++A, the relation 
between pH and pK' is given by the equation 

where A denotes an acid, B denotes its conjugate base, 
and AB and AA denote the activity coefficients of B and A, 
respectively (Edssll and Wyman, 1958, p. 442). 



to about 0.15-4.2 M. The ionic strength depend- 
ence of KfH2cos is important for evaluating the 
rate constant for the dehydration of bicarbonate 
as well a5 in other biochemical problems. We may 
hope that future research will relieve our present 
ignorance of this important point. 

kco, (sec-*) Xlo’ 

VELOCITY OF HYDRATION OF COz 

Authors Method 

The hydration of COZ may lead to the formation 
of H~COI, but it may also yield a hydrogen ion 
and a bicarbonate ion; a converse statement holds 
for the dehydration reaction. Therefore, like Eigen 
et al. (1961), we write the reaction scheme as: 

kn 

This scheme has also been used by Ho and Sturte- 
vant (1963) and by Gibbons and Edsali (1063). 

We note immediately that the ratio of rate 
constants Bl/klz equals the equilibrium constant 
KH,co~. Moreover, both h1 and kE are far larger 
than any of the other four rate constants shown in 
the above scheme. Eigen and Hammes (1963) give 
the value of k~ at 25 C as 4.7X1010 M-’ sec-I; 
from this value, and from the value of KH~CO, in 
table IV, we obtah h1 =SX 106sec-I. Therefore, we 
may consider the reaction H+ + HCOa-SHzCOa 
as being at equilibrium at all times while the other 
reactions are proceeding. 

As yet we cannot determine individually the 
four rate constants kla, kai, Ic23, and kaz. We can 
measure the overall rate of formation or disap- 

pearance of COZ, as in manometric measurements, 
or we can measure the formation or disappearance 
of bicarbonate ion, usually by measuring the ac- 
companying pH change. Thus we may write 

-d(Coz) = k:,[C02]- k:,[H+][HC03-] 
dt 

= ~ c o , [ ~ ~ z ] - ~ H , c o , ~ ~ z ~ ~ ~ ]  (5 )  

In  terms of the reaction scheme of Eigen et al. 
(1961), the rate constants in this equation are 

k L z  kcol= kat+lcaz (6) 

ki3 = k13+ ( b / K ’ X t C O , )  (7) 

kH,co8= k:&’H,co, (8) 

In  the following discussion the data d l  be 
formulated in terms of the rate constants kcot and 
kH,cor (as was done by Edsall and Wyman, 1958). 
However, the relation of these constants to the 
more general reaction scheme of Eigen et al. (1961) 
should be borne in mind. 

There have been several recent determinations 
of the hydration rate constant, kco,, most of them 
at 25 C. In ta%le V these are compared with some 
of the earlier values. The discrepancies are larger 
than might be expected. The highest value, that 
of Eigen et al. (see also Pinsent and Roughton, 
1951), from temperature jump, is nearly 70 per- 
cent greater than that of Pinsent, Pearson, and 
Roughton (1956), which is based on the continuous 
flow thermal measurements of Roughton (1941), 
corrected for the contribution of the reaction 
COz+OH--+HC03-, Ho and Sturtevant (1963) 
and Gibbons and Edsall (1963) used stopped 
flow measurements, mixing COZ solutions with 
buffer solutions and following the resulting pH 
changes optically with an indicator. Their values 

TABLE V . - S m  Rate Constants for H idration at 25 C 
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are closer to the higher ones of Eigen et al. (1961) 
than to the lower ones of Pinsent et al. (1956) 
and of Mas and Urey (1940). 

There is good agreement among the various 
methods for the value of kcOa at  0 C, which is 
0.0021 sec-l. The mean energy of activation be- 
tween 0 C and 25 C is 19 OOO cal/mole if we take 
the value of Gibbons and Edsall for kco, at  25 C; 
but Pinsent et al. (1956) conclude that it falls to 
an apptirent'value of 10 750 cal/mole at  38 C. Be- 
cause their value of kCoP at  25 C is much lower 
than those of the later workers listed in table V, it 
would seem desirable to recheck the values of the 
rate constant a t  38 C, which is of course of major 
physiological interest. The elegant isotope-ex- 
change technique of Mills and Urey (1940) gave 
very reliable values a t  0 C, but as the hydration 
rate increased with temperature, their data showed 
increasing scatter a t  higher temperatures and were 
subject to various uncertainties which they were 
careful to point out. Will subsequent technical 
advances make the isotope-exchange technique 
capable of yie!ding much more accurate results, 
not only at 0 C but at higher temperatures? 
Others at this conference could answer this ques- 
tion far better than I can; I would hope that this 
meeting might stimulate further work on the prob- 
lem, especially at temperatures above 25 C. 

THE REACTION: C02+OH-%IC03- 

This reaction is important, because it makes a 
significant contribution to the total rate of dis- 
appearance of COz in aqueous solution at  pH 
values above about 7.5; above pH 10 it dominates 
the hydration reaction. It is also of interest in re- 
lation to the mechanism of the reaction catalyzed 
by carbonic anhydrase, which probably proceeds 
by the donation of OH- to COZ in the direction 
of hydration, and by the removal of OH- from 
HCOa- in the dehydration reaction. 

The most accurate values for the rate constant 
k" are undoubtedly those of Pinsent et al. (1956) 
by the rapid thermal method and those of Sirs 
(1958a, b) by a critical reexamination of the 
electrical conductivity and optical techniques. Sirs 
gives kN=8500 M-' sec-' a t  25 C: and Pinsent et 
al. (1956) give the energy of activation as 13 260 
cal/mole. 

The rate constant of the reverse reaction, 

HCO3-+C02+OH-, is readily calculated, be- 
cause it must be equal to IC"K,,,/KI, where 
K,= (H+) (OH-) = 1.008X lo-" at  25 C and KI 
is obtained from table IV. This value gives a rate 
constant of 1.9X10-4 sec-l a t  25 C. 

THE KINETICS OF THE DEHYDRATION 
REACTION 

The kinetics of dehydration of IIzCO~, like 
those of the hydration of C02 , have been studied 
by continuous flow and stopped flow and by ther- 
mal, optkal, and glass electrode measurements. 
The experimental procedures for producing the 
reaction fall into two main categories: a bicarbon- 
ate solution is rapidly mixed with hydrochloric 
acid in such proportions that the pH is low ( <5) 
throughout the reaction; or the bicarbonate is 
mixed with a buffer, in the pH range 6 to  8. The 
principles of both methods have been set forth in 
the classic paper of Brinkman, Margaria. and 
Roughton (1933). The calculations for the pro- 
cedure in the acid pH range are straightforward. 
The rate constant, kHzCOa, k given by the equation 

kn2coa(t2--ld = 1+ { b-a 

where b is the concentration of Na+HC03- at time 
zero, a the concentration of H+Cl- at time zero, 
K'HaC08 the apparent ionization constant of H&03 
at the ionic strength of the experiment, tl and 22 
the times after mixing, and Q a small term which 
is only a few percent of the first term on the right. 
In the first term, K'H,co,/(b-a) is only of the 
order of 0.05 under usual conditions; hence an 
uncertainty of several percent in the assumed 
value of K'H~CO, makes little difference in the final 
value of kHICOa. On the other hand, near neutral 
pH, where Na+HC03- is mixed with buffer, the 
quantity directly obtained from the experiments 
is kLK'aaco, (see eq. (S)), and the uncertainties 
in the choice of the correct value of K'HiCOa, a t  
the ionic strength and temperature of the experi- 
ment, are much more serious rhan in the first 
procedure. Gibbons and Edsall (1963), for ex- 
ample, assumed the value of Wissbrun et al. (1954) 
fcr KH*CO~ at  zero ionic strength, and then calcu- 
lated K'H~co~ ,  at the ionic strength of the experi- 
ment, on the assumption that the ionization of 



HA203 varies with ionic strength in the same way 
as that of acetic acid. Questions may be raised 
about both these assumptions. I notc, for instance, 
that Roughton (1941) has given an estimate of 
KnIcoI that is significantly higher than that of 
Wissbrun et al. (see footnote to table IV). 

Table VI shows several values obtained, a t  dif- 
ferent temperatures, by the two procedures. If 
we compare the two sets of measurements, es- 
pecially the data at or near 25 C, it is apparent 
that the measurements made at acid pH values 
tend to give higher values than those made at  
neutral pH for the dehydration rate constant. The 
value of 25.5 sec-I reported by Rossi-Bernardi and 
Berger (1968) is 1.85 times as large as the value 
of 13.7 see-' reported by Gibbons and Edsdl 
(1963). I have included a recent value of 20 sec-l 

at 25 C, obtained by Dr. Raja Khalifah in our 
laboratory using the low pH method. Khalifah 
has made a series of determinations of &,co, at 
different temperatures, from 8 to 45 C, and his 
data are plotted against 1/T in figure 2, together 
with the data of previous inveatigators (Khalifah, 
unpublished observations). It will be seen that tha 
general agreement is good, but that the values 
measured in buffers in the pH 6 to 8 region do lie 
significantly blow the others at 25 C. Khalifah's 
value of 20 see-' at  25 C, however, is only slightly 
above that of Ho and Sturtevant (1963). We 
should note that the latter authors determined 
dehydration rates over the whole pH range from 
4 to 7, and used all their data to determine a most 
probabIe vaIue for the rate constant. 

Dal5iel (1953) and S i  (1958a, b) calculated 

- Khalifah (1968) 

- - Dalziel (1953) 

L O O - -  ' 
a blighton (1941) 

- A Scheurer et al. (1958) 

1.50 V Brinkman et al. (1933) ~- 

0 Berger and Stoddort (1965) . 

- 8 Sirs (19% and 1958b) 

- + Pinsent et al. (1956) 
- 

0" 

2 

Eigen et ol. (1961) - 0 
Gibbons and Edsall (1963) -@ 

x 
- 8' 1.00- 

~ - 
- - 
- - 
- 

0.50 .- 

3.50 3.60 3.70 

FIGURE 2.-The logarithm lo the base 10 of the okhgdrath rale constant for HzC08 is pbW againat the reciprocd of UM ab- 
rwlule lemperature. 
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from their data an energy of activation of 16 900 
cal/mole for the dehydration process. Khalifah’s 
data point to a slightly lower value, near 15000, 
but they are subject to further refinement and 
checking. 

THE RATIO Ki, = [H&@]/[COn], FROM 
EQUILIBRIUM AND RATE 

MEASUREMENTS 

This constant may be calculated from equation 
(4) , as the ratio of KI to K H a C o a .  It may also be 
calculated from the ratio of the two rate constante, 
kcoJknfioa. Table VI1 lists some of the results. 

The values from kinetics, a t  25 C, cover a range 
from l.OlXlO-* to 2.85XlO-*. The lowest value 
is deliberately chosen as a lower extreme, by com- 
bining the lowest recorded value of kco, with the 
highest recorded value of kHfioa a t  this tempera- 
ture. The value that agrees most closely with that 
obtained from the equilibrium data is that of 
Gibbons and Edsall, but I will not clsim that it 
is necessarily the best, even though Dr. Gibbons 
did her work in our laboratory and I can testify 
to her experimental skill and judgment. If we 
used the recent measurements of Dr. Khalifah for 
kHacoa in our laboratory (table VL) to which I 
have a l r d y  alluded, together with Dr. Gibbons’ 

TABLE VI.-Sm Dehdration R&te Constantsa 

14.6 
31.0 
80.0 
12.3 
12.3 
25.9 
20.6 
25.5 
72.0 
20.0 
=15.1 
0 17.5 
13.7 

17.8 
27.0 
36.6 
18.0 
18.0 
24.1 
24.1 
25.0 
37.0 
25.0 
25.0 
25.0 
25.0 

Reference I Methodb 

c.f.; thermal 
c.f.; thermal 
c.f.; thermal 
c.f.; optical 
s.f.; electrode 
s.f.; thermal 
s.f.; optical 
c.f.; electrode 
c.f.; electrode 
s.f.; optical 
T-jump 
s.f.; optical 
s.f.; optical 

&This table is taken from Berger and Stoddart (1965) 
and Rossi-Bernardi and Berger (1968)’ with the addition 
of Khaliifah’s value a t  25 C (unpublished observations). 

Abbreviations: c.f. =continuous flow; s.f.=stopwd 

c Measurements made in buffer (pH 6 to 8). All others 
flow. 

made a t  low pH; bicarbonate+HCl. 

TABLE VII.-Vdw at 25 C of the Equilibrium Constant, Kt, = [H~COS]/[CO~J 

Kii X 1W Reference I Ratio 

I I 
1.01 =O. 0257/25.5 

2.05 =0.0358/17.5 
2.74 = 0.0375113.7 
2.85=0.O43/15.1 

Pinsent et al. (1956) ; Hossi-Bernardi 

Ho and Sturtevant (1963) 
Gibbons and Edsall (1963) 
Eigen et al. (1961) 

and Berger (1968) 

Equilibrium constants: 

K, 
KHrCOa 

2.57 Wissbrun et  al. (1954); 
Harncd and Davis (1943) 



value for kco2, the value of K s  would be 1.88X loea 
instead of 2.74 X as listed in table VII. I can 
only conclude that there are significant discrep- 
ancies in the kinetic data, and careful work and 
thought will be required to clear them up. 

CATALYSIS OF T€W HYDRATION AND 
DEHYDRATION REACTIONS 

Since the fundamental work of Roughton and 
Booth (1938) and of Kiese and Hastings (1940) 
on the catalysis of the hydration arid dehydration 
reactions by various bases, there have been several 
further studies that have provided some new 
points of view. Sharma and Danckwerts (1963) 
studied catalysis by large number of buffer ays- 
tems, in the hydration reaction, and described 
their data by the coefficients of the equation 

Rate (M sec-l) = (kcoz+ IC@]) CCOZ] (9) 

Here [B] is the molar concentration of the bmic 
constituent of the buffer, and k~ is its catalytic 
coefficient5 in A3-l sec-I. They made measurements 
in phosphate, veronal, and carbonate buffers be- 
tween pH 7.5 and 10.1, at 0 C, and concluded that, 
for a considerable group of bases whose conjugate 
acids release a proton from an -OH group, there 
is a nearly linear relation between the pK value of 
the conjugate acid and log kB of the base (the 
Brprnsted equation). 

log k ~ = 0 . 5 6  pK,t+constant (10) 

This group included the conjugate bases of tel- 
luric, germanic, arsenious, and silicic acids, with 
~ K A  values ranging from 8.1 to 10.1, and also 
those of a group of aldehyde hydrates, including 
several (the hydrates of glyoxal, formaldehyde, 
and aceiddehyde) with PKA values which they 
estimated hs lying between 13 and 14. Becausi 
their highest experimental pH was 10.1, the actua, 
concentration of the anions of these aldehyde 
hydratw was less than 0.1 percent of the con- 
centration of the conjugate acid in all cases. They 
reported values of k~ as high as SO00 for formal- 
dehyde hydrate, a.nd 3000 for acetaldehyde hy- 

6Presumably they corrected their data a t  higher pH 
values by taking account of the reaction of CO, with 
OH- ions. This would involve insertion in eq. (9) of a 
term k o ~ [ o H - ]  on the right-hand side, but this is not 
explicitly staled in their paper. 

drate. These figures are to be compared, for in- 
stance, with kB = 1.3 for sulfite, which was one of 
the most active of the catalysts studied by Rough- 
ton and Booth (1938). The estimates for both 
~ K A  and k~ , for substances with such very high 
pK,t values, are obviously subject to considerable 
uncertainty. Indeed, Dennard and Williams 
(1966), in a critical reexamillation of the problem, 
concluded that there was no convincing evidence 
of the validity of the Brginsted relation. Table VIII, 
which is taken from their paper, indicates a lack 
of any systematic correlation between pK4 and 
ko values. We note that their catalytic coefficients 
are obtained from the equation. 

Rate (Af  sec-I) - ~ C O ~ ( I + ~ U ~ - [ O I I - ]  
flcfI~[HB]+ks'CB])[COzl (11) 

where HB is the conjugate acid of the base B, and 
the units of k f I ~  and k ~ '  are M-'. Thus ks' is re- 
lated to le0 of equation (9) by the equat.ion 

ko' = kB/kcoz (12) 

Dennard and Williams showed explicitly for a 
number of systems that k& is zero within experi- 
mental error, which is indeed what most earlier 
workers concluded. They divided good catalysts 
into two groups: 

(1) Group 1 consists of oxyanions of the highest 
oxidation state of a nonmetal in which there is no 
oxygen in the anion equivalent to that from 
which the proton has been removed. Exam- 
ples are [OTe(OH)&, [OGe(OH)a]-, and 
[OSi(OH)ar. These are all good catalysts; the 
negative charge remains localized on the oxygen 
atom from which 8 proton has been removed. On 
the other hand, in such anions as HCOa-, which 
is not a catalyst, and HP042-, which is a rather 
weak one, the negative charge is distributed by 
resonance over the oxygens, rather than being 
locally concentrated. 

(2) Group 2 consists of oxyanions of lower 
oxidation states of nonmetals with at least one 
lone pair of electrons, such as SOa+, SeOaz-, C10-, 
and BrO-. These are the most powerful of all the 
nonenzymic catalysts that have been studied, ex- 
cept for some metal chelates which are certainly 
in the same class. These \vi11 now be considered. 

The principal report on such chelates is that of 
Esther Breslow (1966). She studied the copper 
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TABLE VIII.-Sm Caidatic Constam% for Bases 
of Oxggen Acids in ule Hydration a of COZ 

[The data were obtdned at 0 C and high ionic strengths 
(about 0.8); from Dennard and Williams (1966)l 

Base I PKA 1 ks(M-') 

I I 
7.2 
2.1 
7.0 
9.2 
7.2 
8.0 
7.5 
8.5 

10.0 

10 
2 
5 

2x101 
1 x 10' 

700 
5x10' 

10 
> 104 

Hydration rate (M sec-1) =kco2[1+koa[OH-] 
+kB(B) 1CCOal. 

b No catalytic activity wa8 shown by COP,  HCOa-, 
NO,-, NO,-, HS-, SO+*-, IItPOa-, HIPOI-, pyr0Ph~- 
phate, benzenesulfonate, benzenesulfinate, and various 
organic anions. 

(CU~+) complexes of the di-, tri-, and tetra-pep- 
tides of glycine and also those of bvalylglycine and 
of glycylglycine ethyl ester. Cu-Gly-Gly, Cu-Val- 
Gly, and Cu-Gly-Gly ethyl ester were the most 
powerful catalysts. In  terms of the equation 

Rate (M sec-l) = (~H,o+~oH[OH-] 
+ k t  (catalyst )[C02] ( 13) 

she found that k,,t for Cu-Gly-Gly increased with 
rising pH at 1.5 C from 0.11 M-' sec-l at pH 7 to 
9.3 M-' sec-* at pH 9. For SOaz- ion, kc,t was 
only 1.3 and did not change between pH 8 and 9. 
The copper of the comple?roB of Gly-Gly and Val- 
Gly st yH 9 is coordinated in solutien with the 
a-amino group and with a peptide bond nitrogen 
from which the proton has been displaced. A water 
molecule bound to t.he copper releases a proton 
with a ~ K A  of 9.7 at 0 C. Thus the data strongly 
suggest that the catalytic species in C02 hy- 
dration is Cu-Gly-GI y-OH-, and correspondingly 
for the other dipeptide derivatives. In the copper 
derivatives of triglycine and tetraglycine, Cu2+ is 
coordinated to the a-amino group and to two 
peptide nitrogens, increasing to three for Cu2+- 
tetraglycine as the pH rises above 9.5. These 
compounds, unlike the Cu2+-dipeptide complexes, 
show no ionization of a coordinated water molecule 
in the pH range from 6 to 10. 

Addition of imidazole (Im) to CuZ+-Gly-Gly 
leads to the formation of a mixed 1:l complex 
with imidazole (Iioltun, Fried, and Gurd, 1960), 
and Breslow found that this complex had lost 
nearly all catalytic activity. Its kc,t value was less 
than 0.3 at pH 9, m compared with 9.3 for Cu2+- 
Gly-Gly at  this pH. The imidazole may displace 
bound water from the copper complex, and thereby 
prevent the formation of the Cut+-Gly-Gly (OH-) 
derivative. 

It is interesting to compare this inhibitory ef- 
fect of imidazole on the catalysis of COz hydration 
with the activating effea: of imidazole on the 
Zn2+-catalyzed hydration of acetaldehyde (Pocker 
and Meany, 1967). Whereas kc.$ for this ).ydra- 
tion reaction is 0.108 M-li3ec-I for aqueous Zn2+, 
it increases to 2.15 M-I sec-l in the presence of 
enough imidazole buffer to convert most of the 
zinc to Zn(Im)2+. Pocker and Meany suggest 
that this species is in mobile equilibrium with 
such species as Zn(Im)~(H~O)z+ and Zn(1m) 
(OH)+, and that it is the coordinated water or 
OH- in such complexes, which is catalytically 
effective. 

Breslow's studies of catalysis are obviously sug- 
gestive of some proposed mechanisms for the ac- 
tion of carbonic anhydrase. The formation of 
HCOa- from C02, in either case, does not neces- 
sarily involve direct donation of the metal-bound 
OH- ion to carbon dioxide. Other, more indirect 
action is possible, such as general base catalysis 
by the metal-bound OH-, abstracting a proton 
from a neighboring water molecule while the oxy- 
gen of the latter makes a nucleophilic attack on 
the carbon of C02. Breslow has discussed this 
and other possibilities. No peptide chelates of zinc 
have yet been shown to have catalytic activity 
with C02. The X-ray determination of the struc- 
ture of human carbonic anhydrase C should soon 
provide clear indications of the nature and ar- 
rangement of the ligands around the zinc that are 
required for catalytic efficiency. We may hope that 
soon the study of simple synthatic catalysts and 
the study of enzyme structure and mechanism, in 
the reactions of Cot, will converge. 
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NOTE ADDED IN PROOF 

Concerning the sdubility of COz, see J. H. 
Hildebrand md  R. L. Scott, "The Solubility of 
Nonelectrolytes," third edition, Reinhold Publish- 
ing Corporation, New York, 1950; reprinted by 
Dover Publications, New York, 1984. On page 248 
they tabulate the solubility of C02 in a number 
of solvents, and note (page 249) that "there is 
abundant evidence of solvation, particularly with 
solvents containing the carbonyl group." 
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DISCUSSION 

ROUGHTOY: In regard to the effect of tem- 
perature on KX,CO, and the discrepancy between 
our work and that of Patterson, is there not also 
an absolute discrepancy in the numerical values 
of K H ~ c o ~ ?  The Patterson values, which you pre- 
ferred both in your book and in your talk this 
afternoon, are markedly less than the values ob- 
tained by the rapid titration method. This dis- 
crepancy should be resolved. 

EDSALL: That is certainly ao ther  discrep 
ancy. 

HASTINGS: I wish somebody here could ex- 
plain how hypochlorous and hypobromous ions 
catalyze t.he hydration of CO,. Last year I had 
occasion to try to bypass Warburg's method for 
accelerating C02 uptake and buffering Con tension 
in the course of respiration. Wheii I remembered 
this hypochlorous ion-hypobromous ion effect, it 
occurred to me that I might get around the 
addition of carbonic anhydrase, although it is not 
patented. 

ROUGHTON : We did patent :arbonic anhy- 
drase, but unfortunately it turned out to be com- 
mercially valueless. On the other hand, the catal- 
ysis of C02 uptake by arsenite solutions, which 
we failed to patent, has proved to be of consider- 
able industrial importance. 

EDSALL: The report by Dennard and Williams 
(l966), from which some of these data are taken, 
does have a short discussion of possible mecha- 
nisms. They are a bit inconclusive, but do discuss 
whether the catalysis involves a direct attack on 
the Con. They assume that the XO-anion must 
bind with the carbon temporarily and then be- 
come released again. They point out that the X 
in the case of hypochlorite and hypobromite 
halogen may be the atom bhat prefers to attach 
to the carbon directly, rather than the oxygen. 
This reaction can then induce the taking on of 
another oxygen from a water molecule. It still 
is not clear from their discussion why these anions 
should have such phenomenally high catalytic 
coefficients in comparison to some of the others 
here. I do not think that anyone would have 
predicted t.his in advance, even with all the modern 
knowledge of electronic structure. 

HASTINGS: The key is thoroughness in doing 
everything, not brains. 

CAPLOW: The special catalytic properties of 
hypochlorous acid may possibly be explained by 
considering a related system; na,mcly, phosphor- 
amidic acid. The unique thing about phosphor- 
amidate hydrolysis is that it is especially sus- 
ceptible to electrophilic catalysis. That is, Jencks 
has observed catalysis for hydrolysis, by hydro- 
nium ion, carbonyl compounds, and halogonium 
ions. The special thing about the phosphor- 
amidate structure is that there is an urnhared 
electron pair on nitrogen which can coordinate 
with any of these electrophiles, thereby making 
the phosphoryl bond more susceptible to attack 
and the leaving groufi a stranger acid. The parallel 
in the carbonate structure is that it too contains 
an unshared electron pair for coordination with 
electrophiles. Reactions of carbonate might, there- 
fore, be expected to be catalyzed by hydronium 
ion (observed), by aldehydes (this has not been 
observed although the reactive species in aldehyde 
hydrate catalysis for decarboxylation may be the 
free aldehyde) , and halogonium ions. A scheme 
for electrophilic catalysis by chlorine is outlined 
as followvs: 

In  this scheme there is an iritial reaction to form 
an acyl hypochlorite intsmediate which breaks 
down to carbon dioxide and hypochlorite. The 
first reaction would probably be extremely rapid, 
and the second reaction involves a displacement 
of a relatively acidic group (pK 7.5). This reaction 
would solve the principal problem in bicarbonate 
dehydration; that is, the difficulty in displacing 
the highly basic hydroxide ion (pK 15.7). From 
microscopic reversibility, the reactive species for 
carbon dioxide hydration would be a hypochlorite 
ion, which could be expected to be considerably 
more reactive than water in addition to carbon 
dioxide. The second reaction would involve chlo- 
ride removal of chloronium ion from the inter- 
mediate. 

POCKER: There is no incorporation of oxygen 
from hypochlorous ion into HCOe- during the 
l*OCI- catalyzed hydration of COZ. 

CAPLOW: I take it that you are considering the 
reaction in the direction of hydration. Obviously, 
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according to this mechanism, this incorporation 
should be observed. Is this research unpublished? 

POCKER: Yes; these are our preliminary re- 
sults. 

CAPLOW: Well, then the theory would fail. 
POCKER: It appeared to be a possible expla- 

nation, but it just did not work out. 
WANG: I am not sure about this point, but 

according to Anbar and Taube’s work, hypo- 
chlorite exchanges with mater (J. Am. Chem Soe., 
80: 1073,1958). 

POCKER: In the absence of chloride ions, the 
hypochlorite exchange follows the expression, 
rate=L[HOCl], where k is roughly 1 mind’ a t  
0 C. The basic form of HOC1, namely OC1-, does 
not exchange. 

CAPLOW: At what pH were reactions studied? 
POCKER: The hydration of C02 by OCI- was 

studied at pH values ranging from 8 to 11, but 
the test for lSO incorporation was carried out only 
in the pH range of 10 to 11; here the rate of ‘ 8 0  

exchange with water is not very fast, but a cor- 
rection had to be applied to the HC03- derived 
from the term ko~-[oH-] which is significant 
in this region. 

CAPLOW: wrell, at PH 8 a significant fraction 
of the hypochlorite would be in the form of the 
neutral acid; I would expect that this would 
exchange l80. It is obviously required that oxygen 
does not exchange out of hypochlorous acid during 
the experiment for your results. 

EDSALL: To be conclusive, would you expect 
that, if it is t.he acid that is in the active form, 
the catalytic eaciency would be hgher at lower 

CAPLOW: I have not as yet considered the 
effects of pH on the reaction. The hydrogen ion 
concentration will be reflected in the concentra- 
tions of Ch, HOC1, HCOs, and COa2-. It is not 
unlikely that HOC1 might serve as a chlorinating 
agent in the decarboxylation reaction. 

HASTINGS : We thought we connected it to 
the OC1. 

POCKER: I think so, too. The kinetics are 
unclear in the acidic region, Above 8.5 or 9, 
decent kinetics can be obtained. But in the basic 
region, particu!arly at the higher pH values, the 
component due to hydroxide ions,   OH -[OH-], 
become3 very large. I do not believe in the high 
value quoted for kocl- because this catalytic co- 

pH? 

efficient was found to vary with pH by a signifi- 
cant factor, so that it is not really a catalytic 
constant. 

EDSALL: I think that Sharma and Danck- 
werts (1963) reported that the catalytic coeffi- 
cient appeared to go down somewhat as the pH 
rose. I think they mcntioned that IGese aud 
Hastings (1940) observed something like that 
too, but 1 do not remember. 

POCKEB: I would like to  make some comrnenk 
on the criticisms of the Brmsted equation as it 
applies to the general base-catalyzed hydration 
of (302. It is difficult t o  obtain a satisfactory 
Brgnsted plot for structurally dissimilar bases. 
Perhaps the best way out is to discuss first “re- 
spectable“’ buffers, namely, those found earlier 
by R. P. Bell (1966), to conform with the Brgn- 
sted relation in other reactions involving the hy- 
dration of carbonyl groups or the dehydration of 
the conjugate carbonyl hydrates. There has been 
some difierence of o p i o n  about the correct 
method of applying kinetic statistical corrections, 
but it has been shown by Bell and Evans (1966) 
that the simplest correct method is to use the 
equatioii, kolq=GB(p/qKA)B, where K A  is the acid 
dissociation constant of the catalyst acid-base 
pair, p-the number of equivalent protons in the 
acid, and p-the number of equivalent basic sites 
in the base. Following our studies of the general 
acid-base and metal ion catdysis of aldehyde 
hydration (1967, 1968) , we have undertaken a 
similar study of C02 hydration. Preliminary data 
indicate that \.ith H20, CH2Cl C92-+, HCOZ-, 
CHaC02-, HPO?-, H2B03-, and OH- as “re- 
spectable” general bases, one can construct a 
reasonable plot which conforms with the Brgnsted 
relation over an unusually wide range of pK 
values. There are, of course, a good number of 
catalysts which are off the line. Thus the catalytic 
coefficient of diethylmalonate dianion (C2H5) 9- 

C(C02)22- is a full log anit below the line repre- 
senting the Brgnsted relationship and defined by 
the seven bases mentioned. Perhaps I should also 
ada that there are a number of more complicated 
cases. Thus hydrates of aldehydes, and particu- 
larly of dialdehydes, appear to  catalyze the hy- 
dration of carbonyl systems via two concurrent 
mechanisms; one involving the term 
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which can be ascribed to catalysis by the conju- 
gate base RCH(0-)OH, and the other involving 
the term [RCH(OH)2][B] where [B] stands for 
the concentration of a general base. Perhaps I 
should also mention that parallel studies in D2O 
lead to the following provisional ratios: 

k o H ~ O / k o D ~ O  z 4; k$t-/kgiy- = 2.8; 

k:&9-/k3%,~--2.4 
and 

k ~ $ / k ~ & o -  x 0.8 

WANG: Is this ratio for hydration of C02 or 
aldehyde? 

POCKER: For COO. In the hydration of aceb 
aldehyde, k$~O/koD~o -3.9 (Pocker and Meany, 
1967). In the hydration of 4pyridine aldehyde, 
koHPo/koD20 -4.2 (Pocker and Meany, in press). 
Kinetic deuterium isotope effects for the C02 
hydration are approximate, particularly the 
koH20/koD20 ratio. 

WANG: Was it your report about 3 years ago 
that gave a ratio of about 2? 

POCKER: You must be referring to the t.urn- 
over number rat.ios in the enzymic process. I am 
discussing here the kinetic isotope effects obtained 
for general base catalysis. 

WANG: Because me are discussing and specu- 
lating on various possibilities of why hypobromite, 
hypochlorite, arsenite, etc., catalyze the C02 hy- 
dration so much faster than other anions, I would 
like to venture a speculation we had on this for 
some time, although I was never sure !VI ,,:her it 
was correct. Because Dr. Hastings is anxious to 
find out, I guess you would be willing to listen to 
soinething that may not turn out to be right. 
I just want to point out a new possibility. Let us 
consider the hydration of C02 by the hydroxide 
ion. Now, this hydroxide ion is not unattached 
in solution; it is heavily hydrated. We could say, 
it is hydroger. bonded to water molecules. Conse- 
quently befctre this hydroxide ion can attack the 
carbon atom of the substrate in a nucleophilic 
reaction, it has to get rid of some of its hydration 
water. So in considering the activation step, the 
free energy of this partial dehydration must be 
included. One of the secrets of carbonic anhydrase 
is that the hydroxide ion bound to its zinc is 
already in juxtaposition to the bound C02 PO that 
the enzyme-substrate complex does not need as 

much activation free energy. Now if you look 
at the other catalysts which are said to be so 
marvelous, they all interact strongly with solvent 
water as suggctec' by their high '*O exchange 
rate in neutral and acid solutions. Presumably 
they do not exist as bare BrO-, C10-, As0 2 - 1 O n s  
in solution but. are hydrogen bonded to water 
molecdes. (In the case of AsOZ-, it could even 
be covalently bonded to an OH- ion to form 
HAs03+.) Each of these hydrated species could, 
because of its low charge density, get very close 
to a C02 molecule and rapidly produce an OH- 
ion through facilitated proton transfer; this OH- 
ion could begin its nucleophilic attack before it. 
has time to become fully hydrated as illustrated 
below-: 

Likewise, the hydrated dialdehydes studied by 
Dr. Pocker could employ a similar trick when 
activated by a suitable base B as shown by the 
following scheme : 

0-13 W' 

These are just qualitative ideas which may or 
may not be true. To find out, I have to do more 
work to translate them into quantitative relation- 
ships for comparison with experimental data. 

WANG:3 An Approximate Theory of Base- 
Catalyzed Hydrat ion of C02. Because an OH- in 
aqueous solution is normally H-bonded to its 
neighboring water molecules, its reaction with 
CO, to form €EO,- must be preceded by the 
breaking of a t  least one of its H-bonds; Le., the 
formation of an activated OH- which is partially 
dehydrated. For this reason, molssules or ions 
which can rapidly release such an activation OH- 

a Submitted later. 
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right next to a COZ molecule are expected to 
catalyze the hydration of the latter. For example, 
sulfite and arsenite, as remarked by Dr. Edsall, 
and hydrated aldehydes, as reported by Dr. 
Pocker, could catalyze the hydration of Cor 
through such a mechanism: 

H S O ~ - S 3 0 ~ +  OH- 

HAsO~'=ASO~-+OH- 

RCH (OH) 2+ B*RCHO+ BH++OH- 

eRCHO + B+ HZO, 

where B is a general base. 
I wonder if the very high catalytic activity of 

hypochlorite and hypobromite ions, which Dr. 
Hr-tings referred to, could also be due to some 
labile hydrated species of these ions. 

Let us consider the hydration of C02 catalyzed 
by bases denoted by Bi, and write the general 
rate equation as 

Rate= (kco2+ kiti[Bi])[CO2] (1) 

where kco2 is the pseudo-first-order rate constant 
of the uncatalyzed reaction, the second-order 
rate constant of the reaction catalyzed by the 
base Bi, and the summation is over all base 
species in solution, e.g., OH-, C10-, HPOst-, 
CH3C02-, etc. 

A possible mechanism for the base-catalyzed 
reaction which makes use of facilitated proton 
transfer (Wang, 1968) within the solvation shell 
of the catalyst molecule is illustrated by the 
following scheme, where for simplicity we con- 
sider only the reaction resulting from a single 
base B. 

i 

H H O  H O  

If B bears one unit of net negative charge, BH+ 
is actually neutral. For simplicity let us denote 
the conjugate acid by HB in the following dis- 
cussion. The symbols S, BS, and BSr denote 
substrate, catalyst-substrate complex, and active 
catalyst-substrate complex, respectively. The con- 
stants in the above scheme are defined 8s follows: 

Kos =: - cB1csJ at equilibrium 
CBSl 

kI , k b  , k,=first-order rate constanh for 
actions as shown; 

the re- 

where K,' and KHU' are the theoretical ion product 
of Hr0 and theoretical dissociation constant of 
HB, respectively, in the catalyst-substrate com- 
plex BS shown above. If we confine our discussion 
to bases bearing a net negative charge, we may 

use the approximation 

Kw' Kw 
K H B I - K H B  

where K ,  and KHB are the ion product of HzO 
and dissociation constant of HB in solution. 

--- 

If we also assume k&-k,, so that 

we obtain for the reaction catalyzed by B, 

Rate r  kB'[Bj[S]= k,[BS') = K'ka[BS) 

that is, 
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Equation ( 2 )  is for solutions in which all catalyst 
molecules exist in the basic form B. The following 
particular cases are of special interest. 

(1) For different bases in H20 solutions at  pH 
values considerably above all values of ~ K H B ,  
we have in the following rewritten form of equa- 
tion (2) 

(3) 

ka , K,,,=same constants for all bases, but. KBS,  
KHB may both vary with the nature of the base. 
Consequently, we do not expect a simple relation- 
ship between k~' and pKHB from equation (3). 

Furthermore, if, in the pH range of the solutions 
studied, some of the catalyst molecules exist in 
protonated form, equation (2) is not applicable 
and the correlation between k~' and PKHB will 
be even more complex. 

(2) For the same base in H20 and DzO so- 
lutions, respectively, at pH O r  PD>>PKHB or ~ K D B ,  
we have K B ~  , k,,-same constants in both so- 
lutions, and hence obtain from equation (2) the 
simple relationship 

(4) 

where the indices H and D refer to H2O and DzO 
solutions, respectively. 

Assuming that the hydrogen isotope effect on 
the equilibrium between BS and BS' i8 mainly 
caused by the differences in zero-point vibrational 
energies, we can rewrite equation (4) in the form 

C ( AviH - AviD) (3 
h 

lny--- 
2kT 

where AviH and AviD represent the changes in 
vibrational frequencies of the ith normal mode 
when BS becomes BS' in H2O and in DzO so- 
lutions, respectively; these are usually negative 
quantities. The summation is over all normal 
vibrational modes of the catalyst-substrate com- 
plex. If the j th  mode is not appreciably affected 
by the transformation BS+BS', A v , ~  and AvjD 
are automatically zero. Similarly, if the kth mode 
is not appreciably affected by changing the solvent 
from H20 to D20, ( AmH - AvkD) is automatically 
zero. Consequently only a few terms on the right- 
hand side of equation ( 5 )  need be considered. 

Denoting by the summation over these few 
appreciably affected terms and using the approxi- 
mate relationship 

V H  
~ ~ 1 . 3 6  or vH-vD=0 .26vH 

for 0-H frequencies, we can approximate equa- 
tion (5) by 

c' AviH 
0.13h lny=-- kT 

For bases of similar structure, the frequencies 
associated with the B-H bond in BS' tend to 
increase and approach the higher frequencies as- 
sociated with the corresponding 0-H bond in BS 
as the basic strength of B increases. Consequently, 
as the catalyst becomes a stronger base, the sum 
- AviH will be smaller, and hence y will also 

be smaller according to equation ( 6 ) .  
Because of its simplicity, the quantitative corre- 

lation of measured y values with the observed or 
estimated vibrational frequencies seems more 
promising than with the theoretical PKHB values. 
Unfortunately the relevant data available in the 
literature seem insufficient for us to  reach a defi- 
nite conclusion on this point. 

(3) In  the extreme case where B is the OH- 
ion itself, 

i 

- AviH=O 
i 

and we obtain from equation (6) the interesting 
result 

-f=l 

i.e., negligible isotope effect. 
(4) For the opposite extreme case where B is 

an HzO molecule (a very weak base) , one might 
expect an unusually high value of y from the 
above discussion. However, that would be an 
oversimplification because an order-of-magnitude 
calculation for this case shows that k, of the 
above mechanism is even'smaller than the ob- 
served pseudo-first-order rate constant kco2 . Con- 
sequently the uncatalyzed reaction must take 
place principally along a different reaction path 
(or paths), represented by the first term on the 
right-hand side of equation (1) , e.g., nucleophilic 
attack at  the carbon atom of COZ by an HzO 



molecule, concerted with, or followed by, proton 
transfer. 

On the other hand, the present approximate 
t,heory could be the explanation of the observed 
catalysis of COn hydration by an unusually wide 
range of anions. 
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Carbamate Reactions 
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The Carbamates of Glycylgldtche and Glycylglycylglycine, ... 

Kinetics and Equilibrig - 
N 7 0 - 2 3 2 9 i  

MOGENS BALLUND JENSEN 

The Royat Danish School of Pharmacy 

The velocity constants for the reaction between carbon dioxide and the amino grotips in 
glycylglycine and glyeylglycylglycine have been determined; the equilibrium conBtBnt8 for the 
equilibria between carbamates and carbonates have been calculahd. The vetocitiea of decoxnpo8i- 
tion of the carbamates in f t  basic medium have been investigated, and the experimental values 
of the velocity constants have been compared with tbe velues caloulated from a theoretical 
expreasion. 

REACTIONS OF Cot A N D  PEPTIDES 
The carbamate reactions of glycine, glycyl- 

glycine, and glycylglycylglycine are of interest 
not only in themselves, but also as models for 
the carbamate reactions of the amine groups 
in hemoglobin and other proteins (Roughton 
and Rossi-Bernardi, 1966; Chipperfield, 1966). 

The velocity constant for the reaction between 
carbon dioxide and the amino group in glycyl- 
glycine or glycylglycylglycine in aqueous solution 
can be determined experimentally by adding a 
small amount of carbon dioxide to a solution of 
one of these amines and sodium hydroxide. The 
carbon dioxide will react acwrding to the equa- 
tions 

RNHe f COr+RNHCOOH (1) 
OH-+COg+HCO8- (2) 

fohwed by 
RNHCOOH+OH-+RNHCOO-+H~O 

€IC@-+ OH-+COa2-+ H& 
RNH, sbands for the basic form of either glyc- 
ylglycine or glycylglycylglycine and RNNCOOH 
for the correaponding carbamic acids. The solution 
is immediately analyzed for carbamate and car- 
bonate and the velocity constant,  kc^^.^,,, for 
reaction (1) is obtained frorn the expression 

[carbamate) - ~co,,A,,& fRNH2] 
[carbonate] - ~ C O ~ , O R -  X[OH-] 

where ~ C O ~ . O B -  is the velocity constant for reac- 
tion (2) ; [RNHJ is the mean value of the initial 
and final concentrations of the amine, and [OH- J 
is t.he mean value of the initial and final concentra- 
tions of hydroxyl ion, 

In the experiments of Henriksen and &men 
(1967), the amine-sodium hydroxide solution was 
shaken with a mixture of air and carbon dioxide 
in a f i sk .  This solution should be prepared im- 
mediately before use because hydrolysis of the 
peptide bonds takes place upon standing. The 
solution was anaIyzed for carbonate in the follow- 
ing way. About 10 ml of the solution were placed 
in a centrifuge tube and a barium chloride solu- 
tion w&s added. The carbonate will precipitate as 
barium carbonate, whereas the carbamate remains 
in solution. The sample was centrifuged in a hand- 
driven centrifuge, and the barium carbonate was 
purified by repeated washing and centrifugation. 
A known volume of 0.1 N hydrocbAoric acid was 
added; then the centrifuge tube was placed in a 
boiling water bath with a fine stream of air bub- 
bling through the sample in order to expel the 
carbon dioxide. Back titration was carried out 
with 0.1 N sodium hydroxide after cooling. The 
sum of carbamate and carbonate WM determined 
in a similar way, the carbamate being converted 
to carbonate by heating the solution for some 
huurs before the sample was analyzed; the amount 
of carbamate was obtained as a difference. Be- 
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TABLE I.-Carbon Llioxide in Peptides and NaOH at 18 C 

Glycine- - - - - 

Glycylglycine 

Glycylglycyl- 
glycine 

cause carbon dioxide is taken up from the atmos- 
phere during the experimental procedure, it was 
found necessary to carry out blank determinations. 
AI1 the following data are calculated from tho 
corrected carbonate determinations. Usually, the 
correction amounts to 1 to 4 percent of the 
carbonate content found directly, 

The experimental data on the absorption of 
carbon dioxide by solutions containing sodium 
hydroxide and glycylglycine or glycylglycylglycine 
are given in table I. The table also contains the 
calculated values of Icooa,A,(litersXrnol~-'X 
min--l, Briggs' logarithms)' and, for the sake of 
comparison, the value of kCO,.Am for glycine de- 
termined by Jensen, Jensen, and Faurholt (1952). 

1 Chipperfield (1966) and other authors have used units 
of (litersxmoles-1 Xsec-1, Napierian logarithms) for their 
velocity constant, kz. To convert ~ C O , , A ~  to k ~ ,  the numer- 
ical value of ~ c o , , A ~  should be multiplied by 2.303/60, i.e., 
by 0.0384. 

[HCOa- 

- - - - - - - 
0.022 

,020 

REACTIONS OF CARBAMATE AND 
CARBONATE 

[Carba- 
mate] 

0.021 
.015 

.020 

Carbamates are almost completely decomposed 
into carbon dioxide or carbonate in acid solution 
and in strongly basic solution, respectively; in 
weakly basic solution, equilibrium is established 
between the carbamate and carbonate. Tahle I1 
presents the data from the equilibrium experi- 
ments carried out in solutions containing RNHa* 
and RNH2. The carbamate solutions were pre- 
pared by shaking the amine-aminium ion solution 
with carbon dioxide. The solutions were analyzed 
for carbonate and carbamche in the aforemen- 
tioned way. Table I1 also gives the equilibrium 
constant, K E ~ ,  for the reaction 

[RNHa+] (RNHz 

- ~ -  
_ _ _ _ - _ _ _ - _ _ _ _ _ -  

0.040 0.060 
.041 ,038 
,055 ,029 

.LO -10 

.G40 .041 

RNHCOO- + HtOeRNHz + HCOa-. 

0.040 
,041 
,055 

.10 
,040 

and, in addition, the value of K G ~  for glycine 
determined by Jensen et al. (1952). 

_____________- .  
0.044 
,043 
,034 

,082 
,044 

I I I 
- I Final solution 1 Mean 

0.077 
070 
,081 
.061 
,066 

0.094 
,191 
.279 
.093 
.I42 

0.087 0.097 
.085 .195 
,096 ,285 
.078 ,096 
,082 .146 

Percen 
carba- 
mate 

- - - - - - - 
75.5 
77.7 
73.3 

88.4 
83.5 

_- 
'HCOa- 

_ _ _ _ _ _  
0.9062 
.0047 
.0048 

* 0022 
0033 

Equilibrium 

[Carba- 
mate] 

.___ -. 
0.016 
,016 
.011 

.017 

.016 

I 
-8 - 

4.65 

4.59 J 

- 
- _ - - - - -  -1.48 

-1.85 - 
-1.81 
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When k c O l , A m  and KQ are known, it is possible 
to calculate the velocity of the decomposition of 

k c O g , A m X K t u  x 1/&o1 XKE, 
kamatc-  

X [RNHzl [OH-)+- kCO2,Am 

kCO*,OH- 
the carbamates to carbonate. The conversion is a 
two-step reaction: 

carbamate-tcarbon dioxide where, Kcot is the equilibrium constant for the 
reaction 

carbon dioxide-tcarbonate 
C02+H20~H++HCO~- 

and takes place according to a first-order scheme 
at  fixed concentrations of amine and hydroxyl 
ion. The first-order velocity constant, kanlata can 
be calculated from the expression put forward by 
Lund and Faurholt (1948) : 

and K ,  is the dissociation constant of water. 
Table I11 shows the experiments that were 

carried out a t  a pH of approximately 11. The 
solutions were analyzed for carbonate and carba- 

TABLE IIL-VebcitU Constants for the Process: Carbamute+Carbmte at 18 C, pH =amzt.oXimatel~ 11 

Initial solution 

[Carbamate 3 

0.019 

0.021 

0.019 

[RNHi 3 

0.05 

0.18 

0 C% 

- 

Minutea 

0 
1146 
1385 
1514 
2595 
2974 
3171 

0 
1129 
1477 
2590 
2769 
4440 
5632 

0 
225 
393 
1323 
1770 
3260 

Percent 
carbamate 

let t 

100.0 
45.3 
39.3 
37.7 
17.2 
13.0 
10.6 

100.0 
69.8 
61.5 
42.6 
39.6 
25.2 
14.2 

100.0 
88.4 
82.8 
50.3 
40.3 
17.3 

kornate 

O.OOO302 
0.000234 
O.OOO281 
0.000295 
0.000299 
O.OO0307 
mean 
0.00030 
calc. 
0.00032 

0.000138 
0.000144 
0.000143 
0.000146 
0.000134 
0.000142 
mean 
0.00014 
calc. 
0.00015 

0.000220 
0.000208 
0,000224 
0.000222 
0.000234 
mean 
0.00022 
calc. 
0.00023 
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mate in the aforementioned way. Table I11 also 
gives the experimental values of ksmate as well as 
the values calculated from the expression stated 
previously. It will be seen that there is good 
agreement between calculated and experimental 
values of k,. 

COMPARISON WITH RESULTS BY 
OTHER METHODS 

The velocity constants of the reactions between 
carbon dioxide and the amine groups of glycine 
and glycylglycine (but not glycylglycylglycinc) 
have also been determined by Chipperfield (1966) 
by means of the rapid thermal method, which is, 
of course, quite independent of and different from 
the method used in the present paper. According 
to Chipperfield, the thermal results agree with 
the present ones within the limits of the combined 
accuracy of the two methods. 

The equilibrium constant of t h  reaction be- 

* Roughton and Rossi-Bernardi (1966) and others have 
used the equilibrium constant 

KO = [~~][RNHCOO-]/[CO~)[RNHZ], 
where K , = K I / K ~ ,  and KI is the apparent first ioniza- 
tion constant of carbonic acid; Le. 

KI’I CC0~3-t- [HZCOS] I =ahf[HCOs-] 

tween carbon dioxide and the amine group of 
glycylglycine has also been memured by Rought.on 
and Romi-Bernardi (1966),2 both by an inde- 
pendent COZ electrode method and by a (‘to* ..I 
equilibrium” method. A comphrison of their rtr 
sults with those of the present method was con- 
sidered by them to be reasonably good because of 
the inherent experimental errors in the severa.1 
methods employed and of the theoretical uncer- 
tainty of the activity coefficient corrections, 

REFERENCES 

CHIPPERFIELD, J. R., The Kinetics of Combination of 
Carbon Dioxide With the Anions of Ulyciv qlycyl- 
glycine and Related Amino-Acids. Proc. .:.I.: SOC. 
London, B164r 401-410, 1966. 

mates. XVI. The Carbamates of Glycylglycine and 
Glycylglycylglycine. Acta Chm. Smnd., 21: 2819- 
2822, 1967. 

JENBEN, A., J. B. JENBEN, AND c. FAURHOM, Studies on 
Carbamates. VI. The Carbamate of Glycine. A& C h .  
Stand., 6: 395-397, 1952. 

LUND, V., AND C. FAURHOM, Studies on Carbamates. 
111. The Carbamates of Ethylamine and Diethylamine. 
Damk Tida. Fawn, 22: iOg-122, 1948. 

bamate Reaction of Carbon Dioxide With Glycylglycine. 
Proc. Roy. SOC. London, B164: 381-400, 1966. 

HENRIKSEN, o., AND M. B. JENSEN, Studies Oh Carba- 

ROUGHTON, F. J. w., AND L. ROSSI-BERNARDI, The Car- 



Studies QII the p K  and Rate of Dissociation of the 
Glycylglycine-Carbamic Acid Molecule‘ 

F. 5. W. ROUGHTON 

University of Cambridge b 

AND 

L. ROSSI-BERNARDI U 
University of Milan 

The carbamate reactions of C02 with amines are 
supposed to take place via the mechanisms shown 
here : 

RNHa+ 
1 (Kz) 

K=E k’ 

It will be noted that in this scheme, CO, combines 
only with the unprotonated form of the amine, 
RNH2, and not at all with the cat-ionic form, 
RNH3+. The latter, however, participates indi- 
rectIy in the overall process, by virtue of being 
always in “instantaneous” equilibrium with two 
of the primary reactants-RNH2 and H+ ions. 

Measurements of the following items have al- 
ready been made for a large range of amines: 

(a) The bimolecular velocity constant k’ of the 
reaction C02+RNH2+RNHCOOH 

(a) The equilibrium constant K ,  of the overall 
reaction C02+RNH2$RNHCOO-+H+ 

(c) The ionization constant K ,  of the amines 

Only preliminary estimatcs have been available as 
to : 

* This research liaa been supported in part by a grant. 
from the Consiglio Nazionale delle Ricerche, Romz. 

(d) The velocity constant k of the dissociation 
reaction RNHCOOH-+C02+RNH2 

(e) The ionization constant K,  of the unstable 
carbamic acids RNHCOOfr 

The present paper reports kinetic measurements 
of k, and thence, by calculation, of K,, which 
is equal to kK,/k’ (see below). 

CarbaW+A& 
Equilibria: 
RNHCOO-+H+$RNHCOOH K ,  

RNHCOOHSC02+RNH2 K (  =k’/k) 
RNHCOO-+H+ eC02+RNHz Kc( =K,*K) 

‘ Kinetics: 
In (hdhz) =2k(h-t1)+ In (h1+2Kz)/(h+2Kz) 

Before entering into the details of this new kinetic 
work, it may be useful to discuss the knportance 
of knowing the values of K,  and k, and to review 
briefly the previous attempts to estimate K,. 

Faurholt (1825; see also his earlier references 
quoted in that paper), in the comse of his early 
attempts to estimate K ,  for the carbamic acid 
derivatives of ammonia and dimethylamine, 
pointed out that a knowledge of K,, or a t  leaat 
of its order of magnitude, is needed for the proper 
physicochemical interpretation of experiments on 
aqueous solutions of carbamates. Values for pK, 
would also be mbaningful in discussions on the 
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chemical structure of the carbamic acids. From 
the more physiological angle, there is also the 
question as to how far the carbamic acids, es- 
pecially of hemogiobiil, can themselves act sig- 
nificantly as buffers under physiological conditions 
(e.g., pH 7.0-7.4), and this in turn requires a 
knowledge of pKZ. 

Faurholt's early estimates were based on at- 
tempts to determine the degpee of hydroIysis in 
carbamate solutions soon after (e.g., 1 minute) 
dissolving the solid carbamate in water, wing for 
the purpose determinations of pH b:J colorimetry 
or electrical conductivity for the carbamic acid 
of ammonia (NH2COOH). A t  0 C he obtained a 
preliminary value for pK, of about 7.1, but ad- 
mitted that this figure might be unccrtain to the 
extent of 1 or 2 pH units. The next aAempt by a 
rapid thermal metsod (Roughton, 1541), gave a 
value of pK, for NH2COOH of arowid 5.8 at 0 C. 
More recently, Itoughton and Rossi-Bernardi 
(1966) gave two independent indications that the 
pKz for the czrbamic acid of glycylglycine, which 
is a good model for hemoglobin, was not gremer 
than 6.0. 

DESCRIPTION OF METHOD AND 
TYPICAL EXPERIMENT AT 3-5 C 

The present measurements have been made with 
a continuous flow Hartridge-Roughton rapid re- 
action method, the progress of the reaction being 
followed by glass electrode pH determinations 
over a period of 0 to 20 msec. This method, which 
is illustrated in figure 1, hss been applied pri- 
manly to glycylglycine carbamic acid, though 
some experiments have also been done on the 
carbamic acids of ammonia and glycine. Glycjrl- 
glycine was preferred because : 

(1) Its lower value of k (about 200 sec-I at 
5 C, compared with 600 to 800 sec-* for 
ammonia and glycine) ; 

(2) In glycylglycine the -NH2 group is ad- 
jacent to a CO-EUH linkage and, conse- 
quently, has its pKz lowered from about 
10 (as in ammonia and glycine) to about 
8.0, i.e., to a value of the same order as 
that of the terminal or-NHz groups of the 
four chains in hemoglobin, which are also 
adjacent to CO-NH linkages. It is these 
terminal a-NH2 groups in hemoglobin that 

5 io f5 
Time, msec 

FIGURE l.-Arrangement for measuring the rate of dG- 
sociatioz of curbamic acids, togelher wiih a graph of the 
r w U s  abtuined in a typical experiment on the rate of 
dissociation of glgmlglgcine carbamic aeid. 

are believed to be solely responsible for 
carbamate formation mder physiological 
conditions: for this reason glycylglycine is, 
as statcd above, a good model for heilio- 
globin. 

The details in a typical experiment are as follows. 
A solution of sodium glycylglycinatt (0.1 M )  

from one syringe was driven into a Hartridge- 
Roughton mixing chamber where it met with a 
COZ solution (e.g., 0.035 M) from a second 
syringe. The emerging mixed solution passed into 
a. second mixing chamber where it met with a 
solution of 0.045 M HC1 from a third syringe. 
The intermediary volume of tubing behveen the 
two mixing chambers was adjusted to give a 
lapsed time of about 0.4 second, when the three 
syringes were being driven in at their usual rates. 
This interval wxs sufficient, a t  3-5 C, for practi- 
cally all th6 COz to be converted to glycylglycyl 
carbamate during the passage of the fluid from 
the first to the second mixipg chamber. In  the 
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case of ammonia, for which the value of k' 
is much smaller than for glycine or glycylglycine, 
the lapsed ti-:..> ;vas increased to 3 or 4 seconds 
to insure coi.,;Jite carbarnate equilibrium (but, 
of course, wiihout significant bicarbonate or 
carbonate formation). The pH of the moving 
fluid emerging from the second mixer was nieas- 
ured at  various distances along the observat.ion 
tube by means of an cxploratory glass electrode. 
The syringes and observation tubes were all 
jacketed by circulating water to maLain  a 
temperature of 3-5 C. Appropriate amounts of 
I(C1 were added to each zyringe to give an ionic 
strength of 0.15 hf in the fluid traversing t.he 
observation tube. 

THE KINETIC EQUATIONS FOR THE 
DISSOCIATION OF GLYCYLGLYCINE 
CARBAMIC ACID IN THE pH RANGE 

5.0-7.0 

During the early stages, in which the velocity 
of the back reactions can be neglected, the rate 
of formation of COZ frem the dissociation of 
carbamic acid, RNHCOOH, is 

where 

h = hydrogen ion concentration 
12 =-OOCH2CHNCOCHz. 

The vzlues of [H+]; [OH-], and [RNH2] can be 
ncglected in the pH range 5 to '7, and the condition 
for electroneutrality of the solution is 

2[RNHCOG-] + [RNHCOOH] + CCl-]= [IC+] 
( 2 )  

Similarly, the principle of conservation, as applied 
to the total carbon dioxide content of the solution, 
givw 

rl'otal COS] = [RNHCOOH] 
+[RNHCOO-]+[Free COZ) (3) 

while as regards the total nitrogen content 

[Total N]= [RNHCOOK] 
+ [RNHCOO-;i- [RR;H3+] ( 4 )  

From equation ( 2 ) ,  it follows that 

or 

#h 
h + 2 K  

[RNHCOOH J = ____ 

From equations (1) and (3) 

-=- dcc021 {[Total COz] 
dt dt 

-[RNHCOOH]-CRNHCOO-]) 

(5)  

and therefore, from equations (l), (5), and (6 )  

4h diCo21 -- - k[RNHCOOH] =H ~ 

dt h +2Kz 

whence, after various simplifi-,ations 

is) dh h(h+2K2) - = -;; L_ 

El KZ 

Iiitegration of equation (8) over t.he range 
tl ( h  = It , )  to i2 (h = h2) then gives 

Since k' and K ,  are known ind9pendeirtIy, the 
value of k can be computed from measurement.; 
of h at two times, tl and t~ . In practice, a simple 
way of solving equation (9) for k is to start by 
neglecting the second term on the right-hand side, 
which is much smaller than t.he Mft-hand side 
term: the numerical value of k so obtained is 
inserted in the second term on the right-hand 
side and the equation solved again for k. Two 
or three such iterations give a satisfactorily con- 
vergent value for k. 
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Ammonia _ _ _ _ _ _ _ _  100 
Glycine _ _ _ _ _ _ _ _ _ _  I 2500 
GlycyIgIycine - _ _ _ _  750 
Acetic acid- - - - - - - - - - - - - - - 

I 

PRELIMINARY RESULTS FOR i'c AND Kz 
(AT ABOUT 5 C) 

The time range used for glycylglycine was from 
1.64 to 3.28 msec (corresponding pH range, 5.8 
to 6.1). The results are believed to be more 
reliable than for ammonia and glycine in which, 
because of the far greater rate of dissociation of 
the corresponding carbamic acids, the time range 
had to be reduced to 1.34 to 1.68 msec (pH 
range, 6.4 to 6.8). 

TABLE I.-Appr&mate Velocitg and Imimtion 
CmtuW of RNHCOOH 

6.0 560 5.26 
4.7 830 5.18 
4.8 220 5.31 

4.77 - - - - - - - - - - - - - - - - 

I---I----- I 1 

EFFECT OF STAGNANT FILMS 

When a dolid object is placed in a moving fluid, 
there is a tendency for a relatively stagnant layer 
of fluid to form a t  the interface. If a chemical 
reaction is occurring in the moving fluid, the time 
in which the reaction has taken place, as calcu- 
lated from the average rate of fluid flow and the 
distance of the electrode from the mixer, may be 

appreciably shorter, e.g., 3 to 5 msec, than the 
actual time of reaction of a fluid in immediate 
contact with the electrode. If, for any given ex- 
periment, such delay time 7 is constant for differ- 
ent positions of the electrode in the observation 
tube, then the application of equation (9) should 
not be affected, because tl and tz would have to be 
replaced by tI+r and h f r ,  respectively, and time 
interval t2-tl would thus remain unaltered. 

SIGNIFICANCE OF THE NUMERICAL 
VALUES FOR pK,  

Glycine, or amino-acetic acid, exists at pH 
around 5.0 primarily in the dipolar form 
(N&+CH&OO-), the classical un-ionized form 
(N&CH&OOH) only being present to less than 
O.OOO4 percent (Cohn and Edsall, 1943). The 
alkaline p K ,  corresponding to the ionization 
NH3+CH2COO-=NH2CH2C00-+H+, is 9.78 at 
25 C, whereas the acid pK (for the ionization 

at 25 C. The ionization of carbamic acid, which 
might be regarded as amino fom5c acid, is very 
different. The present studies suggest that at 
pH about 5.0, it is iargely in the classical form 
NHtCOOH, rather than the dipolar form 
NHa+COO-, the existence of which is probably 
inhibited by resonance conditions, which are un- 
able to operate in glycine (Dr. J. T, E d d l ,  
private communication; see also Cohn and Edsali, 
1943). Had the reaction NH2COO-+H++ 
NH,+COO- been significant, there might have 
been a large heat of ionbation, as in th.e case of 
NH2CH2COO-+H++NH3+CH2COO- (i.e., 10 500 
catories per H+) . Old, unpublished observations 
by Roug!iton, using the rapid thermal method, 
faiIed to reveal any smh large heat of ionization, 
the situation being apparently analogous to thz 
heat of acetic acid ionization, CHaCOcr+H++ 
CBCOOH, which is only of the order of 100 
calories. These considerations, together with the 
fact that pKz is so close to the pK of acetic acid, 
make it seem likely that the electrically neutral 
form is predominantly NH2COOH rather than 

Theoretically the NH2COOH form might be 
able, at more acidic pH, to add on a proton at the 
N atom to give NH3+COOH. No such reaction 
has, a;: yet, been demonstrated, but Dr. J. T. 

N&+CH&OW+H+=N&+CH&OOH) is 2.35 

NHa+COO-. 
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Edsall (in a private discussion) has expressed the 
view that such “basic” power of carbamic acid 
should be similar to that of the urethanes 
(H2NCOOR1 where R=CH3, CzHs, etc.), which 
are believed to be very weakly basic, rather like 
the acid amides, RCONHz, the pK’s of which 
are in the range of 1.0. 

The effect of temperature on the pK of acetic 
acid is slight, and if the same is true by analogy 
of the effect of temperature on pK,, the value of 
the latter a t  mammalian body temperature, 37 C, 
would only be around 5.0 to 5.2 and, accordingly, 
the carbamic acids would have no significant 
buffer power under mammalian physiological con- 
ditions (pH 7.0-7.4, 37 C). If, therefore, with 
regard to pK,, the carbamic acids of hemoglobin 
behave similarly to the carbonic acids of am- 
monia, glycine, and glycylglycine, there should 
be no need to take into account their buffer power 
under the conditions of COz transport in the 

animal body; and the current practice of regarding 
the hemoglobin carbamic acids its “completely” 
ionized a t  physiological pH would certainly be 
valid. Such, however, would not have been the 
caSe had further work substantiated Faurholt’s 
preliminary, though very guarded, estimate of 
pK,=7.1 for the ionization of carbamic acid. 
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Carbamate Formation and Breakdown-Kinetics 
and Mechanism' 

MICHAEL CAPLOW 
Yale University 

As part of a study of the chemical and kinetic 
properties of the N-carboxybiotin intermediate 
formed in enzyme-catalyzed carbon dioxide trans- 
fer reactions (Caplcw, 1965; Caplow and Yager, 
1967; Caplow, 1968), we have investigated the 
kinetic behavior of carbamates of widely varying 
structure and basicity. In  these studies we used 
the previously developed barium-quenching tech- 
nique (Faurholt, 1925) in which carbamates are 
separated from carbonate by the differential solu- 
bility of their barium salts. We have modified this 
procedure by use of radioactive carbon dioxide of 
high specific activity. This modification greatly 
facilitates the assay of cmbamate and carbonate, 
which were separated using a Millipore filter in- 
stalled on a hypodermic syringe. Because virtually 
no amine or hyiroxide is consumed in the course 
of the reaction with radioactive gas, the reactions 
are pseudo-first order even at very low hydroxide 
and amine concaitrations. 

The products formed in the reaction of carbon 
dioxide with alkaline amine solutions are deter- 
mined by the constants and concentrations in 
equation (1). 

(1) 
__ [Carbamate] - - ksmineCamineJ 
CCarbonate-J koH-[OH-T 

Usiag a previously determined value of  OH- equal 
to 2400 M-1 sec-' at 10 C (Sirs, 1958), :;'e may 
readily determine the rate co: stant for reactions 
of amims with carbon dioxide. The results ob- 
tained in L typicai experiment with hydraaim 
.ipe plotted in figure 1 according to equation (1). 

'This work was su. lorted by grant GM-11820 from 
the National Instituk. of Health. 
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FfGURE l.--psoduet ratio obhined in th reaction of hydra- 
zine with mrbm dioxide at pH lS.70. (Reprinted with 
the pmk& of the American Chemical Society.) 

It was found, however, that in the reaction of 
several amines the second-order rate constant de- 
termined :;.om the slope of a plot similar to the 
one given in figure 1 was not constant at varying 
hydroxide concentrations. The hydroxide de- 
pendence of the rea,.tion of benzylamine is illus- 
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FIQURE 2.-Hydrmide ion dependence of the second-order 
rate constant for reaction of benzylamine with carbon 
d W e .  (Reprinted with the permissbn of the American 
Chemical Society.) 

trated in figure 2. These results have been 
interpreted in terms of a hydroxide-catalyzed ami- 
nolysis reaction which has been included in the 
rate law of equation (2) 

Carbamate 
Carbonate 

Third-order rate constants for aminolysis (k'amine) 
are summarized in table I. The hydroxide ca- 
talysis involves proton removal as part of the 
rate-limiting step because the amines are ex- 
tremely nonacidic (Bell, 1959), and for the re- 
action of an amine anion to contribute significantly 
to the observed rate at the pWs studied, the 
second-order rate constants for reaction of the 
amine anion would have to greatly exceed that of 
a diffusion-controlled reaction. A Brpjnsted plot 
of the rate constants for uncatalyzed aminolysis 
is given in figure 3. Separate lines of slope 0.43 

and 0.48 have been drawn for the reactions of 
primary and secondary amines and reactions of 
amines which, because of the a-effect, have been 
found to react as a separate class of compounds 
in several acyl transfer reactions (Bruice, Donsel? 
Huff man, and Butler, 1967). Chipperfield (1966) 
has observed a Brgnsted P of 0.262 for amino 
acid-carbon dioxide reactions. 

TABLE I.-Third-Order Rate Constunis for the 
Remtimt of Amines With Carbon LXozide at 10 C 

A reaction scheme for the decomposition of 
carbamates is given in equation (3). 

R2YH 
koH (OH-I 

con- HCOa- 
kHs0 

~NH---) 
OH- 

(3) 

Decarboxylation proceeds via acid-catalyzed and 
acid-uncatalyzed pathways, which correspond, re- 
spectively, to the re- jrse of file uncatalyzed and 
hydroxide-catalyzed pathways observed in carba- 
mate formation. Typical rate data obtained with 
morpholine carbamate are shown in figure 4. The 
specific acid catalyzed reaction predominates, 
even at very high pH, and the hydrogen ion 
dependence on the rate of decarboxylation of 
morpholine carbamate is given in figure 5. The 
equilibrium constant for carbamate formation 
((3s. ( 5 ) )  

k m i n e  
% N H + C O % e € b N C 0 2 - + H +  ( 5 )  

reflects the tendency of an amine proton to be 
replaced by an alternate electyophile, This con- 
stant may be calculated from the ratio oi rate 
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FIGURE 3.-Br#mted plot for the uncatalyzed reaction of 
amines with carbon dioxide at 10 C .  (Reprided with the 
permission of the American Chemical Society.) 

constants. The results summarized in figure 6 
indicate that, as in the case for replacement of an 
amine proton by a. hydroxymethyl group (I<allen 
and Jencks, 1966), the equilibrium is insensitive 
to amine basicity and varies by a factor of only 
2060 over a pK range of more than 10 units. 

The Rate-Limiting Step 

A mechanism for carbamate formation and 
hreakdown is outlincd in equation (6). In the 
direction of synthesis, 

&NCO,+HaO+ (6) 

- 
I I I I 

Seconds 
FIGURE 4.-Decurbm~htkm of morpholine earbamale at 

pH 10.72. (Reprided with the permimkm of the Ameriean 
Chenhxl Society.) 

- 
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Hydrogen Ion Activity x IC)" 

FIGURE 5.-Dependme of the first-order rate conatant for 
decarboxylation of marphotine earbarnate 01) the hydrogen- 
2% activity. (Reprinted with the permissioli of the Ameri- 
can Chemical Society.) 
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FIGURE 6.-Equilibrium constant for c a r b a d e  /wm&vn 
aa a function of amine basicity. (Reprinled with the per- 
miasion of the American Chemical Society.) 

following carbon-nitrogen bond formation, the 
amine proton is transferred to a water molecule 
to give charged products that dissociate a t  a 
diff usion-limited rate. Proton transfer occurs 
within a hydrogenbonded complex and is ex- 
ceedingly rapid in the direction of favorable equi- 
librium. Rate laws for reactions under conditions 
where the reverse reaction is negligible are given 
in equations (7) and (8) , where 

.K=&NH+C02- * * HzO/&NCOz- * . HSO" 

Formation : 

Rate= L,,i,,[%NH J [ C 0 2 ) ;  

k ami no = Wb/ (k- lK+ kt ) 

Rate = ~ & & N C O Z -  J[H+ 1; 

(7) 
Breakdown: 

kH+ k-zk-IK/ (k- iK+ka) (8) 

According to this scheme, the nature of the rate- 
limiting step is determined by the relative size of 
kz and k-lK. That is, if d: ciation of the hy- 
drogen-bonded complex to carbamate and hy- 
dronium ion is faster thnn loss of carbon dioxide 
(kz> k - l K ) ,  the highest point in the energy profile, 
i.e., the rate-limiting step, will involve carbon- 
nitrogen bond formation or cleavage, depending 
on the direction in which the reaction is con- 
sidered. If the reverse case holds and carbon 
dioxide expulsion is faster than proton loss 
(k2<lc-1K), the ratcdetermining step will be loss 
and addition of a proton in the forward and 
reverse reaction, respectively. Evidence bearing 
orl this question comes from the dependence of 
the rate of dectwboxylation on amine basicity 
(fig. 7). 

The Br6nsted plot for hydronium ion-catalyzed 
decarboxylation reveals a coinplex pattern that 
may be xtted to two straight lines of r'iope 0.45 
and 0.60, respectiveiy, for reactiohs of carbamates 
formed from ordinary amines and amines of the 
hydroxylamine-hydrazine class. The fit to these 
lines is poor, especially for ordinary amines where 
approximately fivefold deviations are observed 
for four of the nine amines studied. These devi- 
ations are much greater than experimental error. 
Although the a-effect appears to  be of importance 
in the synthesis reaction, there is no requirement 
that this effect will be significant in the reaction 
in both directions. Looking at the overall results, 
it is apparent that the rates for weakly basic 
amines (pK -1 to 5.6) show a sigdficantly 
greater dependence on basicity than do the more 
basic amines, The results suggest an alternate plot, 
shown in figure 7, in which the slope is 0.77 for 
amines of p K  -1.05 to 5.6 and zero for more 
basic compounds. The results are better correlated 
with this more complicated assignment, the impli- 
cations of which are discussed below. 

Bates of reaction of weakly basic carbamates 
are clearly depevdent on the amine pK.  For these 
reactions, the kz term predominates in the de- 
nomina.tor of equations (7) and (8) so that, 
k ~ 4  ==k-zk-1K/k2 , and ka,,,inc=kl , Effects of ba- 
sicity on the breakdown reaction are expected 
for k..l and K ,  and these effects will be in the 
oppoAite direction; increases in baaicily will in- 
crease K and decrease !c -~ ,  The positive slope of 
the Bransted plot for decarboxylation indicater 
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that. the equilibrium ( K )  is more sensitive to 
amine basicitg than to thc breakdown of the 
zwitterion. In  the synthesis reaction the attack 
step is rate-limiting and, as expected, the reaction 
is increased by electron dor,ation (fig. 3). 

Results obtained with basic carbamates are 
difficult to interpret with certainty. A leveling out 
of the Brprnsted plot is suggested from the result 
and is predicted when rates are equal to the rate 
of encounter of hydconium ion and carbamate. 
In terms of equation (8), when increases in 
basicity increase the equilibrium constant K so 
that the k-& term predominates in h e  denomi- 
nator, kn+ = k-2 . The constant k-2 represents the 
encounter of hydronium ion and carbamate, and 
this reaction is expected to be independent of 
basicity. The principal objections to the assign- 
ment k-1K>k2 are that maximai rates are only 

I I I I I I '  - Q 

approximately 108 M-l sec-I a t  10 C and the AH* 
for hydroilium ion-catalyzed decarboxylation of 
morpholine carbamate is 6.40 i;cal/mole. This re- 
sult is to  be compared with the diffusion-limited 
reaction of hydronium ions with amines which is 
indcijcndent of basicity, with rates equal to ap- 
proximately 10'O M-* at  25 C (Eigen, 1964; Eigen, 
Kruse, M w s ,  and DeMaeyer, 1963). Vzdues for 
AH* for diffusion-limited proton exchang,, are 2-4 
kcal/mole (Lowenstein and Szoke, 1962; Luz and 
Meiboom, 1964a). Several factors may account 
for these differences. First, we have found pre- 
viously that a hydronium ion is 20 times lass 
reactive than predicted from the Brprnsted re- 
lationship in the general acid-catalyzed decar- 
boxyiation of carboxyimidazolidone (Capbw and 
Yager, 1967). Hydronium ions may, for some 
reauon, react relatively slowly with carbamates. 
.41so, rate coi~ctants for proton exchange between 
ammonium ions and methyl-substituted am- 
monium ions and their conjugate bases, and the 
phosphate monoanion and dianion, wiiki h are pre- 
sumably diffusion-limited processes, are in the 
range observed for carbamate breakdown (Grun- 
wald and Ku, 1968; Luz and Meiboom, 1964bj. 
Finally, because of electrostatic attaraction and 
the fact that the carboxyl group is undoubtedly 
the basic locus of carbamates, the initial site of 
protonation by hydronium ions may be on the 
carboxyl function. If the generation of the cata- 
lytically active species having the proton on the 
nitrogen atom via intramolecular proton transfer 
is not faster than the dissociation of the hydrogen- 
bonded complex to carbamate and hydronium 
ions, a significant fraction of encounters betwaen 
hydronium ions and carbamate may be unsuccess- 
ful. Proton transfer to the nitrogen atom in a 
neutral carbamic acid to give the zwitterioil is 
thermodynamicaliy unfavorable and may, there- 
fore, be relatively slow. In a related reaction, in 
which the equilibrium conshit is 1, the rate con- 
stant for proton transfer between oxygen atoms 
in acetic acid mediated by two solvent water 
molecules is only 4.8 X 107 W1 sec-' a t  25 C (Luz 
and Meibo.Jm, 1963). 

The r.signment k-lK>lez requires that, in the 
reactitin of basic aminev with carbon dioxide, tlhe 
rate-limiting step is loss of a proton from the 
zwittcr;onic intermediate. This result is not alto- 
gether unexpccted in light of rwults obtained in 



studies of the reaction of N-methylhydroxylamine 
with p-cldorobenzaldehyde ( Wimann and Jencks, 
1966). In  this reaction it has been calculated that 
the loss of a proton from a zwitterionic carbinol- 
amine intermediate would not occur fast enough 
to account for the observed rates, if it were not 
for the intervention of a special pathway in which 
there is an intramolecular proton transfer to the 
alkoxide function. A similar nxchanism apparently 
holds in the hydration of acetaldehyde (Eigen, 
1965). The reaction of amines with carbon dioxide 
differs from these reactions in that the formation 
of a basic center does not accompany amine at- 
tack; and as a result, loss of carbon dioxide from 
the zwitterionic carbamate may be faster than 
deprotonation. This reaction has precedent in the 
reaction of thiol anions with acetaldehyde, where 
breakdown of a hemithioacetal anion to starting 
materials is faster than protonation of the inter- 
mediate by solvent (Barnett and Jencks, 1967). 
Finally, a direct comparison may be made between 
the rates of proton and carbon dioxide loss from 
an identical base (hydroxide ion) by comparing 
the rates of ionization of water and decarboxyl- 
ation of bicarbonate ions. The observed rate con- 
stant for the former reaction, which is a complex 
constant reflecting an unfavorable equilibrium 
prior to the rate-determining step, is 2.5X10-5 
sec-l (Eigen et al., 1963). The rate constant for 
bicarbonate decomposition is 1.9 X le4 sec-* (Gib- 
bons and Edsall, 1963). 
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DISCUSSION 

JENSEN: We did not believe that the reaction 
of tris involved nitrogen attack since glycine 
derivatives give no carbamate at neutral pH. 

CAPLOW: With respect to the tris reaction, 
the observation of hydroxide catalysis does not 
conclusively indicate oxygen reactions. Aminolysis 
may also be subject to hydroxide catalysis. There 
is an amine squared term in the rate law for many 
reactions involving acetyl transfer to amines 
wblch has been interpreted in terms of a mech- 
anism in which one amine molecule catalyzes 
amine attack; I am not certain that your results 
are free of this ext.ra reaction. We xere able to 
work at very lorn amine concentrations, to 
10-6 M, because the C02 concentration is es- 
sentially zero. 

POCKER: In  the carbamate reaction you had 
two kinetic temw-one first order in amine and 
the other first order in both amine and hydroxide 
ion. In the parallel reaction leading to bicarbonate, 
you had only a hydroxide ion term; yet the re- 
action in question is also general base catalyzed, 
and amines are very efficient in this respect. 
Were your experimental conditions such that the 
amine term could be neglected in the reaction 
leading to bicarbonate? 

CAPJNW: That is related to what I have 
pointed out to Dr. Jensen, that an amine square 
term might, be very important, but we work at 
very low amine concentrations, where it may be 
neglected. Also, I think we may rule out a contri- 
butioi, of this type because the plots of the product 
ratio versus the amine concentration are linear. 

POCKER: In the general catalysis of the amine 
reaction, in addition to the hydroxide ion term 
k'amine [R2NH][OH-], are there additional terms, 
say second order in amine, such as k"smine[&NHl2 
or rZ"'amine[R~NH][R~N], or do YOU feel that these 
second-order terms can be neglected? 

CAPLOW: We decided that there might be an 
amine anion component in reactions with carbon 
dioxide because, when we studied the decom- 
position of carboxyimidazolidone, we found that 
there was a hydrogen-ion-catalyzed as well an 
uncatalyzed reaction. In the latter, the anion is 
the reaction species, and the reaction involves 
a direct displacement of the imidazolidone anion 
plus C02 .  This reaction must also occur in the 

reverse direction. Th2t is, we have to have an 
amine anian, or something equivalent, in the 
reaction of iniidr zo!idone with carbon dioxide. 
According to the reasoning, we have observed 
that the decarboxylation of carboxyimidazolidone 
is general acid catalyzed. In the reaction the 
products are imidazolidone, C02, and the con- 
jugate base of the general acid. There must, 
therefore, t,e a general base-cat.alyzed aminolysis 
reaction. We have not been able to observe this 
process because we cannot measure any nucleo- 
philicity in imidazolidone; it is less reactive than 
water. 

SIESJO: I would like to make a comment on 
the quantitative significance of the presence of 
carbamate in tissues. Many people have tried to  
determine the pH of the tissue by acidifying the 
tissue and liberating the acid-labile C02. Then 
Conway and associates found in 1934 that at 
least half of the acid-labile C02 of the tissue was 
soluble in the presence of barium salts at alkaline 
pH. Dr. Hastings did some experiments in muscle 
tissue to determine the pK of homogenate,. When 
we repeated the experiments on brain tissue, 
we couid not find any variation in pK with the 
amount of tissue. The conclusion then, as you 
have referred to these measurements, was that 
there were no carbamates present. Can anyone 
explain .why Conway could get about 50 percent 
of the acid-labile COz barium soluble? 

HASTINGS: Not I. 
ROUGHTON: Dr. Edsall, have you any com- 

ment on our tentative values for the ionization 
constant for the carbamic acids. Do they look 
reasonable? 

EDSALL: Yes; considering the sort of reso- 
nance you might expect to have with the amino 
group directly bound to the carboxyl. This reso- 
nance should shift the pK value to a value slightly 
above that of acetic acid. 

ROSSI-BERNARDI: I would like to ask Dr. 
Biesjo if I understood his question correctly. You 
refer to the method of measuring intracellular pH 
by measuring the p K  of carbonic acid? 

SIESJO : I'es. 
ROSSI-BERNARDI: I know that there is 

Rome old work in which it was said that a lot of 
C02 would be bound to the muscle protein--since 
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then, nothing has been done. I would also be 
interested to know about your new work done on 
this subject. 

SIESJO: We just repeated the measurements 
done by Davis and Hastings in 1939 by varying 
the amount of tissue homogenate, knowing the 
COz tension, determining th,: amount of bicar- 
bonate, and calculating the pK. If the tissues 
were forming carbamate compounds, then one 
would expect that the p K  would decrease with 
increasing concentration of tissue in the hornog- 
enates, but we found no alteration at all in the 
pK value. 

ROSSI-BERNARDI: This leads to the impor- 
tant question of whether myoglobin can react 
with CO,. Myoglobin certainly has one terminal 
amino group vhich would be expected to react 
with COz. Unfortunately, as yet, no observations 

have been made on this reaction; perhaps tomor- 
row we might return to this question. 

HASTINGS: If there is a measurable amount 
of the CO, in muscle, tied down) this would 
grossly influence the intrace!!l-ilar pH. The evi- 
dence indicates that it must be about 6.8 or 6.9 
rather than about 6.2. 

SIESJO: Yes; because you get the same an- 
swer if you use, for example, DMO, which is not 
supposed to take part in such reactions. 

ROSSI-BERNARDI: You have to be careful 
in measuring the p K  of the carbonic acid, because 
a change in pH of 0.03 would make a significant 
amount of carbamate. To be sure that there is no 
COz combmation, your measurements must be 
accurate. In the case of hemoglobin, which is 
well known to combine carbamino-wise with 
COz, it is difficult to measure the amount of 
carbamate by this method. 



Rate of Reaction of CO, With Huma 
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PRODUCTION OF CARBAMATE IN 
HEMOGLOBIN SOLUTION 

We (Forster, Constantine, Craw, Rotman, and 
Klocke, 1968) sought to measure the rate of reac- 
tion of COZ with human hemoglobin to form 
carbamate under physiological conditions. To do 
this we rapidly mixed a solution of deoxygenated 
hemoglobin in water with a solution of COZ in 
water in a continuous-flow rapid-reaction velocity 
apparatus using a PCO, electrode to follow the 
changes in dissolved [COz] with bhe.  A diagram 
of the apparatus is shown in figure 1. The hemo- 
globin solution was prepared by a method similar 
to that of Adair and Adair (1934) from 700 to 
1000 ml of fresh human blood by centrifugation 
and dialysis. The final soluti.rs contained an 
average of 7.66 m M  henioglubin in water, with a 
residual [Na] of 10 to 20 meq. Oz was pumped 
off, and an atmosphere of N2 or He substituted. 
The resulting pH, about 7, was then adjusted to 
the desired values from 6.55 to 7.64 with HCl 
and KOH. The COZ solution was prepared by 
equilibrating water with 10 percent COZ gas at 
37 C. Both the C02 and hemoglobin solutions 
included 1.1 mM acetazolamide (supplied through 
the courtesy of Lederle Laboratories, American 
Cyanamid Co., Pearl River, N.Y.) to inhibit the 
carbonic anhydrase. 

The Pcoz was measured at reaction times from 
0.007 to 0.260 second and the decrement from 
the initial value in the mixture, before any reac- 
tion had taken place, calculated. The reproduci- 
bility of this change in PCO, was about 1 mm Hg. 

The main findings are illustrated in figure 2. 
Pcot fell rapidly to a plateau by 0.1 second. This 
must represent the formation of hemoglobin 
carbamate, because the uncatalyzed rate of COZ 

hydration over the same period was negligible. 
The absolute decrement in Pcot at 0.1 second 
has been used before to estimate the [hemoglobin 
carbamate] (Constantine, Rossi, and Roughbn, 
1963), because it was assumed that carbamate 
equlibrium existed by that time. This assumption 
is further supported by studies on glycylglycine 
carbamate in which the same K ,  (see eq. 5) was 
found by the electrode method as by the classical 
Ba precipitation method (Rossi-Bernardi and 
Roughton, 1966). 

The next point is that the total amount of 
carbamate formed increased as the pH increased. 
This is predicted by theory, as discussed by 
Rossi-Bernardi and Roughton (1967). There are 
three pertinent equilibria: 

Hb-NHa-Hb-NHz + H+ (1) 

COZ+Hb-NH2SHb-NHCOOH (2) 

Hb-NHCOOH@Hb-NHCOO-+H+ (3) 

GUSS aECTRO 

CALOMEL ELECTRO 

MIXING CHAMBER 

PIQURE 1,-The conlinm-pow rapid-reaction apparalus 
uses the PCO, elsetrode (Constantine, Craw, and Forstw, 
1966). The motordriven sgriwes, r n b h  chamber, ob- 
servation tube, and lower part of electrode are surrounded 
by a waler bath mintained al a constant temperalure. 
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Reaction (1) is important because CO, reacts 
only with the un-ionized amine. An acid ionization 
constant is definer! 

(4) 

The pK of the acid ionization of hemoglobin 
carbamate, Hb-NHCOOH, is not known exactly, 
but is probably less than 6 (Roughton, 1964; 
Rossi-Ilernardi and Roughton, 1967). It is there- 
fore convenient to combine reactions (2) and (3) 
in one equilibrium constant, K,, b% follows: 

It is assumed that there is one NHpgroup 

Of YNGATALYZED 

30 
0 40 80 I20 160 2bO 240 260 

TIME, MILLISECONDS 

Fioum l.-The fat1 in P C Q ~  with time following the rapid 
mizing of hemoulobin and COa solutions. The ordinale is 
the decrease in PcoI at a given lime eompared to the eaG 
culaled initial PCO, in the mixture before any reactions 
had luken place. The line at the top is a graph of the fall 
in Pcor because of uncalalyzed hydration, asmming a 
velocity constant of 0.19 sec-1 and a n  initial PCQ, of $7 
mm Hg. All the dala poi& have been emreeled for this 
process. The symbols indicate individual observations; the 
same symbol is used for all o b s e r v a l h  on a given hemo- 
globin solulion. The pH i n d i d e d  on the curves is that of 
the hemoglobin solution before mixing, which would ap- 
proximate that during the entire reaclbn. The smooth 
curvea are simple expmenlials fitted bg impection to the 
dala poi&. In  one experiment, at PH 7 ( i n d w e d  with 
01, O2 waa added lo raise the Peon to 6gO mm Hg and the 
pH fell from 7.41 to 7.27. (Reproduced &h the permission 
of the Journal of Biological Chemistry.) 

available to form carbamate for each molecule of 
iron in the hemoglobin molecule from pH 7 to 8 
(Roughton, 1964). These relationships can be 
combined to  provide an equation describing the 
fraction of the total amount of amine which has 
formed carbamate : 

Fraction of total carbamate 

Owing to the [H+I2 term in the denominator, the 
fraction of carbamate can be very sensitive to 
changes in pH. The total amounts of carbamate 
we found were compatible with equation (6), 
with K, = 2.4X 104 and K ,  = 7.2X M. Figure 
3 is a plot of the decrement in Pco2 at 0.1 second, 
equivalent to the hemoglobin-carbamate formed, 
versus the pH at the start of the reaction. Because 
the total remaining PCO, at final equilibrium 
decreases as the amount of carbamate formed 
increases, all the decrements in PCO, are normal- 
ized to  a standard PCO, of 35 mm Hg according 
to equation (6). The data have been normalized, 
as well, to a constant total [Hb] of 3.88 d, the 
average value. Because there are two unknown 
constants, KO and K,, it is not remarkable that 
a fit can be secured. However, the values of K ,  
and K ,  used to calculate the smooth curves in 
figure 3 are the best available estimates, including 
the independent data of other authors. 

pKz- 7.14 

/ pKc.4.7 

60 
DEGREE€ IN 

IN TORR 

CORRECTED TO pK;7.)4 
[TOTAL PCOiglOTORR HEMOGLOBIN: 20 4j ;/<PKc; 

I 3.88 uM) 
6.4 

INITIAL pH OF Hb 

FXQURE 3.--The fall in PCO, at 0.1 seuntd vwsua the pH 
of the hemoglobin solution at the start of the reaction. 
Each point has been emreeled lo a final equilibrated PCoa 
of $7 mm Hg and a hemnglobi% cm&~a&n at 5.88 m M .  
The arrvws connect &a points from the same e x p & ~ .  
The Solid circles were obtained with deoxyganaled hemo- 
globin solution, the X's with oxygenaled. The smooth 
curve i s  a plot of equation (6) Using the indicated values 
for IS, and KO. (Reproduced with the permission of the 
Journal of I3iobgkal Chemhtry.) 
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Also shown in figures 2 and 3 is the decrease in 
carbamate formed when the hemoglobin is oxy- 
genated. 

The rate of carbamate formation should follow 
the relation 

= ka[COa][Hb-NHa] 
d[Hb-NHC00-] 

dt 
-kd[Hb-NHCOO-] (7) 

where ka is the association velocity constant in 
M-1 sec-', ka is the dissociation velocity con- 
stant in se@, and t is the time in seconds. 

We calculated ka from changes in PCO, with 
time by two methods. The simpler one is to 
measure d[Hb-NHCOO-]/dt, which is the same 

-d[CO~]/dt, from a tangent to the curve of 
Pcoa v e m  time at  the start of the reaction, a t  
which point the [COS] and pH are known from 
the composition of the reacting solutions, and 
[Nb-NHCOO-] is negligible. [Hb-NH2] can be 
calculated from [H+] and equation (4), provided 
K, is known. Because we have measurements a t  
several different [H+], it is possible to calculate 
both K, and k. from our data. We can rearrange 
equation (4) to obtain 

[Hb-NHz+HB-NHa+] equals the total hemoglobin 
concentration, [Hb], a t  the start of the process. 

Substituting this in equation (7) and disre- 
garding the dissociation term, we obtain 

where PO is the initial COZ tension and dP/dt, 
its rate of change. Figure 4 is a plot of the left- 
hand term against [H+], the ordinate intercept 
equaling l/k,, from which ka=11.7Xl0a M-1 
sec-1, and the absckqa intercept equaling -Kz, 
from which K, ~ 4 . 5  X M. A Similar equation 
was derived independently by Kernohan arid 
Roughton (1968). 

The second technique was to fit a simple ex- 
ponential equation to the PCO~ vt:rsus time curves 
and calculate k, and K, from the values of the 
exponent aa a function of [HJ-1. If we assume [HJ-] 
is constant for the duration of the reaction (it 
actually increases less than 12 percent), equatia 

(7) has a simple exponential solution with the 
exponent k, equal to 

where P, is the Pcoa a t  0.1 second. 

give 
Equations (8) and (10) can be combined to 

This equation can be solved graphically for 
K, and k. by plotting the left-hand term against 
[H+], a'ilalogously to figure 4, providing a value 
of 9.8X109 M-l sec-' for k, and 1.02X lo-' for K,. 

We believe the best estimates of k. and K, are 
combinations of the results from two methods; 
11 0o0 M-I s e c l  for k, and 7.2X10e8 for K,, a 
pK, of 7.14. 

Because the total carbanmte formed, that is, 
the decrease in [CO,] a t  0.1 second, is known aa 
well as [COZ], [HJ-1, and K,, equation (6) can 
theoretically be solved for K,. Unfortunately 
our data are not sufficiently precise to provide 
an exact value. The estimates varied from 2 X 10-6 
to 8X10-6 M. We believe it best to rely on the 
value of 2.4 X 1W6 M calculated by Rossi-Bernardi 
and Roughton (1967) from Ferguson's (1936) 
data. 

0.8 

IN IO%l SECONDS 

0.4 

0.2 

5 IO I5 26 
INITIAL [H*] OF Hb SOLUTION IN lo*M 

FIGURE I.--Graphieat sdution of equation (0). The aww 
conwls a point obtained on d m o e n a l e c l ( 0 )  with one 
obtained on the same a q ~ o t m t d  ( X ) knwglobin s o l d h .  
The line is the 1eaat.mean-Square rmeesiOn for the data 
on dtmxggenaled hemoglobin solutiolr. (ReprodW with 
the pemaseiOta of the Journal of Biologiacl Chemistry.) 
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The initial rate of formation of carbamate 
Trek OzHb was less than that from deoxygenated 
hemoglobin, although pH, [C02], and [total Hb] 
were kept the same. According to quation (7), 
t.his couId be explairted by a decrcase in k,, or 
in K,, or in any combination thereof. We do not 
have sufficient data to make a useful plot of 
equation (9) (see fig. 4) and to determine k. for 
OZHb independently of K,, so this question 
remains in abeyance. 

PRODUCTION OF CARBAMATE IN RED 
CELLS 

It should be possible to determine the rate of 
carbamate formation in intact red cells, and the 
necessary measurements have been reported by 
Constantine, Craw, and Forster (1965). They 
used a continuous-flow, rapid-reaction apparatus 
with a P c ~ ,  electrode to follow the uptake of 
COz by a human red cell suspension under near- 

physidogical conditions in the presence and ab- 
sence of acetazolamide and obtained results com- 
parable to those we found with a hemoglobin 
solution (fig. 5). The upper curve was determined 
in the absence of carbonic anhydrase inhibitor 
and is dominated by the intracellular-catalyzed 
hydration of COZ . The lower curve, during which 
carbonic anhydrase was inhibited, represents 
the formation of carbamate inside the cells (com- 
plete by 0.2 sec) and the slow uncatalyzed hydra- 
tion of CO2, primarily in the suspending fluid. 
If we assume that the intracellular [H+] is con- 
stant, which is reasonable in view of the great 
buffer capacity of the hemoglobin, and that the 
[C02] is constant (actually it falls 11 percent), 
we can use the simple exponential solution for 
equation (7) given in equation (10). [Hemoglobin] 
was 0.45 m M  in the reacting mixture. The pH 
was 7.6 and intrrtcellularlp approximates 7.3. 
The P C O ~  at the start was 36.mm Hg. The half 
time was 0.060 second. We obtained a value of 

300 400 500 600 io0 600 !Go Y IbO 200 

T I  ME, MILLISECONDS 
FIQURE S.-The dweuse in PCO, with time foUowing the mixing of a 1 : 10 suspension of normal human blood in h f e r  at 

QH 8.66 and PCO, less than 8 mm Hg, with a S1 .Y mM bicarbonate solution at QH 7.86 and PcoZ 71 mm Hg. Bolh soh- 
t h  had zero Po,. Temperalure waa 3Y C. The lower curve represen& an experiment in which 3.6x10-4 M acelazolamide 

tu both reactant mhtures. (Reproduced with the permhsion of the Jourrlal of Biological Chemistry.) 
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4850 M-' sec-I for ka with K ,  = 7.2 X lW*, which 
is in reasonable agreement with our value of 
11 000 M-* sec-1 in hemoglobin solution. 

The velocity constant for the dissociation of 
hemoglobin carbamate, kd, equals 

where Ka is the acid dissociation constant for the 
ionization of Hb-NHCOOH (eq. (3)). Accepting 
K ,  as equal to 2.4X10-6 M, k, as 11 000 IW-1 
sec-l, and Ka as M or greater, a minimal 
value of k d  is 500 sec-1. 

I conclude that the total amount of carbamate 
formed from human hemoglobin under near- 
physiological conditions follows the theoretical 
predictions. The best available estimate of the 
acid ionization constant for the pertinent amine 
groups, K,, is 7.2X10-8, that for the association 
constant for the reaction of C02 with hemoglobin- 
NH2 is 11 000 M-' sec-1, and the corresponding 
dissociation constant is a t  least as great as 500 
sec-I. For intact human red cells, k, approximates 
5000 M-I sec-l. 
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The rontinuous-flow rapid calorimeter has been used to measure the rates of reactions in- 
volving COS in bovine red cells and hernoglobin solutions. In  the absence of a carbonic anhydrase 
inhibitor there is rapid heat evolution after Con solutions are mixed with a cell suspension or 
hemoglobin solution. In  the presence of concent.rations of acetazolamide sufficient to inhibit the 
carbonic anhydrase, less heat is evolved. In the latt, B e  the heat evolution is solely due to the 
formation of hemoglobin carbamino compounds. '.ne rate of formation of these compounds has 
been calculated; the rate constant for carbamino formation with deoxyhemoglobin is about twice 
that found for oxyhemoglobin. Some possible reasons for this difference are discussed. No signifi- 
cant ditierence is found between the rates for cell suspensions and for hemoglobin solutions 
measured under the same conditions. 

The reactions of carbon dioxide with hemo- 
globin prepmations and with intact red cells may 
be studied using the continuous-flow rapid 
calorimeter. When hemoglobin solutions or red- 
cell auspensions are mixed with carbon dioxide 
solutions in the apparatus shown schematically 
in figure 1, a rapid evolution of heat due mainly 
to the carbonic anhyclrase-catalyzed hydration 
of carbon dioxide may be observed. I n  the pes- 
ence of a carbonic anhydrase inhibitor such as 
acetazolamide, the amount of heat evolved is 
much smaller (fig. 2). The difference between the 
heat evolved in the absence and in the presenze of 
the inhibitor may be attributed to the hydration 
reaction and may be used to estimate the rate of 
the reaction, and, hence, the activity of carbonic 
anhydrase. 

The hydration reaction can be considered to 
occur in two stages : 

C02+&O+HCOa-+H+ (1) 

HfSbuffer b e b u f f e t .  acid (2) 

The heat of reaction (l), which is endothermic, 
is 2200 calories per mole (Roughton, 1941). For 
the second stage of the reaction, hemoglobin is 
the predominant buffer under the conditions of 
t.lie experiments. Chipperfield, Rossi-Bernardi, and 
Roughton (1967) have determined the heats of 
ionization for oxyhemoglobin and hemoglobin pre- 

Thermocouple junction 

red cell ruwension 
t Acelozolamide 

C 0 2  solution '. 
\ 

'Mixing chamber 

FIOURE l.-Schemalic diagi :m of method for memuring 
reaction raks. The temperature rise cauaed bg reaction is 
the di@ence lrslween the temperature obsmed when the 
solulions are mized and the temperature the mixture would 
hue  i f  reaction did not amur. The talter m y  be calculaled 
from th !mpezdure of the two solutions and the e ~ m -  

.position of the mblure. 
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F:GURE 2.-Time course of heat e~dution aftw I :king 
Cot solution wilh hemoglobin sol&iols, with and without 
curbonic anhudrase inhibib.  

pared from bovine blood. Therefore the total heat 
of the hydration reaction is known, and the initial 
rate of COz hydration may be calculated from 
the difference in the initial rates of heat evolution 
with acetazclamide absent and present. 

As was found in previous st,udies, the carbonic 
anhydrase activity varies about threefold between 
individual blood samples. In concentrated hemo- 
globin solut,ions, the activity closely approximat.es 
that predicted from measurements using the 
optical stopped-flow technique on much more 
dilute solutions, if the activity is assumed to be 
proportional to the enzyme concentration. The 
activity was not influenced by the state of oxy- 
genation of the hemoglobin. The activity in 
intact red cells appears to be about 30 percent 
higher than in hemoglobin solutions of the same 
concentration. In this comparison, corrections 
were made for the influence of different pliysico- 
chemical conditions. Uncertainties in thc -or- 
rections might account for most of the observed 
difference. 

The smaller evolution of heat that occurs in 
the presence of acetazolamide is much more than 
can be accounted for by the uncatalyzed hydra- 
tion reaction or by the residual activity of the 
enzyme and must be from the reaction of COn 
with hemoglobin to form carbamino compounds, 

This evolution may be used to estimate the rate 
a t  which these compounds are formed in much 
the same way that Chipperfield (1966) did in his 
study of carbamate formation by a series of 
amino compounds. 

This reaction may also be considered to occur 
in t\yo stages : 

RNHz+COz-+RNHCOO-+H+ (3) 

H+ +RNH2eRNHa+ (4) 
The overall heat, which is the sum of the heats of 
reactions (3) and (4), may be determined by 
allowing the reaction of C02 with excess amine t G  

go to completion. The heat of the second stage 
may be determined directly by measuring the 
heat of titration of the a.mine with hydrogen ions. 
Hence the heat of react.ion (3) may be calculated. 
Chipperfield (1966) found that this varied from 
3400 to 5100 calories per mole for a serios of amino 
acids and peptides. The heat of reaction (4) \\as 
close to 10 700 calories per mole. 

The formation of carbamino comFounds by 
hemoglobin may also be broken down into two 
stages: 

HbNHz+C02+HbNHCOO-+H+ (5) 

Hf +buffer baseebuffer acid (6) 
Reaction (6) is identical with reaction (2), the 
heat. of which has been measured by Chipperfield 
et. al. (1967). The heat change associated with 
reaction (5) cannot be measured directly, either 
by itself or together with the heat from reaction 
(6) , as it is not possible to realize conditions under 
which reaction (5) will go to completion without 
the occurrence of other side reactions. It has, 
therefore, been necessary to assume that the heat 
of reaction (5) is in the same range as that found 
by Chipperfield (1966) for reaction (3). We feel 
justified in making this assumption, since it seems 
likely t.hat this stage of carbamino formation by 
hemoglobin only accounts for about one-third of 
the total heat of the process and any uncertainties 
introduced by the assumption are correspondingly 
reduced. If, however, the assumption does prove 
to be in serious error, our experimental results 
will still be valid, although the interpretation of 
them will need revision. The possibility of the 
heat of reaction (5) being different for hemoglobin 
and oxyhem.oglobin will be examined later. 
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FIGURE 3.-Time course of heal evolulion after mixing CO2 
solution with suspMlsions of deozygenated and Ozygmated 
red cells containing carbonic anhydrase inhibitor. 
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Measurements on the rate of carbamino forma- 
tion in red-cell suspensions and in hemoglobin 
solutions, both in the oxygenated and deoxy- 
genated states, have been made. The reaction 
rates measured for hemoglobin solutions and for 
cell suspensions agree within experimental error. 
This agreement is direct evidence that the kinetics 
of the carbamino reactions of hemoglobin are the 
same for hemoglobin in the red cell as for hemo- 
globin in solution : the calculations of Roughton 
and Rupp (1958) had already shown that diffusion 
factors were very unlikely to affect the overall 
reaction ratw in the red cell. As figure 3 shows, 
however, th. rate of heat evolution with deoxy- 
hemoglobin 15 about twice that observed with 
oxyhemoglobir? under the same condition. When 
the reaction rates are calculated, the rate constant 
4 also has about twice the value for deoxyhemo- 
globin that it has for oxyhemoglobin. Table I 
shows typical values of 4 for both forms. In calcu- 
lating 4, the total concentration of reactiiig amino 
groups is used, one per heme, regardless of whether 
they would be in the protonated or unprotonated 
stat,e a t  the particular pH; 4 varies with pH, 
depending on the ionization constant of the amino 
group. We can ralculate the rate constant k' for 
the reaction of COz with the unprotonated amino 
group only if we know the pK of the group. 
Because the ionization constants for these groups 
in bovine hemcglobin have not been definitely 
established, we have calculated k' for each of a 

TABLE I.-Rate Constantsfor Carbamino React* 
in Bovine Hemoglobin SolzLtions at 25 C a 

a All rate constants are expressed in M-1 sec-1. Sub- 
scripts are assumed p K  values of the reacting amino groups. 

series of possible pK values. These values are 
also presented in table I. 

It is difficult to  account for the difference 
between oxyhemoglobin an6 deoxyhemoglobin 
solely in terms of differences in the pK nlues  of 
the reacting amino groups. If the heats of reaction 
are the same and the values of k' are the same, 
then i t  would be necessary for the pK of the 
groups on deoxyhemoglobin to be about 0.5 unit 
lower than the pK of the groups on oxyhemo- 
globin. This difference would mean a reversed 
Bohr effect for these groups. 

If the groups showed a normal Bohr effect, then 
the difference in their rate of reaction with COz 
would need to  be greater than twofold. R. J. Hill 
(personal communication) has suggested that the 
pK of the N-terminal amino groups in human 
oxyhemoglobin and deoxyhemoglobin is 6.72 and 
7.71, respectively. If these values are applicable 
to bovine hemoglobin, than the unprotonated 
amino groups on deoxyhemoglobin must react 
with COz about five times faster than the same 
groups on oxyhemoglobin. 

The difference in the observed heat evolution 
could be accounted for by a difference, not of 
reaction rate, but of heats of reaction. For this to 
be the case it would be necessary for the reaction 
of oxyhemoglobin in reaction (5) to  have a heat 
that was some 5000 calories per mole less than the 
heat for the reaction involving deoxyhemoglobin. 
The reaction of oxyhemoglobin would then be 
slightly endothermic. 

The difference in the observed coursc of heat 
evolution need not be accounted for by just one of 
these factors. It may be caused by a combination 
of some or all of them. 

It has been assumed that all four of the terminal 
groups on the hemoglobin molecule react and that 
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they are equivalent in their reactivity with COz. 
This need not be the case. Perute (1965) has 
suggested that the change in conformation of the 
hemoglobin molecule that occurs when it com- 
bines with oxygen may make the terminal groups 
on the 0-chains unavailable for reaction with COz. 

A fuller report. on this work has appeared re- 
cently (Kernohan and Roughton, 1968). 
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physiological conditions of pH and 
P c o ~ ,  hemoglobin combines directly, to a !Ixited 
extent, with dissolved COZ to form carbamino 
compounds (for discussion and references, see 
Roughton, 1964). The reaction is believed to be 
caused mainly by the four a-amino groups of the 
hemoglobin molecule at the end of its four poly- 
peptide chains. 

In aqueous solution, COz also reacts with water 
to  form H2COa, HC03-, and CO$?-. Accordingly 
the scheme of the COz reactions in hemoglobin 
solutions may be formulated 11s follows: 

C O ~ + H Z ~ ~ H ~ C O ~ ~ H + + H C O ~ ~ H + + C ~ ~ ~ -  

tion; namely, that described by Ferguson and 
Roughton (1934) and Ferguson (1936) over 30 
years ago. Their method, which was adopted 
from Faurholt’s (1925) classical barium precipita- 
tion technique for simpler amines, consists of 
rapidly adding to the chemical system represented 
by equations (l), (2), and (3) sufficient alkali 
to bring the solution to  pH 12-13, thus converting 
all the HzCOa and HCOa to COa2-. The COa- 
is then precipitated by adding BaClZ. The 
barium salts of carbamic acid are, however, 
soluble in  water and, being sufficiently stable at 
this alkaline pH, can be separated from the 
BaC03 precipitate by centrifugation. The COz 
of the supernatant fluid is then estimated gam- 

a-NHa+ H b a - N H z  * Hb + H+ (3) 

At physiological pH, P c o ~ ,  and temperature, 
the concentration of a-NHCOO--Hb (HbCOZ for 
short) is only a small, though physicochemically 
and physiologically important , fraction of the 
total COz in all forms (Le., 5 to 10 percent). 
Thus a method for measuring HbCOz accurately 
is greatly needed, but finding a solution hm 
proved difficult. This is particularly true of the 
only direct chemical method hitherto available 
for carbamate estimations in hemoglobin solu- 

In hemoglobin solutions there are, however, 
several complications not found in the simpler 
cases studied by Faurholt and his colleagues. 
Perhaps the most obvious of these is the action 
of hemoglobin as a “protective colloid” in hin- 
dering the formation of the BaCOa precipitate 
and hence its complete removal by centrifugation. 
Then again, because of the ever-present danger of 
protein denaturation, the pH of the hemoglobin 
solution, after mixture with the alkali, should not 
be allowed to exceed pH 12 at most, as compared 
with a pH of about 13, which is often used in 
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work with sinipler amines. At the lower pH of 12, 
however, there is more danger of some of the dis- 
solved COz in the original hemoglobin solution 
turning into fresh protein carbamate on the 
addition of the alkali. This is because the competi- 
tion of the OH- ions for C02 will be 10 times less 
effective, as compared with that of the uncharged 
amine groups of the hemoglobin, which, a t  pH 12, 
will include all the numerous e-NH2 groups of 
the lysine side chains as well as the four terminal 
(w-NH2 groups. Furthermore, a t  pH 12, the rate of 
dissociation of the carbamate to COS and amine 
will be around 10 times faster than at pH 13. 
Elaborate precautions and blank corrections had 
to  be applied to  keep these disturbing factors to 
a minimum. 

In the hope of improving the general accuracy 
of Ferguson and Roughton’s method, and, in par- 
ticular, of eliminating or greatly reducing the 

magnitude of their blank corrections (which are 
especially serious in the case of oxygenated hemo- 
globin solutions with their normally low carba- 
mate contents), we give in this communication 
a preliminary account of a new, and perhaps 
simpler, approach to the experimental problem of 
separating HbCOz from H2C03, HCOa-, and 
COf-. The new method is based on a combined 
gel filtration and ion-exchange procedure, with 
the incorporation of some minor improvements 
in technique. With its aid we have been able to 
achieve a 99.5-perccnt. separation of HbCOz 
from carbonate. 

PRINCWLE OF THE METHOD 
A hemoglobin solution equilibrated with COZ, 

and thus containing HbC02, H2CO3, COZ, 
€EOa-, and COa2- in fixed proportions, is rapidly 
mixed with enough KOH to bring the pH of the 

FIGURE I.-Apparatua for gel filtration and ian exchange chrwnhgraphy delenninrslion $ hemoglobin-carbamate compounds: 
(a) Szrringes for Hb solution and KOH solution, (b) cooling coil, (c )  wlumn containing Sepkadex and ion exchange pkmes, 
(d) eluting solution, (e) connection to compressed nitrogen, and (f) tubes for collection of samples from column. 
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mixed fluid to about 12, KOH being used in 
place of NaOH in view of the disturbing effect. of 
Na+ ions on the measurement of pH by the 
glass electrode at  alkaline reactions. The rapid 
mixture is achieved by the use of two motor- 
driven syringes, the contents of which are driven 
into a Hartridge-Roughton mixing chamber, 
where the two solutions are mixed (at, least 
99 percent) in a millisecond or so (fig. l(a)). 
The syringe containing the KOH is thernio- 
statted at  0 C, whereas the hemoglobin solut,ion, 
in the series of experiments described in this 
communicat.ion, was usually kept at 25 C. Thus 
immediately after mixing, the pH is brought to 
about 12 and the temperature to about 12.5 C. 
The effluent from the mixing chamber than passes 
through a stainless-steel spiral (fig. l(b)) of 2-mm 
bore and 100-cm length, surrounded by a glass 
jacket containing an ice-salt solution at a tem- 
perature of about -12 C. This device allows the 
temperature of the effluent from the mixing cham- 
ber to be lowered from 12.5 to about 1.5 C in 
about 1 second. Within a few microseconds after 
mixing, the H&03 and HCO3- are completely 
transformed into COZ-. The HbC02 is, as 
already indicated, relatively stable under these 
conditions, for a t  pH 12 and 1.5 C, 20 percent 
dissociation requires an hour or so (Ferguson, 
1936). Thus by applying this alkaline hemoglobin 
solution to a Sephadex G-25 column at  0 C, it 
should be possible t,o separate the HbCOz from 
COa2- before an appreciable amount of carbamate 
has been decomposed to COz and thence to 
carbonate. 

The column and the elution procedure are 
shown in figure 1. Figure 1(c) represents the 
separation column and figure l(d), the reservoir 
cont.aining the eluting solution. To increase the 
speed of separation, the column is operated under 
20-30 cm Hg positive nitrogen pressure from a 
gas cylinder connected to t.he system via figure 
l(e). The eluate is collected in glass reservoirs, 
filled previously with Cop-free nitrogen in high 
purity. Samples are collected at  the appropriate 
time by rotating the stopcock at  the top of each 
glass reservoir. 

Experimental Detaila Df  a Typical Run 
Tho column (fig. l(c)), of dimensions 30 by 

3 cm and surrounded by an ice jacket, contains 

eit,her Sephadex G-25 alone or Sephadex G-25 
plus Dowex 1 x 8 cm in the OH- form and is 
washed with two volumes of the eluting solution 
(0.015 M KOH) that. has been freed of COZ by 
the procedure described by Albert and Serjeant 
(1962). The liquid over the gel is then washed by 
first closing the reservoir (d )  and then opening the 
nit3rogen inlet a t  the top of the column. The upper 
part of 6he Sephadex column is protected by a 
disk made from stainless-steel mesh. The gas 
inlet is subsequently closed and the pressure in 
the column brought to that of the atmosphere. 

The motor is then activated, and the content 
01 the two syringes ejected directly into the 
column. The first portion of the mixed fluid is 
usually discarded through the thrce-way tap 
interposed between (b) and (c). The sample is 
then driven into the gel by positive nitrogen 
pressure (20-30 cm Hg), followed by the eluting 
solution. The collection o f the  samples is made 
anaerobically as above, and 'the samples arc! then 
tmnsferred, also anaerobically, into a van Slyke 
manometric apparatus for estimation of total COZ 
content by the usual van Slyke-Neil1 procedure. 
The total t h e  for the elution is about 3 minutes. 
The volume of the hemoglobin solution applied 
to the column was usually 10 to 15 ml. 

EXPERIMENTAL TESTS AND RESULTS 

Controls for the Separation of HbCOz From 
Carbonate 

First the efficiency of t.he column wm tested by 
mixing C02-free hemoglobin solutions with 0.025, 
0.05, 0.10, and 0.15 M carbonate solutions cow 
t,aining enough KOH to bring the pH of the 
mixed fluid to about 11.7-12.0. Bovine hemoglo- 
bin was used mainly in view of its relatively high 
resistance to alkaline denaturation. The hemo- 
globin concentration before mixing was 10-12 
meq/02/liter and was estimated as COHb at  a 
540-millimicron wavelength and also from the 
optical density a t  280 millimicrons, as measured 
by a Beckman spectrophotometer (DU-2). 

Results for a typical experiment are shown in 
figure 2. In this case only G-25 Sephadex (fine) 
was used in t,he separation column, the elution 
time being around 12 minutes. It is clear from 
this and several other similar experiments that 



complete separation cannot be achieved with the 
Sephadex alone. In fact, the ratio of total COz to 
hemoglobin in the samples was never less than 
0.03 to 0.04. To achieve a better separation, a 
column containing G-25 (coarse) as a top layer 
and Dowex 1 x 8 ion-exchange resin in the OH- 
form in the bottom layer was used. The analytical 
grade Dowex 1 x 8 resin (obtained from Fluka 
A.G., Germany) was converted from the C1- to 
the OH- form by repeated washing with COz-free 
1 M KOH. Thus, the Hb is first separated from 
the C O P  to the extent of 98 to 99 percent in the 
Sephadex phase, and the remaining traces of 
carbonate are then removed by ion exchange in 
the Dowex phase. 

It should be noted that the Dowex resin alone 
(without the Sephadex) would not be practicable, 
because in this case all the anions of the hemo- 
globin solution (including C1-) would be ex- 
changed for OH-. The ionic strength of the hemo- 
globin solutions in our experiments was always 

near physiological, i.e., 0.1 to 0.2 M, usually in 
KCI, and the ion exchange would thus produce a 
0.1-0.2 M KOH-hemoglobin solution of a pH 
above the critical limit for denaturation of the 
protein. The inclusion of the Sephadex as the 
first phase in the separating column. insuies that 
all salts are retarded by the gel, leaving only 
traces of C1- and COaz- to be exchanged for OH- 
in the Dowex phase. 

The results of a typical experiment with the 
combined gel-ion exchange technique me presented 
in figure 3, wherein all the conditions were other- 
wise the same as in figure 2. It will be seen that 
now the carbonate is almost completely removed. 

Application of the Method to the Actual 
Estimation of HbCOz 

Similar experiments have been carried out with 
the hemoglobin solutions in “total” equilibrium 
with a COZ pressure of 45 mm Hg at 25 C. In 
this case the solution in one syringe contained 

40 f2 14 f6 48 
Tube number 

FIGURE 2.-Total Hb eoncenlrotiw and total COZ cum&r&iott in  series of sampling lubes, with Sephadex only in the column 
(no b e x c h n u e  phase). In  the example shown, COI-jree H b  (11 meqll) waa mixed with 0.16 M curbonale in 0.16 M 
KOH. 
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Hb, HbC02, C02, H2COa, HC03-, and small 
amounts of C0a2-, whereas the other syringe 
contained sufficient KOH to give the required 
pH of 11.7 to 12.0 on mixture cf the two solutions. 
1.1 figure 4 we show, for a typical experiment of 
this kind, the concentration of hemoglobin and 
total C02 in the samples eluted from the Sephadex 
+Dowex column. The total C02 content is pre- 
sented as shaded rectangles and represents the 
amount of HbCOz originally present in the C02 
equilibrated solution 

such fraction of the dissolved C02 
originally present in the COz-equili- 
brated Hb aolution m combines to 
form additional carbamate during 
the addition of the alkali. 

minus (b): such fraction of the HbC02 as* 
dissociated into C02 (and amine 
groups) during the time (<3 min- 
utes) taken by the column process. 

plus (a): 

n 

I 
3 

Tube number 

FIGURE 4.-ResuuS .btained in an actual hmqlobin- 
carbam.de determimhn. For details, see text. 
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In regard to (a), the controls of Ferguson and 
Roughton (1934) and of Ferguson (1936) show 
that about 10 percent of the original dissolved 
COz gets turned into fresh hemoglobin carbamate 
during the estimation process. To reduce this 
proportion we replaced the 0.15 M KOH solution, 
with which the hemoglobin solution was mixed, by 
a solution of 0.25 M K-glycinate in 0.15 M KOH, 
the object of the glycinate bt.hg to “quench” 
the dissolved C02 by enabling it to combine 
rapidly and preferentially as glycinate-carbamate. 
The latter, like the other small ionic species 
present, should be retarded by the Sephadex gel 
particles. (Faurholt has simiiariy used dimethyl- 
amine as a quencher in his studies on the kinetics 
of hydration of C02 in aqueous solution.) In an 
experiment a t  18 C on IIb solution in equilibrium 
with Pcor=45 mm Hg, the addition of 0.25 M 
K-glycinate to the 0.15 M KOH solution was 
found to reduce the estimated value of the 
HbCOz by ahout 12 prrcent, which, on the basis 
of the controls used by Ferguson and Roughton, 
tallies closely with the effect to be expected if the 
glycinzte is performing its quenching function 
properly. We hope to do further controls both 
with other concentrations of glycine and also with 
other potential COz quenchers. 

In regard to (a), i.e., the possibility of signifi- 
cant dissociation of the HbCOz during the passage 
through the column, approximate calculations 
indicate that under the prevailing conditions the 
loss should not have exceeded 1 to 2 percent of the 
total carbamate found. 

That such was indeed the case is confirmed by 
the total C02/Hb ratio, as calculated from the 
experimental data reported in figure 4. Because 
each fraction waa collected at about 30-second 
intervals, any rapid dissociation of HbC02 should 
betray itself by a significant progressive decrease 
of the ratio in the later samples. The approximate 
constancy of the ratio, i.e., 0.5f0.02, implies that 
dissociation of HbCOz does not occur to a measur- 
able extent under these conditions. 

DISCUSSION 

In figure 5 we summarize the differences 
between the technique used by Ferguson and 
Roughton (1934) and that described in the present 
paper, which should be applicable, without signifi- 

cant modifications, to  other proteins besides 
hemoglobin. In particular it should be interesting 
to study with its aid the carbamate reactions of 
the blood plasma proteins, which Ferguson and 
Roughton found impossible to investigate by 
their method in view of their much greater “pro- 
tective colloid” effect on the formation of the 
BaCoa precipitates and their separation by 
centrifugation. In the meantime, however, there 
would seem to be great opportunities for the 
further application of the method to the carba- 
mate reactions of deoxygenated and oxygenated 
hemoglobin solutions-a very live subject at the 
present time. 
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Horse hemoglobin was specifically modified at the a-amino groups by reaotion with cyanate. 
These derivatives retained heme-heme interactions. When the a-amino group of the a-chain 
waa chemically modified, the Bohr effect was reduced by 30 percent. When both a-amino groups of 
both chains were m d i e d ,  there was no oxygen-linked COZ binding and probably no COZ binding 
at all under physiological conditions, thus showing that the a-amino groups are responsible for 
the biding of Co9 by horse hemoglobin. 

The carbamino reaction between COz and 
hemoglobin accounts for a significant fraction of 
the total COZ exchanged by the blood during 
respiration (Rossi-Bernardi and Roughton, 1967b; 
Roughton, 1964). The combination between COz 
and hemoglobin is “oxygen linked,” Le., at 
constant pH and P C O ~ ,  less COz is bound to  oxy 
than to deoxyhemoglobin (Rossi-Bernardi and 
Roughton, 196713). The identification of the Cor 
binding grwps of hemoglobin will give a better 
understanding of the physiological function of 
hemoglobin in relation to its molecular structure. 
The most likely group in the hemoglobin molecule 
to react with C02 would be the a-amino group 
because of its low pK. This reaction would occur 
in the following way: 

t~-NHz+C02 = a-NHCOO-+ H+ 
To confirm this hypothesis, we have prepared 

derivatives of horse hemoglobin specifically modi- 
fied at the a-amino groups. If these chemically 
modified hemoglobins still show oxygen-linked 
COZ effects, then the a-amino groups probably 
are not involved in such effects. If oxygen-linked 
COZ effects are not present, two interpretations 

are possible: (1) that they are the groups respon- 
sible for COP combination, or (2), that they are 
not, but that the chemical modification has 
caused a change in tertiary structure leading to  a 
masking of the groups really responsible for COz 
combination. It may be argued, by a somewhat 
similar line of reasoning, that the chemical 
modification of the protein may significantly 
lower the pK of some amino group and also 
make the COz combination with such groups 
oxygen linked under physiological conditions of 
pH and P C O ~  In this case the modified hemo- 
globin would still show oxygen-linked COZ effects 
even if the a-amino groups are blocked. The 
possibility of this is, howevei, remote. 

PREPARATION AND CHARACTERIZATION 
OF THE MODIFIED HEMOGLOBINS 

Neer and Konigsberg (1968) used fluorodinitro- 
benzene to modify specifically the a-amino group 
of the a-chain of human hemoglobin. After 
modification, however, the hemoglobin exhibited 
no Bohr effects and lost all heme-heme interac- 
tion. These facts would indicate a change in 
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tertiary structure; but the high oxygen affinity of 
this hemoglobin would increase the technical 
difficulties of physicochemical measurements. 

To prepare a modified hemoglobin with more 
normal functional properties, we used a different 
reagent for t.he modification of the a-amino 
groups. Stark (1965b) and Smyth (1967) have 
presented evidence that cyanate reacts with 
a-amino groups in the following way: 

R-NH*+HCNO= RNHCONHZ 

Stark (1964; 1965a, b, c) and Smyth (1967) have 
also shown that the reaction of cyanate with 
tyrosine, histidine, and cyst.eine is reversible at 
alkaline pH, although its reaction with carboxyl 
groups is not. 

In  the preparation of a hemoglobin specifically 
modified at  the a-amino group with cyanate, it is 
necessary to  insure that, under the reaction 
conditions used, the a-amino group is most 
reactive toward cyanate and to  limit the re- 
action so that this is the main reaction pro- 
duct. The hemoglobin reacted only at the 
a-amino group can he separated from overreacted 
hemoglobin (i.e., reacted at  both the a-amino 
groups and lysines) and from unreacted hemo- 
globin on an ion-exchange column. An outline of 
the reaction scheme is shown in figure 1. Horse 
hemoglobin was used to study the structure of 

Horse Hemwlobin heaolysate c 
I Alcbarlite colum I 

.1 
Fnst component HbSH 

<-,cyetamine NH2CH2CH2SSCH2CR2t?H2 1 
HbSSCH CH2NH2 

(--c.yaaata 1. 
9-cted Kb39CH2CH2NH2 

~-dithiOthTOltOl r 
I 

A-berlite colunn 

FIGURE 1.-Reaction scheme. 

:an*wtwl renctsl He-eglobins 

these derivatives by X-ray crystallography. 
Horse hemoglobin, however, consists of two 
components-fast and slow-present in approxi- 
mately equal amounts (Bangham and Lehmann, 
1958). Because it is necessary to  separate out one 
of the components before chemically modifying 
the hemoglobin , the fast component was purified 
from the horse-hemoglobin hemolysate by ion- 
exchange chromatography on Amberlite CG-50. 
The band containing the fast component was 
eluted after two column-volumes had passed by 
increasing the temperature from 4 C to 25 C 
(Clegg and Schroeder, 1959). Practically all the 
non-heme proteins present in the erythrocyte 
should have been removed by this procedure. 

The hemoglobin was then treated with cyst- 
amine (Taylor, Antonini, Brunori, and Wyman, 
1966) to  protect the reactive sulfhydryl group of 
the @-chain because it is difficult to remove all 
th3 cyanate that has reacted with this group 
after treatment a t  alkaline pH. After the reaction 
with cyanate, the cystamine was removed by 
treatment at pH 8.5 with the thiol reagent dithio- 
threitol. Experiments with Sa5-cystamine showed 
that less than 1 percent of the cystamine remained 
on the hemoglobin after this treatment. This 
t.reatment at pH 8.5 would also remove any cya- 
nate reacted with histidine, tyrosine, and un- 
reactive S H  groups. The reacted hemoglobin was 
then placed on another Amberlite column giving 
the elution pattern shown in figure 2. The number 
of moles of cyanate per mole of 4 dimer was 
measured in each of the numbered peaks by 
using radioactive cyanate (table I). 

s M I x I ) o  z o D o 3 o o o  4wo swo 6000 
ml EFFLUENT 

F i ~ ~ ~ t - E l u t i o n  pattern of hemoglobin reacted with 
cyanate. The Amberlite column was equilibrated with 0.06 
M sodium phosphide buffer and developed wilh a dis- 
conlinwncs salt gradient. 
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Hill constant, n 

For each of the numbered peaks, the a- and B- 
chains were separated by a modification of the 
method of Clegg, Naughton, and Weatherall 
(1966) (fig. 3). In the elution pattern of peaks 
1 and 2, the small peaks marked 8' are chroma- 
tographic artifacts and are identical with the 
large peaks inarked /3 (they have the same finger- 
print and the same radioactive peptide). Peak 1 
has approximately equal amounts of radioactivity 
in both the a- and &chains; pe: - -  2 has radioactiv- 
ity in the @chain only; peak 3, radioactivity in the 

PHmm 02) 
pH 7.40; 25 C 

a-chain only; and peak 4, no radioactivity in 
either chain. Tryptic digestion and fingerprinting 
of these separated chains were carried out by the 
methods previously described (Clegg et al., 1966; 
Kilmartin and Clegg, 1967). In the case of the 
radioactive &chains from peaks 1 and 2, a single 
radioactive peptide was isolated whose amino 
acid composition corresponded to the N-terminal 
tryptic peptide, residues 1-8. In the case of the 
radioactive a-chains from both peaks 1 and 3, 
two radioactive peptides were isolated whose 

TABLE I.--Chemkul and W g m  Eq2iilibrium Data for MaEi,fied Hemoglobin FractionS 

Moles ClCcyanate 
per mole 

of as dimer 
Peak no. Symbol 

2.5 
2.0 
2.6 
2.7 

4.2 
5.9 
3.9 
6.6 

0 6  

0 5  

0 2  

0. I 

0 0  

ml EFWJENI mt EFFLUENl 

0 30 60 90 120 I 5 0  180 Zv1 240 270 

ml EFFLUENT 

ml EFFLUENT 

FIQURE 3.-EtutiOn pallern of the separation of the (Y- and @-chains ofthe reacted hemoglobins. The ar rm marks the beginning 
of a linear salt gradient. 



amino acid composition corresponded to residues 
1-7 and residues 1-11. 

These results would indicate that cyanate had 
reacted with the N-terminal a-amino groups 
only. If this were correct, then all the radioactivity 
should be recovered as valine hydantoin if the 
protein was treated, as described by Stark and 
Smyth (1963) for the determination of the 
N-terminal amino acid of a protein. Preliminary 
results have shown that when this procedure is 

WI 

%'SO?. 

4 

4 
10 

S 

applied to the radioactive hemoglobins in peaks 
1, 2, and 3, 80 to 85 percent of the counts are 
released together with an equivalent amount of 
valine hydantoin, the latter being measured as 
valine after alkaline hydrolysis. Further experi- 
ments are in progress to determine whether this 
is the maximum yield of valine that can be re- 
leased by this procedure. 

Thus these experiments show that peak 1 is 
hemoglobin in which cyanate has reacted with 

,' .' . .  

I I h 

3 
p" (mn "5) 

F~QURE 4 . 4 g g e n  equilibrium curve8 of the derioalives. The mdiibm in the absenee of CO2 (0 )  werc: 16 mM phosphate 
bufler, 0.2 M KCI, 0.06 percent hemoglobin cmtcenlrdh, ltmperdure 26 C. For the mruea in &e presence of COO (e), 
60 mM bicarbonale, 16 mM phsphate, and 0.16 M KC1 were wed and equilibrded WiUG 6 vert& COS owl 96 percent 
N2. pH is i n d i d d .  
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the a-amino groups of both the a- and @-chains. 
This modified hemoglobin is given the notation 
a2eB2=; peak 2 is hemoglobin with the cyanate 
reacted with the a-amino group of the @-chain 
only, 0~4~~; peak 3 is cyanate reacted with the 
a-amino group of the a-chain only, a2c@z; peak 4 
is unreacted material, a&. 

PHYSICOCHEMICAL PROPERTIES OF 
THE CARBAMYLATED HEMOGLOBINS 

The major problem in attempting to carry out 
physicochemical studies on purified horse hemo- 
globin and its carbamylated derivatives has been 
their rapid oxidation to  methemoglobin in the 
presence of even small traces of oxygen. At pH 
7.0 and 4 C under the best “deoxygenated” 
conditiona, about 15 percent oxidation occurs in 
24 hours for a2cb2c and 5 percent oxidation for 
a& (i.e., the unreacted fast component), prob- 
ably because the stabilizing factors (presumably 
proteins) present in the hemolysate are removed 
from the hemoglobin by the Amberlite column. 
There are also unknown factors (possibly differ- 
ences in oxygen affinity) that influence this 
susceptibility to oxidation. 

The oxidation can be prevented by removal of 
oxygen from the hemoglobin under vacuum fol- 
lowed by equilibration with nitrogen; t.his proce- 

W O ~ E  &-The difference in negative charge per heme, 
AX,. between oxy- and demyhemoglobin plotted against 
p H  at 96 C. Hernostobin canc&ratkm 1.0 to 1.6 meq 
in 0.2 M KC1. 
-* 

dure is repeated several times, followed by a 
final equilibration with carbon monoxide. All 
buffers used were similarly treated. The Amberlite 
columns were run with these CO-saturated buffers 
in an atmosphere of CO. Before each experiment 
the CO was removed from the hemoglobin by 
displacement with oxygen under strong light. The 
hemoglobin was then deoxygenated by several 
equilibrations with nitrogen. By standard van 
Slyke gas-analysis methods, the residual amounts 
of both CO and O2 were less than 5 percent. The 
methemoglobin concentration was also less than 
5 percent. 

The study of the functional properties, that is, 
oxygen affinit.y, heme-heme interactions, and the 
Bohr effect of the various derivatives, is an 
essential step before any C02-binding studies 
can be carried out. 

OXYGEN EQUILIBRIUM CURVES 

The oxygen equilibrium curves were detep 
mined by the method of Riggs (1951). The condi- 
tions are shown in figure 4 and the results in 
table I. The Hill constant n in the case of azc@zC 
and a2c& is essentially unchanged and, therefore, 
indicates normal heme-heme interactions. It is 
somewhat low for a&c. It is significant that 
ad2 and a&?”, on the one hand, and a& and 
~ ~ 2 ~ / 3 2 c ,  on the other (which have similar Bohr 
effects, see p. 78), also have similar oxygen afhi- 
t.ies. However, a better comparison would be to  
measure the absolute oxygen affinities at p€I 9.5 
where no Bohr effect is present, akhough this 
experiment would prove difficult in view of the 
very high oxygen affinity of hemoglobin at this 
PH. 

THE BOHR EFFECT AND TITRATION 
CURVE STUDIES 

The Bohr effect is defined here as the change 
in oxygen affinity with pH or as the difference in 
proton binding between oxy- and deoxyhemoglobin 
at constant pH in the absence of C02. As buffers 
may affect the oxygen affinity, we have measured 
the Bohr effect for all derivatives by differential 
titration curves. The method used was essentially 
that of Rossi-Bernardi and Roughton (1967a). 
The Bohr effect, as measured by this method 
for all the derivatives, is shown in figure 5. It is 



interest,ing to see that a2c132c and aZc/32, on the 
one hand, and adzc and a&, on t,he other, have 
similar Bohr effect.s. The diminished Bohr effect 
of a2cp2c (more easily obt.ained in larger quantities 
than t,he others) was confirmed in four other 
differential titration experiments. It should be 
addec! that , because of shortage of material, the 
results for aZpzc and afp2 are from a single experi- 
ment. Thus it would appear that the a-amino 
group of the a-chain is responsible for a part of 
the “alkaline” Bohr effect. However, as stabed 
previously, the chemical modificat.ion of this 
group could cause a change in conformation to 
give a similar diminished Bohr effect. We hope 
that such changes, should they occur, will be 
seen by examinat.ion of the X-ray crystallographic 
struct.ure of these derivatives. 

Over 30 years ago, Ferguson and Roughton 
(1934b) put, forward t,he idea that some amino 
groups of hemoglobin were oxygen linked not. 
only in regard to carbamino formation but also 
in H+ ion binding. This idea was confirmed by 
the more detailed results of Rossi-Bernardi and 
Roughton (1967). More recently, Hill and Davis 
(1967) st,ated that they have obtained evidence 
that. t.he a-amino groups of the a-chain are two 
of the four groups responsible for the alkaline 
Bohr effect. Tanford and Nozaki (1966), by 
analyzing published titration curves, have shown 
that an a-amino group with a low pK is present 
in oxyhemoglobin, and that, in deoxyhemoglobin 
the pK of this group increases to that expected 
for a normal a-amino group. An opposite view 
has been taken by Antonini (Antonini, Wyman, 
Brunori, Fronticelli, Bucci, and Rossi-Fanelli, 
1965) from titration curve d a h  and by Zibo and 
Bmnori (unpublished results quoted in Wyman, 
1968). 

If we assume that the chemical modification 
does indeed suppress the ionization of the two 
truly oxygen-linked a-amino groups, then it 
mould be interesting to  est,imate from our dat,a 
t,he change in p K  of these two groups on oxy- 
genation. Thus, from figure 5, at pH 7.3, we ob- 
t.ain for AXn,,, (AXmax is the maximum value 
attained by this quantity at any pH) a value 
for a& of 2.0 H+ ion/mole hemoglobin released 
by oxygenation, and for a ~ ~ P 2 ~ ,  A x m a , =  1.5 H+ 
ion/moIe hemoglobin. The blocking of two amino 
groups thus contributes 2.0-1.5=0.5 H+ ion, or 

0.25 H+ ion for each group. The niaximum A ~ K  
compatible with this value can now be estimated 
(if the contribution to AX,, from the acid Bohr 
groups is assumed negligible). By substituting 
Ax,,,., = 0.25 into Wyman’s formula (eq. (24), 
p. 463 (Wyman, 1948)), we obtain 

ApK=2 log (1+0.25)/(1-0.25) =0.44 

Therefore it seems that for the fast component 
of horse hemoglobin, a major part of the Bohr 
effect comes from groups other than the a-amino 
groups. I t  would be of interest t o  extend these 
studies to human and bovine hemoglobin, which 
have recently been worked on intensively by 
Rossi-Bernardi and Roughton (19674 and Chip- 
perfield, Rossi-Sernardi, and Roughton (1967) 
with regard to the titration curves and total heat 
of ionization. 

To see whether the ionization of any other 
groups has been affected by the chemical modi- 
fication of the a-amino groups, titration curves 
of the different modified hemoglobins were com- 
pared. These were measured as preyiously de- 
scribed (Rossi-Bernardi and Roughton, 19674, 
except that the protein solutions were deionized 
before use by passage through a Dintzis column, 
as described by Nozaki and Tanford (1967). 

These results are shown in figure 6. The tests 
were repeated several times and each gave the 
same result. The CO form was used to prevent 
possible methemoglobin format.ion. It can be 
seen from figure 6 that at alkaline pH, no differ- 
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FIaum (i.-Titralion curves of the carbonmommy forms of 
the derivatives. Hemoglobin concentration 0.8 meq in 0.2 
31 KC1, temperature 26 C .  
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ence in charge is observed among any of the 
derivatives and ~ ~ 2 . ~ 3 2 .  This result would be ex- 
pected because the a-amino groups, whether 
reacted with cyanate or not, should be unpro- 
tonated at this pH. At acid pH, however, ( ~ 2 ~ 0 2 ~  

differs by about 1.0 protonic charge per heme 
from ad2; again, this result. would be expected 
because the a-anlino groups would be in the 
-NH3+ form at  this pH, whereas a2cP2c would 
not have any charge on its a-amino groups. A.t 
neutral pH, the curve for a2lzCPZ and adf lies 
halfway between that of azcpZc and ad2; this 
fact suggests that the pK of the a-amino group 
of both the a- and /%chains of IIbCO is the same. 
Therefore pK can be estimated from figure 6 
m the value of pH where Z ~ + ( a ~ ~ / 3 2 ~ ) -  
ZH+(ayB:) =0.5, and is about 7.1f0.1. This value 
for the apparent pK of '3ne a-amino groups of 
horse hemoglobin can be compared with a value 
of 6.72 for the a-amino of the a-chain of human 
CO-hemoglobin obtained by a different method 
(Hill and Davis, 1967). Thus the titrat.ion curves 
of HbCO indicate t.hat the ionization of no other 
group has been affected by the chemical modi- 
fication of the a-amino groups. 

The evidence collected thus far indicates that 
no gross conformat.iona1 change has occurred in 
these derivatives. However, while it is easy to 
show that a conformational change has occurred, 
it is very difficult to prove, without X-ray anal- 
ysis, tha.t no major conformational change has 
occurred. 

COz AND On EQUILIBRIA OF 
CARBAMYLATED HEMOGLOBINS 

Because of the small amounts of each deriva- 
t,ive available, no studies of the absolute amounts 
of bound C02 could be performed. In fact., using 
either the classical method of Ferguson and 
Roughton (1934a) or the more recent C02 elec- 
trode approach of Constantine, Rossi, and Rough- 
ton (1963) and Forster, Constantine, Craw, 
Rotman, and Klocke (1968), many times more 
material would be required than was ordinarily 
produced in a week. 

Instead, we have studied the change in oxygen 
affinity produced by C02 at constant pH, which 
is thought to be caused by the formation of 

4ygen-l inked carbamino compounds, and the 

difference in the amounts of C02 bound by deoxy 
and carbonmonoxy hemoglobin. The oxygen 
equilibrium curves measuring this effect a,re 
given in figure 4. The equilibrium curve mea,sured 
at  lower pH in the absence of C02 was used to 
give an indicat,ion of the size of the C02 effect 
and not to  measure the Bohr effect (which would 
be very inaccurate over such a small pH range). 
As already shown by Margaria and Green (1933), 
the effect of COa at  constant pH can be seen 
clearly in the case of a42. In c ~ 2 ~ / 3 2 ~  there is no 
effect at all and, interestingly enough, there is 
an effect in both a2c& and 012/3zc indicating that 
all four a-amino groups participate in C02 bind- 
ing. Because interference between the specific 
effect of the phosphate ion and COZ may occur, 
we have also investigated the effect of carbon 
monoxide on C02 affinity at constant PCO, and 
pH, according to the method of Rossi-Bernardi 
and Roughton (1967b), except that HbCO \ . y a ~  

used instead of HbO2 (because of the high rate 
of methemoglobin formatian at  37 C in presence 
of oxygen). The results of the experiments for 
ad2 and a2cp20 are shown in figure 7. In the case 
of a&, the usual difference in total C02 of 1.3 
to 1.4 mM/1 between Hb and HbCO is seen; 
however, with a2c@2c no difference is seen, which 
is in agreement wit!. the results obtained from 
the effect of C02 on the oxygen equilibrium curve. 
The dotted line in figure 7 has been calculated 
to correct for the slight difference in P C O ~  in the 

I 
7 3  7.4 pH 7.5 

FIUUI~E 7.-To.!al GO2 eonlent at 37 c and Pc0,=46 mm 
Hg, of 8.0 meq horse carlwnm0no;L.g- and deoxyhemoglobin 
a& and U ~ C ~ Z C .  
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case of a2cp2c, because a cylinder containing a 
different gas mixture was used. 

The difference between the dotted line of figure 
7, that is, the total COz of azcp2c (deoxy and 
carbonmonoxy forms) and of ad32 (deoxy form) 
and ad2 (carbonmonoxy form), should measure 
only the differences in carbamino content of 
these forrm. Thus adz (deoxy) has 3 mM car- 
bamino compounds, and a& (carbonmonoxy) 
has 1.5 mlM under these conditions. These results 
agree with the results obtained, under com- 
parable iunditions, by Ferguson (1936), Ferguson 
and Ruughton (1934a, b), and Stadie and O’Brien 
(1937). 

Our results, indicating that a2cp2c does not 
show any oxygen4inked carbamino formation 
and that it probably does not bind an appreciable 
amount of C02, show that the a-amino groups 
are the ones responsible for the binding of COZ 
by horse hemoglobin. 
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DISCUSSION 

ROUGHTON2 The topics just discussed are 
of a controversial nature and I would very much 
like to hear any discussion, either of them or of the 
earlier papers. 

EDSALL : This work looks very imk ~ essive and 
convincing. Zito, Wyman, and Antonini have 
obtained findings which will be very difficult to 
interpret in light of these findings. They blocked 
the terminal amino groups by transamination 
reactions and reported that the Bohr effect, as 
determined by protons released on Oxygenation 
or by change in Oz pressure for half saturation of 
pH, is still unaltered in these forms of hemo- 
globin. This finding is perplexing in light of the 
findings of Kilmartin and Rossi-Bernardi. Zito’s 
work is not, yet published, although IIyman 
(1968) has referred to it in his recent review in the 
Quarterly Review of Biophysics. The work done 
with the cyanate derivatives seems to be clear-cut 
and convincing-the most clear-cut and deckjive 
finding produced in this field-a.nd points un- 
mistakably to the a-amino groups as being re- 
sponsible for the COz binding. We thought so 
anyway, but it seems to me that this really proves 
it. I also find it difficult to believe that, if the a- 
amino groups change their a.ffinity for COP on 
oxygenation, they do not also change their 
affinity for protons on oxygenat5n. It is CSII- 

ceivable that they do not, but it is very hard for 
me to understand. 

FOMSTER: Dr. Rossi-Eernardi, how do you 
prevent reactions from continuing in the column? 

ROSSI-BERNARD1 : The pH was changed to 
about 11.7 in a msec, while the temperature was 
reduced to about zero in a second or so. The 
carbamate in solution dissociates very slowly 
under these conditi:+?*s, with a probable halftime 
of the order of 1 hour, which is 20 times longer 
than the passage time through the column. 

ROUGHTON: The column method made it 
feasible to introduce glycine as a “quencher” for 
the dissolved COz originally present in the COZ- 
equilibrated hemoglobin solution. This modifica- 
tion was not appropriate in the old barium 
precipitation method of Ferguson and Roughton 
(1934a, b) . 

EDSALJ,: In the presence of the glycine, if 
allowed enough time, carbamate COz will be 

removed from the hemoglobin and will become 
attached to  the glycine-which is simply a 
matter of the rates of the reactions involved. This 
will not happen to any appreciable extent during 
the time the mixture is flowing through the. 
column. 

ROSSI-BERNARD1 : Exactly. We found that 
by leaving the reactant mixture 10 minutes, you 
do not get an appreciable difference in the carba- 
mate, which proves that the reaction is very slow. 

MARENt From the physiological point of view, 
when the carbamate reaction is mobilized, is any 
conformational change in the protein implied or 
is it completely explicable on the basis of the 
elevated Pco,? 

ROSSI-BERNARDI: We do not know whether 
the reaction of C02 with the hemoglobin produces 
a configurational change-it is possible. We just 
know that COZ reacts to a greater extent with 
deoxygenated than with oxygenated hemoglobin. 

MAREN: Such experiments can be done. 
KILMAHTIN: The way to do it, of courRe, 

would be in a crystal, but that would be extremely 
difficult. 

HASTINCS: How does the magnitude of the 
shift, with and without C02  at  constant pH, 
correspond to what I believe is Margaria’s 
oxygenation dissociation curve shift‘? 

KPLMARTIN: We really did not attempt to 
develop this quantitatively. 

HASTINGS: Has Nema done any additional 
work on this during the last 3 years? 

ROSSI-BERNARD1 : Neera did some tvork on 
the more physiological conditions. He found a 
C02 effect independent of pH for the oxygen 
dissociation curve of whole blood, but he has not, 
as far as I know (I saw him 3 years ago), published 
any findings. When we measure the difference in 
total C 0 2  in Con-dissociation curves, we are 
working with solutions which are 10 to 15 percent 
concentrated hemoglobin. When we measure 
oxygen dissociation curves, we have to memure 
the Hb in 0.05 percent solution with the phosphate 
ion present, so the system is not exactly the same. 
We added the same solutes and observed roughly 
the same effects, but the phosphate ion may well 
have an effect on oxygen affinity that interferes 
with the C02 effect. We are on much safer ground 
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when we measure the total COS without any ions 
but those of NaCI and IiCl present. 

HASTING$: These rssults are beautiful! 
EDSALL: Have these derivatives been crys- 

tallized and studied by X-ray? 
KiLMARTiN: In collaboration with J. Greer, 

we have crystallized the &blocked Hb02 and have 
found it isomorphous with normal IEbO2. We 
are doing the a-blocked IIb02, which looks the 
same. 

PARTICIPANT: Have you any comment on 
the fact that it seems that the C02 is bound to the 
valine, i.e., to the teminal-amino groups on both 
a- and p-chains, yet both chains do not seem to 
participate in the Bohr effect? 

KILMARTIN: The only evidence we have so 
far for the C02 effect is derived from the observed 
specific effects on the oxygen dissociation curves 
of the hemoglobin compounds. There is still an 
effect of COz on the oxygen dissociation curve 
when only the &chain terminal-amino groups are 
free; therefore, it does seem that all four terminal- 
amino groups might be involved in this effect. 
Unfortunately it is not, at presertt, fewible to 
do the more direct determinations on the COZ 
dissociation curve8 of the Hb compounds, because 

of the relatively enormous quantities needed. For 
example, for a single point on the COZ dissociation 
curve, something like 200 milligrams of modified 
heriiughbin would be required; this amount would 
ttke sev<?ral daya to prepbre. 

ROSBI-BERNARDI: When we memure the 
Bohr effect in the presence of 0 2  in normal 
hemoglobin, the Bohr effect is reduced; but when 
the same experiment is repeated with the doubly 
blocked hemoglobin, the Bohr effect is unchanged. 
This observation clearly demonstrates the relation 
between the C02 binding and the Bohr effects 
associated with the terminal-amino groups. 
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Introductory Remarks 
JOIIN 'r. EDSALL 

Haruard Uniwrsity 

A discussion of the carbonic anhydrases, of 
necessity, will occupy a central position in a 
symposium on carbon dioxide in biology today. 
About 40 years ago, physiologists and biochemists 
began to recognize that the dehydration of bi- 
carbonate ion to  form COz in the lungs, and the 
hydration of COZ as it flows into the blood from 
the tissues, must procmd with a speed that was 
inexplicable in the absence of a specific catalyst. 
In 1932, Meldrum and Roughton first reported 
this finding of that catalyst in red blood cells. 
In Bhe following year they presented a masterly 
and detailed report of its preparation and proper- 
ties and named it carbonic anhydrase. Keilin and 
Mann, in 1940, demonstrated that this enzyme 
contained zinc as an essential constituent and 
ais0 discovered the specific inhibition of carbonic 
anhydrase by sulfonamides. It soon became ap- 
parent that carbonic anhydrases are not confine? 
bo red blood cells, but are widely distributed 
t.hroughout many tissues of animals and plants. 
For nearly 20 years, however, although the 
physiologish aria &wmacologists were active in 
studying the rde of carbonic anhydrases, there 
was relatively little progress in their chemical 
characterization. From the point of view of the 
biochemist coiicerned with protein structure and 
function, carbonic anhydrase appeared for a 
time to  be the forgotten enzyme. 

This period of quiescence ended abruptly in 
1960, when Lindskog reported the chromato- 
graphic fractionation of bovine erythrocyte car- 
bonic anhydrase into at least two distinct iso- 
enzymes; and a year later, Nyman, in the same 
laboratory at Uppsala, obtained three distinct 
human carbonic anhydrases. In our Iaborabory, 
Egon Rickli (independent of the work in Uppsala) 
had fractionated the human isoenzymes by a 

different method; and in Marseille, Professor 
Derrien, Mme. Laurent, and their collaborators 
were also studying these isoenzymes and frac- 
tionating them by other distinctly different 
techniques. 

During the last 5 years, the new work on car- 
bonic anhydrases has poured forth in a flood 
which shows no sign of abating. Pocker and his 
collaborators have shown that the carbonic anhy- 
drases of red cells are powerful catalysts for the 
hydration of aldehydes; Tashian, Malmstrom, 
Pocker, and others have shown that they function 
also as esterases. Pierre Henkart, Guido Guidotti, 
and I were recently surprised to find that they 
had catalyzed the hydrolysis of 2,4-dinitrofluoro- 
benzene. Nobody doubts that the prime and 
perhaps sole physiological function of these 
enzymes is to promote the hydration of Cot and 
the dehydration of bicarbonate; but it is important 
to know that as catalysts they are far more 
versatile than we had once supposed. 

In optical rotatory dispersion and circular 
dichroism, the carbonic anhydrases show striking 
Cotton effects, arising from interactions of the 
aromatic side chains with zsynimetric centers in 
the native molecule ; these effects disappear on 
denaturation. They were first observed by Dirck 
Myers in our laboratory and independently by 
Andreas Rosenberg at  the University of Minne- 
sota. John Armstrong and Carole Lindblow in 
our laboratory studied these phenomena further, 
in close and indispensable collabor3.tion with 
Sherman Beychok at Columbia University. Dr. 
Coleman has discovered a closely related effect, 
the induction of intense circular dichroism bands 
and Cotton effects by the interaction of optically 
inactive aromatic sulfonamides with carbonic 
anhydrases. Later in this session he will discuss 
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this and other phenomena in relation to the 
structure of these enzymes and their mechanism 
of action. 

Our understanding of the mechanism of car- 
bonic anhydrase action is still in its early stages; 
but we shall hear an important contribution to 
the subject by Dr. Wang during this session; and 
I look forward also to hearing t.he views of Dr. 
Pocker and others who have new insight to offer. 

In Goteborg, Nyman and his collaborators 
have made much progress with the amino-acid 
sequence of human carbonic anhydrase B; and 
Louis Henderson in our lahorntory has made 
more limited progress with carbonic anhydrase C. 
Both of them will present the current state of 
their work at this session. 

In Uppsaia, Strandberg, Liljas, and their 
collaborators have made tremendous progress in 
their X-ray measurements on human carbonic 
anhydrase C. Yore than a year ago they re- 
ported a three-dimensional structure for this 
enzyme, at 5.5 resolution. They are now making 

steady progress toward a high-resolution structure 
that will be indispensable for understanding the 
mechanism of action of the enzyme. We are for- 
tunate that Dr. Liljas is with us today to describe 
the current state of the work in the Uppsala 
laboratory.' 

I have not provided any specific references for these 
introductory remarks. However, some readers of the pub- 
lished monograph might appreciate some general references 
to the literature, so I list four reviews, in chronological 
order : 

ROUQHTON, F. J. W., AND A. M. CLARK, Carbonic Anhy- 
drase. The Enzynes, I, First ed. (J. B. Sumner 
and K. Myrback, eds.), Academic Press, 1250-1265, 
1951. 

DAVIS, R. P., Carbonic Anhydrase. The En-, V, 
2d ed. (P. Boyer, H. Lardy, and K. Myrblick, eds.), 
Academic Press, 545-562,1961. 

MAREN, T. H., Carbonic Anhydrase: Chemistry, Physi- 
ology and Inhibition. Physiol. Rev., 47: 595-781, 1967. 

EDSALL, J. T., The Carbonic Anhydrases of Erythrocytes. 
Harvey Ledures, Series 62, Academic Press, 191-230, 
1968. 



X-rav Diffraction Studies on the Structure of 
J 

Carbonic Anhydrase' 
A. LILJAS, K. K. KANNAN, P. C. BERGSTI~N, K. FRIDBORG, L. JARUP, S. LOVGREN, 

H. PARADIES, B. STRANDBERG, AND I. WAARA 
Wallenberg Laboratory, Uniwrsity of Uppsala, Suteden N70-2330@ .. . 

A number of complexes with human carbonic anhydrase form C (HCAC) was studied using 
X-ray diffraction methods in projections. It was fcund that all anionic inhibitors (such as sulfon- 
amides, iodide, Roussin's salt, and negatively charged heavy metal complexes) occupy almost the 
same position. This phenomenon explains the competition observed among some for the active 
site. It was also found that all these groups, except the iodide, were within binding distance of 
the zinc atom of the enzyme. The position in projections of two cationic inhibitors, Ag+ and Cu*+, 
was shown to be, with some probability, in the vicinity of the zinc atom. 

Since the days of the discovery of carbonic 
anhydrase by Meldrum and Roughton (1933), 
the structure and function of this enzyme has 
been investigated extensively. Most of the work 
which has been done is discussed in the review 
by Maren (1967). The large amount of physio- 
logical and pharmacological data available, as  
well as the simplicity of the in Wivo catalyzed 
reaction (Davis, 1961) 

CO,+OH- + HCOa- 

makes the X-ray crystallographicst ructure deter- 
mination of carbonic anhydrase very significant. 

At present the two human forma B (HCAB) 
and C (HCAC) (Nyman, 1961; Lcurent, Charrel, 
Castay, Nahon, Marriq, and Derrien, 1962; 
Rickli and Edsall, 1962) are being investigated 
in this laboratory by X-ray diffraction methods. 
These two enzymes, having both similarities and 

1This work has been supported by grants from the 
Faculty of Science, University of Uppsala, from the 
Lennander Foundation, Sweden, from the National Insti- 
tutes of Health, U.S. Public Health Service (AIGM 07382), 
from the Swedish Medical Research Council (llx-26) 
from the Swedish Natural Science Research Council 
(18-84 and 2142, as well ns a postdoctoral research fellow- 
ship for B. Strandberg), and from the Knut snd Alice 
Wallenberg Foundstion, Stockholm. 

dissimilarities in the primary structures (Nyman, 
Strid, and Westermark, 1966) as well as in the 
physical constants (Armstrong, Myers, Verpoorte, 
and Edsall, 1966), have affinities for the same 
substrates (Pocker and Dickerson, 1968; Henkart, 
Guidotti, and Edsall, 1968). The activity of the 
B-form is, however, much lower for most sub- 
strates, especially for COZ (Rickli, Ghazanfar, 
Gibbons, and Edsall, 1964). It will be of con- 
siderable interest to  relate the three-dimensional 
structures of these two enzyme forma to  the 
different activities and binding constants for the 
wide range of known substrates and inhibitors 
(Maren, 1967). 

The low-resolution structure of HCAC was 
described by Fridborg, Kannan, Liljas, Lundin, 
Strandberg, Strandberg, Tilander, and Wirbn 
(1967). The most important observed features of 
the molerub (fig. 1) are the molecular shape, 
which i c  dlipsoidal, and the position of the zinc 
atom in the center oi the molecde and at the 
bottom of a crevice. (The zinc atom is essential 
for the activity (Lindskog and Malmstrom, 
1962).) Part of the crevice constitutes the active 
site. Aromatic sulfonamides, known to be specific 
for carbonic anhydrase (Mann and Keilin, 1940), 
seemed to bind with the sulfonamide group to  
the zinc atom in a position above the zinc atom 
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it was possible to collect X-ray d a h  to ;I resolu- 
t.ion of about 2.8 A, a figureowhich has now been 
decreased to less than 2.0 A. This improvement 
is probably caused by the reduced damage to the 
molecules during purification. This increased 
resolution will simplify the detection of the lighter 
atoms or minor movements of the groups taking 
part in the catalytic mechanism. 

Crystallization 

The crystallization of HCAC was performed 
using the method reported by Tilander, Strand- 
berg, and Fridborg (1965). The enzyme was 
first complexed with methylmercurithioglycolic 
acid (MRITGA, prepared by Prof. A. Fredga, 
Uppsala) or with other mercurials. In the case of 
the complex with iodide, the crystals (obtained 
from Dr. P. 0. Nyman, Goteborg) were prepared 
from native enzyme material. One difference 
from earlier published methods of crystallization 
was that some precipitate \.yas removed by 
centriiugation at a (NHJSOd concentration of 
2.0 M. The crystallizations were then performed 
in 2.1-2.3 M (NH4)S04, pH 8.5. Dr. P. 0. 
Nyman succeeded 2 years ago in obtaining good 

HCAB crystals coniplexed with acetazolamide 
(Diamox). The crystallization method has now 
been improved both in Goteborg and in our 
laboratory and includes the native enzyme as 
well as a variety of complexes. 

Chemical Modifications 

The different chemical modifications of HCAC 
discussed in this paper are listed in table I. Most 
of the compounds were studied to obtain better 
heavy atom derivatives, but others were studied 
because they were interesting inhibitors. In some 
cases, the salt medium in which the crystals were 
immersed was changed to MgSOa. Especially 
for the investigation of the Cu2+-complex, the 
MgS04-solution was rhaged three times before 
adding the CuSOI. 

In the soaking experiments, 3 few good HCAC 
crystals (native enzyme or enzyme crystals in 
complex with MMTGA) were dropped into a 
test tube containing 5 to 10 ml of the reaction 
solution. The crystals were not mounted for 
X-ray diffraction investigations earlier than 1 
week after the complexing experiments were 
started. 

X-RAY DIFFRACTION STUDIES 91 

TABLE I.-Invest&ed Compka With Humn Carbonic Anhydrase C (HCAC) 

Complexing compound concentration 

MMTGA,. lWa M 

AMSulf,b 10-’ M 

AMAZOSUH,~ 1 0 - 4  M 
KI, 6X10-* M 
KFe&(NO)r, Rowin’s salt; 5X10-a M 

AgNOa, 5 X 10-3  M 
cuso4, 10-6 M 
K?Pt(CN)d, 5X10-’ ill 

K2PtCle,5 X 10-’ M 
KzPdCL, 5X1Wa M 
KAuClc, 5 X M 
K2HgTs, 5 X M 

Complexing procedure 

Crystn. as complex 

Crystn. as complex 

Soaking of HCAC cryst. 
Soaking of HCAC cryst. 
Soaking of MMTGA-HCAC cryst. 

Soaking of HCAC cryst. 
Soaking of HCAC cryst. 
Soaking of MMTGA-HCAC cryst. 

Soaking of MMTGA-HCAC cryst. 
Soaking of MMTGA-HCAC cryst. 
Soaking of MMTGA-HCAC cryst. 
Soaking of MMTGA-HCAC cryst. 

Salt medium 
concentrat.ion 

X-ray data 
resolution 

hol, 2.0 d 
3D, 5.5 A 
hol, 2.0 A 
3D, 5.5 d 
hol, 2.0 d 
hol, 2.0 d 
hol, 5.5 d 
hko, 5.5 d 
hol, 3.0 d 
hol, 2.0 d 
hol, 5.5 d 
hko, 5.5 d 
hol, 5.5 d 
hol, 5.5 A 
hol, 5.5 d 
hol, 5.5 d 

a MMTGA = Methylmercurithioglycolic acid. HCAC =native enzyme. The crystals were prepared 
ns previously reported (Tilander et al., 1965) by soaking AMSulf = 3-Acetoxymercuri-4-aminobenxenesulfona- 

AMAzoSulf =3’-Acetoxymercuri-4’-hydroxy-4-nzoben - mide. MMTGA-HCAC crystals with cysteine. 

zenesulfonamide. 
e HCAC crystallized in native form. 
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FIGURE 2.-High-resolution diflwmce electrondensity pro- 

jection along the b a r k  between the MMTGA de+ivatioe 
and d i v e  HCAC. The mercury at M, is bound to the 
on& SH group of the protein. In all the following maps 
the zeto leoel is dotted and the contours are drawn at an 
interval of about 10 electrons. 

X-Ray Diffraction Methods 

Data for the hol and hko layers were collected 
with Buerger Supper precession cameras and CuK 
a-radiation from Philips fine-focus tubes. The 
films were measured partly on a Joyce-Loebel 
nlicrodensitomet-er made available by Dr. C.-I. 
Brandh, Royal Agricultural College of Sweden, 
Uppsala, and partly on a semiautomatic niicro- 
densitometer constructed in cooperation with 
Dr. Klimecki, Institute of Chemistry, University 
of IJppsala. The data were stored on magnetic 
tape by a Dymec tape recorder lent us by Drs. 
J. Ekstedt and E. Stilberg, Wallenberg Labora- 
tory. These tapes can be used directly for com- 
puter calculations on the CD 3600 computer in 
Uppsala. The program involve indexing the 
reflexions and selecting proper data (written by 
L. Jarup and K. K. Kannan); calculating film 
factors, applying Lorenz and polarization cor- 
rections, scaling similar sets of data to each other 
(written by Dr. C.-I. B r h d h )  ; calculating phase 
angles (written by Dr. 8. Muirhead, Cambridge, 
England ; Muirhead, Cox, Mazzarella, and Perutz, 
1967) ; and a Fourier summation program (written 
by Dr. A. Zalkin and modified by Drs. J. 0. 

Lundgren and R. Liminga, Uppsala). All the 
borrowed programs have been modified by L. 
Jarup and K. IC. Kannan. 

RESULTS AND DISCUSSION 

Human Carhonic Anhydrase B 

The crystals of HCAB provided by Dr. Nyman, 
as well as those obtained by us, hapve the same 
cell dimensions: a=81.5 A, b=74.3 A, c=37.1 8, 
and the space group P212~21. The corresponding 
data for HCAC are: a=43.1 8, b=42.1 8, 
c=73.6 1, fi=104.6', and the space group P 2 1  

(St,randberg, Tilander, Fridborg, Idndskog, and 
Nyman, 1962). With the difference in primary 
structure, a complete sbructuR determination 
would also have to be performed for HCAB. 

The Complex of Human Carbonic Anhydrase 
C and MethyImercurithioglycolic Acid 

{MMTGA) 

The complex of HCAC and MMTGA, used as 
a heavy atom derivative at low resolution, has also 
proved to be of great value in the high-resolution 
structure determination. One clear position, MI, 
of 65 electrons is a t  the only cysteine of the 
prot.ein, as shown earlier (Fridborg et al., 1967). 
A high-resolution projection of the difference 
electron density is presenkd in figure 2. The 
posifipn next in height has an occupancy of five 
electrons. The refined parameters are shown in 
t,able 11. 

The Sulfonamide Complexes of Human 
Carbonic Anhydrase C 

One of the heavy atom derivatives used a t  low 
resolution was the sulfonamide inhibitor AMSulf 
(acetoxymercurisulfanilamide). A high-resolution 
difference electron density projection is shown in 
figure 3. The four positions earlier reported de- 
riving from two AMSulf-groups (Fridborg et al., 
1967) are easily observed and now well resolved. 
Two new peaks were obtained and are possible 
to refine (see table 11). The higher (25 electrons) 
of the two is probably the mercury of a third 
AMSulf-group. According to the low-resolution 
map, the position is in a narrow region between 
two molecules. The binding of this group certainly 
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TABLZ II.-Heazg Atom Parameters Refined From High-Resolution Projection Data (for exceptions see 
footnotes) Using the Least-Squares Method (Program Written bg Dr. H .  Muirhead) 

Derivative Position 
Occupancy 
electrons 

65.4 
59.1 
16.2 
18.5 
69.2 
24.0 
34.3 
20.0 
11.2 
31.0 
11.9 

065.0 
036.0 

61.4 
50.0 
14.2 
11.6 
44.5 
12.4 
11.5 

_ - - _ _ _ _ _ - _ _ -  

Fractional coordinates 

x(43.1 A) 

0.096 
.lo4 
.178 

- .038 . 000 
.415 
.095 

- .035 
.020 

-.044 
.263 

0.105 
- .040 
d.095 

d -.041 
- .034 
- .178 

.122 
-.360 
- .293 

* -.Of33 

a Refined from low-resolution 3-dimensional data. 
b See note added in proof, p. 97. 
c Obtained from low-resolution difference electron 

density projections. 

=I2 

hunk:  :~.-High-resolulion difference electrondensity pro- 
jecliolt along the h-axis between the AMSulf derivative 

z(73.6 A) 

0.346 
.356 
.442 
.235 
.171 
.178 
.350 
.237 
.184 
-248 
.317 

0.345 
0.248 
d*  347 
d.235 
.215 
.214 
* 444 
.201 
.278 

0.218 

Refined from low-resolution projection data. 
Obtained from low-resolution 3-dimensional elect,ron 

density maps. 

cannot he because of the niercury alone, because 
the MMTGA derivative does not show any 
distinguishable occupancy at this position. It is 
almost inipossible to find the corresponding sul- 
fonamide group because of the number of peaks 
of less than 10 electrons. This extra sulfonamide 
binding site, far away from the zinc atom, is 
probably not related to the two zinc-dependent 
binding sites for bromoacetazolamide reported by 
Kandel, Wong, Kandel, and GorriaIl (1968). 

Coleman (1967a) has investigated the binding 
between carbonic anhydrase and an azosulfon- 
amide and suggested that the complex formed 

and native HCAC. The mercury at AI is bound to the 
SH group, and Al indicates lhe corresponding sulfonamide 
group. Aa is the position of the suljonamide close to the 
zinc atom (marked by a cross) and the corresponding 
mercury is marked A,. ~46 is probably a mercury in a 
region between lwo molecules. 



should be studied with X-rays. Dr. G. Folch 
in Goteborg provided us with two mercuri-azo- 
sulfonamide derivatives. One of these, 3’-acetoxv- 
mercuri - 4’ - hydroxy - 4 - azobenzene-sulfonamide 
(AXIAzoSulf), gave the difference electron density 
projection presented in figure 4. During the com- 
plexing reaction, the yellow AMAzoSulf solution 
lost its color and the crystals turned a deep yellow. 
It would have been necessary to add more AMAzo- 
Sulf to get a more complete substitution (fig. 
4 and table 11). The fact that no mercury position 
corresponds to the sulfonamide group (2,) at  the 
zinc atom and that no sul€onamide peak corre- 
spondv to the mercury in position ZI can be 
explained in several ways. It is as yet too early 
to draw any concludions. One of the most im- 
portant features of the sulfonamides is the 
inhibiting sulfonamide position close to the zinc 
atom. 

The Iodide Complex of Human Carbonic 
Anhydrase C 

Several monodentate anions have been reported 
as being carbonic anhydrase inhibitors (Coleman, 
1967b; Kernohan, 1965; Lindskog, 1966). One of 
these, iodide, Erss now been investigated with 
X-ray techniques. The high-resolution difference 
electron-density projections show two clear peaks 

AMAzoSulf 

(fig. 5) ,  the higher of which occupies the inhibitor 
position 11 at the zinc atom. (The refired coordi- 
nates are given in table 11.) Also, in this case, the 
direction from the zinc atom to the inhibitor is 
inward into the molecule. 

The Enzyme-Roussin’s Salt Complex 

One carbonic anhydrase inhibitor that also 
can be regarded as an anionic inhibitor is Roussin’s 
black salt, KFe4S3(NO),, which has been studied 
by Dobry-Duclaux (1966). The structure of this 
compound has been determined by Johansson 
and Lipscon;’, (1958). The low-resolution X-ray 
investigation of t.he complex between HCAC and 
Roussin’s black salt (provide 1 by Dr. Dobry- 
Duclaux) shows only one clear peak at the inhibi- 
tor site (fig. 6 and table 11). 

The Complexes With Heavy-Metal Salts 

To search for better heavy atom derivatives, 
we have investigated the following commonly 
used negatively charged metal complexes: 
Pt(CN)?, PtCIa-, PdCl,2-, Au C14-, and HgL2-. 
All of them show clear differences and can be 
used as heavy atom derivatives, except for H g W ,  
or more probably Hg1,- (Kretsinger, Watson, 
and Kendrew, 196S), which gave too many 

I ‘  

FIaunE 4.-High-resolution digerence eleclrdensi ty  pro- 
jection a h  the h-axis between the AMAzoSulj-HCAC 
C O ~ P ~ X  and nalive HCAC. Z, indicates a mercury at 
the SH group, and Z2, the sulfonamide at lhe zinc atom. 

Fiouns !j.-High-resolulion digereme eleclrdensi ty  pro- 
jection along the b-axis between the HCAC-iodide c m p l m  
and native HCAC. The position marked 1, is an iodide 
bound close to 1h.e zinc atom. 
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Raussin's Salt 

PtC1,2. 

Pt (CNh2 

PdCI:- 

FIG.JRE 6.--The zinc region of h-rarolution diflerme 
electrondensity project2h a long  the b-axis between the 
complex HCAC-MMTGA with various inorganic anions 
and native HCAC. I n  all cases m e  peak is  close to the 
inhibibr position. I n  most of the cases there is an addi- 
tional site close to the zinc atom. I n  the case of Pt(CN),2-, 
this position is  far  away from the zinc in the bdirection 
and situated in a region between two molecules. 

peaks and almost denatured the protein crystals. 
In the projection along the b-axis, all tho- de com- 
pounds show two st,rong peaks close t,o the zinc 
atom (fig. 6), with one at the inhibitor position. 
We have investigated the projection along the 
c-axis only in the case of Pt,(CN)P, which shows 
that one of t,he groups occupies the inhibitor 
site close to the zinc atom. 

Some positively charged metal ions, U0t2+ and 
T1+, as well as the uncharged complex TlCN 
(obtained together with a sample of KZPt(CN)d 

. . 

--.-.l 
v 2  

FIGURE 7.-High-resolution diffwence electrondensity pro- 
jection akmg the b-axis between the complex of HCAC 
with copper and native HCAC. One position (C,) i s  found 
at about the same x- and z-coordinates as the z inc atom. 

L' 
0 5 w A  - 

from Dr. C.-I. BriindBn), gave no vjsible differ- 
ences in the X-ray int,ensities to 2.0 A resolution. 

The Enzyme Complex With Silver and 
Cupric Ions 

Meldrum and Roughton (1933) report that 
several heavy atoms have an inhibitory effect, on 
carbonic anhydrase. A thorough investigation of 
the effect of copper on the two human forms of 
the enzyme is presented by Magid (1967). He 
concludes that it is possible to inhibit the HCAC 
activity with CUSOJ, although the HCAB 
activity is not affected. Because the erythrocytes 
usually contain an amount of copper which is 
not accounted for by the copper-containing 
proteins, the cupric ion would seem to be an 
inhibitor of physiological interest. 

A high-resolution difference electron-density 
projection of the copper complex wXn HCAC 
(fig. 7) shows some peaks of smaller magnitude 
that are possible tq refine (table 11). One of them, 
C1, has about "fie same 2- and z-coordinates as 
t,he siiic atom; i t . ,  not the usual inhibitor posi- 
tion. No occupancy is observed ct the SH group 
of the protein. 

In the case of the silver complex with HCAC, 
ammonium sulfate was used as the salt medium 



And the complex .Ag(NH&+ is formed. A great 
number of binding sites with negatively charged 
groups of the protein is formed (fig. 8). In this 
case an occupancy of 10 electrons is found at 
the x- and z-coordinates of the MI position at the 
SH group. The highest OccupaIicy in this deriva- 
tive is 46 electrons. An interesting feature is that 
two peaks are observed having abaut t,he same 
2.. and z-coordinates as the zinc atom. 

The Zinc Position of Human Carbonic 
Anhydrase C 

Thus far the zinc-free enzyme has not been 
studied at high resolution. The zinc position de- 
termined previously by Fridborg et  al. (1967) 
may suffer from its being refined as a negative 
peak close to the mercury, and froin substituting 
it in one of the derivatives at low resolution. This 
derivative has now been omitted from the re- 
finr. ?nt; and the phase angle and three-dimen- 
sional electron density calculations are performed. 
(The zinc coordinates obtained are given in table 
11.) A refinement in the projection along the 
c-axis at, low resolution was also performed using 
the zinc-free enzyme, the native enzyme, and the 
derivatives used in the three-dimensional low- 
resolution study. In this case, we omitked the zinc- 
free mercury-containing derivative. The y-coorui- 
nate oblained in this refinement is given in table 
11. In both those cases thew is considerable dis- 
crepancy with the previouslj published y-coordi- 
nate (Fridborg et  al., 1967). 

CONCLUSIONS 

For a long t h e  it was believed that the sul- 
fonamide inhibitors were noncompetitive with 
Cot in the hydration of COz catalyzed by carbonic 
anhyd-ase (Davis, 1959). Rut it has recently 
been shown by Lindskog and Thorslund (1968) 
that the sulfonamide inhibitors are competitive 
with respect 60 this substrate. 

These authors, us well as Coleman (1967c), 
found that the sulfonamide inhibitors compete 
with the anionic ones. They also found, ns did 
Kernohan (1966), that the ionized form of the 
inhibitor binds to the enzyme and that the pK 
of the sulfonamide group is related to the binding 
of ',he inhibitor. This finding is in agreement with 
our observation that the sulfrxiamide group of an 

Aa' 

FIGURE 8.-~ighrresolution digereme electron-derrsity pro- 
jection along the b-azis between the HGAC-silver wmplzz 
and nitive HCAC. A number of peaks is observed, pr-ob- 
ably cuused bu binding between .4g(NTH&+ and negatively 
charged groups of the protein. 

inhibitor occupies slniost the same position : ., 
e.g., t,he iodide ion (tables II and 111). There is 
evidence that the anionic inhibitors bind directly 
to the zinc atom (Itiepe and Wang, 1968). Table 
I11 shows the observed and calculated distanc?s 
from t,he zinc atom to the inhibitor. In all cases 
except for that of the distance between zinc and 
iodide, it is impossible to determine anything 
bui maximal binding distances caused by the 
angular variability from zinc though lighter 
atoms, and to the center of gravity in the in- 
hibitor groups; the calculated values agree with 
the observed distances in all the cases, but for 
the iodide (see note added in proof, p. 97). 

The anionic heavy metal complexes seem to 
constitute a new group of inhibitors. The finding 
by Meldrum and Rwghton (1933) that P t (CN)P  
does not inhibit cd-onic anhydrase is not in 
agreement with the &served position of the heavy 
atom groups. 

At present,, the inhibitory power of Cu2+ and 
Ag+, probably in complex with HzO and NHa, 
respectively, is not so easily explained. Their 
presence in the active site cavity is prcbable. 
The question of which groups are blocked by 
them must await the three-dimensional, high- 
resolution structure determination. 



X-RAY DIFFRACTION STUDIES '37 

TABLE III.--Disfances Between Certaili Atoms in 
the Investigatiola of Hunian Carb0n.k Anhydrase 
C and Its Cmnplem 

Observed 
distance, .i 

a4.4 
3. i 
4.7 
4.4 
1.1 

Approxima te 
calculated 
maximal, 

distance, A 

2.9 
-3.5 
-5.1 
-5.9 

= See note added ill proof below. 
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SOTE ADDED IN PROOF 

Calculations have now been perfornied ?sing 
85 percent cf the three-dimensional 2.0-A re- 
flexions with the phase angles determined from 
t hrec heavy atom derivatives. The derivatives 
are MMTGA, AMSulf, and :is the third one we 
have partly used 313ITGAS.I- and partly I- 
alone. In one of t.he two cases, JIJITGA+I-, the 
distance between I- anti the zinc atom does not 
deviate significxnt.ly from the expected h o d  dis- 
tance. 
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DISCUSSION 

EDSALL: The unit cell of enzynie B is larger 
than that of enzyme C, is it not? 

LILJAS: Yes; there are four niolecules in the 
B cell and two inolecules in the C cell. 

MAREN: You made a comment on a Danish 
finding that copper is inhibitory to the C enzyme, 
and not to the B. 

LlLJAS: Yes; this was the work of Dr. Magid. 
RTYMAN: There is, apparently, a kind of spe- 

cific Linding of copper thtit takes place with a 
binding constant of approsimatcly one miero- 
inolar which leads to total inhibition of activity 
of the C enzyme. Dr. Magid has used it in working 
on a met.hod to determine the amount in various 
fornls of the mixture. 

MAREN: Is there any way in which the tech- 
niqces of crystallography could be used to deter- 
mine the mode of sulfonamide inhibition. It 
seems that, the inhibition by sulfonamides for 
hydration is noncompetit.ive and the inhibition of 
dehydration is competitive. 

L'ILJAS: I hope so, but it is not quitc certain 
how much we can do. There are different positions 
of binding for different groups, and from that 
yoti might be able to throw light on such R 

complication. 
MARES: Also, it might be possib!e by dis- 

lodging experiments with an inhibitor. I think the 
confirmation of this by S-ray methods, if possible, 
mould he esceediiigly int,eresting. 

?OCKER: I was interested in your X-raI- 
structure studies, and particularly in your data 
pertaining to the Zn-I distance. Anionic inhibi- 
tion has been studied in our laboratories in some 
detail by Pocker and Dickerson (Biochemistry,  
7: 1995, 1968) and Pocker and Stone (Biochemis- 
try ,  6: 668. 1967; 7: 2936, 1968), and it was noted 
that,, in general, the order observed with the very 
strong anionic inhibitors (Ki-10-6 to 10- M )  ap- 
pears to parallel their association constants with 
zinc ions, whereas the order observed with mod- 
erate (Z\'i-10-4 to 10-3 ill) and wcak anionic in- 
1iibit.ors (Ki-10-2 t,o 10-1 ill) apiicars t.o folio\\ 
the Hofnieister lyot,ropic series. 

These data, in conjunction with the dependence 
of Ki on pH, suggested to us that two distinct 
enzyme complexes exist: an ion-pair complex in 
which the anion is separated from zinc by a water 
molecule, and an inner sphere species in which the 
anion i s  in contact with the zinc. We have also 
noted that the ion-pair complexes would be 
stabilized in the enzynie by additional interaction 
with a BH+ group that lies close to the zinc and 
has an tipparent p K ,  value between 7 and 7.5. 
In short, the anionic inhibitors that follow the 
Hofnieister lyotropic series are, in our opinion, 
associated with the breakdown of the water 
structure a t  the act.ive site and are separated by 
one or more water molecules from zinc; they could 
inhibit by interfering with the proton-transfer 
process required for the normal hydration and 
hydrolysis cycles. It is pleasing to us that the 
zinc-iodide distance is indeed large enough to  
accommodate a water molecule "bridge." We 
shall await your X-ray structure studies with 
great interest.. 

EDSALL (to Liljas): A t  present can you say 
anykhing more than you could in the paper of 
last. year about the probable content of helix in 
the molecule? 

LILJAS: KO. It is still impossible. 
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On the Catalytic Mechanism of Carbonic 
J. H. WANG 

Kline Chemistry Labmatmy, Yale Uniuem$ty 

Anhydrase' 

Previous infrared data have shown that in the carbonic anhydrase-catalyzed hydration of 
carbon dioxide, it  must be the OH- coordinated to the Zn(I1) of the enzyme that attacks the 
bound CO2 and converts thc latter to HCOZ-. A comparison of the calculated pseudo-firsborder 
hydration rate constant for a hypothetical system, in which an OH- ion is placed in juxtaposition 
with a bound COZ molecule, with the observed kt of carbonic anhydrase, shows that the enzyme 
must have additional means of expediting the reaction. A possible mechanism for activating the 
OK- of Zn(I1) is proposed in which this OH- group is assumed to  be hydrogen bounded to i\, 
strategically located basic imidazole group for facilitated proton transfer. The proposed mech- 
anism is supported by infrared absorpt,ion, cyanide titration, and reaction rate data on the native 
enzyme, by optical data on the CO(II)-enzyme, as well as by the results of labeling experiments 
from several iahoratories. 

The elucidation of the catalytic niechanjsni of 
carbonic anhydrase is of interest not only because 
the enzyme has multiple physiological functions 
but also because its mechanistic simplicity may 
serve as a useful model to guide our thinking on 
the problem of enzyme action in general. 

CONCLUSION FROM INFRARED STUDIES 

Previous infrared absorption spectra studies in 
our laboratory (Riepe and Wang, 1967, 1968) 
showed that the COz molecule bound at the 
active site of carbonic anhydrase is neither co- 
ordinated to the Zn(I1)-atom nor appreciably 
distorted, but that it is loosely bound, as in 
clathrate compounds, to a hydrophobic surface 
or cavity adjoining the Zn(I1) as illustrated by 
structure I (fig. 1). It, was also concluded from 
the infrared data that the bicarbonate ion is 
coordinated to the Zn(J1) through its negatively 
charged oxygen atom in such a way that its rela- 
tively neutral oxygen atom and OH group are 
placed at the hydrophobic COz site, as illustrated 
by atmcture I1 (fig. 1). 

I Some of the experimental work discussed in this article 
was supported by a research grant, (CM 04483) from the 
U S .  Public Health Service. 

Consequently in the dehydration reaction, 
proton transfer must accompany the breaking of 
the susceptible C-0 bond, because it is already 
known that only COz will be left in the hydro- 
phobic binding site. Conversely, because of 
microscopic reversibility, it must be the OH- on 
the Zn(1I) that attacks the bound COZ and 
converts the latter to HC03- in the reverse hy- 
dration reaction. Coleman (1967) recently showed 
that his titration d a h  also support such a niecha- 
nism. 

Although t,hese conclusions are unambiguous, 
t,he explanation of the catalytic mechanism of 
carbonic anhydrase is st,ill incomplete, because 
the infrared data yielded no information on the 
proton-transfer path. Specificaliy we want t,o 
know whether the proton transfer is facilitated by 
the participation of a certain functional group of 
the protein, and if so, what is the identity of this 
group and t,he nature of its participation. 

KIKETIC CONSIDERATIONS 

To gain further insight into this problem, let 
us niake an order of magnitude estimate of the 
pseudo-first-ortfer hydration-rate constant for a 
hypothetical system in which a given OH- ion is 
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FIGURE 1.-The catalytic mechanism of e a r h i e  anhydrase deduced from infrared data. k2 represents thefirstorder rate wn- 

.&?ti of the enzyme-substrate complex in the hydration reaction. 

held in juxtaposition to a bound C02 molecule 
(similar to t,he situation illustrated by structure 
I, in fig. 1, but wiihout. the Zn(I1)). The observed 
bimolecular rate constant for the reactior between 
OH- and CO, to form HCOS- at  25 C has been 
estimated to be -8X103 A4-l sec-' (Kern, 1960). 
Assuming that, the OH- ion in such a hypotheti- 
cal system has a molar volunie of -10 ml, we 
est,imate the pseudo-first-order hydration-rate 
constant to be ~ 8 x 1 0 ~  (103/10) =8X105 sec-I. 
The observed first-order rate constant k2 for the 
bovine carbonic snhydrase-cat,alyzed hydration 
step in figure 1 is ~ 4 x 1 0 ~  scc-' at  25 C (Kerno- 
han, 1965). In spite of the uncertainties of the 
:hbs e-estimated value (Bruice and l'andit, 1960), 
it is surprising indeed that the observed and calcu- 
lated first-order hydration-rate constants arc of 
the same order of magnitude, because the free 
OH- (with K ,  = 10-15.7 as the dissociation constant 
of its conjugate acid) is a much stronger base than 
the OW- coordinated to the Zn(I1) of carbonic an- 
hydrase (\vith K ,  = 10-7 for its conjugate acid) 
(I<ernohan, 1965; Lindskog, 1963). Although 
the ratio of nucleophilic reactivities of free :uld 
coordinated OH- need not. be equal to the ratio 
of their basic strengths, these ratios are not 
expected to differ very much in order of magni- 
tude for very similar reacting groups. In other 
words, the OH- coordinated to tile Zn(1I) reacts 
faster by n. factor of -loS or IO9 than cxpectetl 

froni a simple activation entropy effect. There- 
fore the enzyme must have additional means of 
expediting the reaction, either by increasing the 
nucleophilic reactivity of tfhe coordinated OH- 
or by facilitat,ing the necessary proton transfer, 
or bot,h. 

FACILITATED PROTON TRANSFER VIA A 
HYDROGEN-BONDED IMIDAZOLE GROUP 

One conceivable \vay of incorporating the acti- 
vation of the OH- on the Zn(II) and the facili- 
tation of proton transfer in a sirigic molecular 
process coIisisterit with the mechanism in figure 
1 is to assume that the OH- on the Zn(J1) is 
hydrogen bonded to n strategically 1oca.ted basic 
imidazole group of the protein :is illustrated by 
structure I (fig. 2). 13s ntialogy to the sug- 
gested activat.ion of functional OH groups in 
a-chymotrypsin (Wang and Parker, 1967; Parker 
and Wang, 1968) and ribonucle:xse (Wang, 1968) 
catalyses, we expect facilitated proton transfer 
along such an H-bond to make structure I be in 
rapid eqiiilibriuni with struetiire 111, which 
transforms to structure I1 (fig. 2). 

A quantitative t,reatment of this ~iiechanism is 
not fcnsible at present, for riot even an approxi- 
mate value is known of the dissociation constant 
of the coordinated OH- as an acid. However, 
because of the inductive effect of the Zn(II), 
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this coordinated OH- is expected to be a much 
stronger acid than a free OH- ion-but presum- 
ably a somewhat weaker acid than the active 
OH group of serine-195 in a-chymotrypsin. Thus 
if we consider this coordinated OH- as an acid 
with KO> (Dietrich and Johnston, 1927) and 
use an estimated value of sec-* (Wang, 
1968) for ka in figure 2, we may give an order of 
magnitude estimate of k~ as 

* k b >  106 sec-' (KJz~oH 
" = (KO) Irnidazoliurn 

Because this value is larger than the observed 
overall first-order rate constant kz of figure 1, we 
may, as a tentative approximation, express the 
latter as 

(Ko)ZnOH 

k'=(Ko) Imidaaoliurn 

k.3 
and consider the transformation III-tII (fig. 2) 
as the rate-limiting step. 

Because the 02- coordinated to the Zn(1I) in 
structure 111 is expected to be much more nucleo- 
philic than the OH- of the Zn(1I) in structure 1, 
we could regard the transformation I+III as the 
mechanism through which a participating basic 
group of the protein facilitates the proton transfer 

and increases the nucleophilic reactivity of the 
OH- coordinated to the Zn(I1). An imidazole 
group appears to be the best candidate for such 
a role, because it is the strongest base among all 
functional groups of the protein that remain 
unprotonated at neutral pH. Recent labeling 
experiments a t  three different laboratories seem 
to show that there is indeed an essential imidazole 
group near the Zn(I1) atom (Whitney, Folsch, 
Nyman, and Malmstriim, 1967; Whitney, Nyman, 
and Malmstrom, 1967; Bradbury and Edsall, 
1968; Kandel, Wong, Kandel, and Gornall, 1968). 

INTERPRETATION OF THE pH 
DEPENDENCE 

The catalytic mechanism illustrated in figure 2 
requires that the basic imidazole group be held 
near the Zn(I1) to form an H-bond with its 
ligand OH-, but not close enough to form a 
coordination bond directly with the Zn(1I) itself. 
This necessary assumption is supported both by 
the infrared data on azide binding (Riepe and 
Wang, 1968) and the titration data on cyanide 
binding (Coleman, 1967). It is also consistent 
with the observation that both kinetic data on 
the native enzyme (Kernohan, 1965) and optical 
data on the Co(II)-enzyme (Lindskog, 1963) 
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require the existence of a single essential basic 
group with an apparent dissociation constant 
KizlO-7 for its conjugate acid. If this essential 
imidazole group were directly coordinated to the 
Zn(II), the apparent dissociation constant of its 
conjugate acid would be 

where K ,  is the true acid dissociation constant 
of the imidazolium group and KZ,, the dissocia- 
tion constant of the imidazole-Zn(I1) coordina- 
tion bond in the enzyme; i.e., pK,,'=pK,,-p&,,. 
Since pKa-7 and since pKzn should be a positive 
number of comparable magnitude, we would 
expect pK,' to be much less than 7, a deduction 
that contradicts both the kinetic (Kernohan, 
1965) and the optical data (Lindskog, 1963). 

On the other hand, protonation of f'-? active 
center as illustrated in figure 3 changes the 
catalytically active form represented by structure 
I t,o the inactive forms represented by structures 
IV and V. Because of the rapid protonath 
equilibrium, the two forms IV and V should 
behave a5 a single acid group with pK,'=7, as 
has indeed been found experimentally. Pocker 
and Dickerson (1968) recently suggested a scheme 
for the carbonic anhydrase-catalyzed hydration 
of aldehydes which bears some reseniblance to 

the present mechanism, except that they con- 
sider I V  and V rather than I and 111 as the 
active forms. 

GENERALIZATION 

From the standpoint of the present mechanism, 
the catalytic hydration and hydrolysis by car- 
bonic anhydrase can be included as a particular 
case of a large group of enByme catalyses in which 
the attacking OH group is activat,ed by H-bond- 
ing to a strategically located basic imidazole 
group for facilitated proton transfer (Wang, 
1968). In a-chymotrypsin, trypsin and subtilo- 
peptiase A, the attacking OH group belongs to a 
serine residue; in ribonuclease, the attacking 
group is the 2'-OH of a ribose residue; and in 
carbonic mhydrase, it is the OH- coordinated to 
the Zn(I1). 
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DISCUSSION 

CAPLOW: What pK do you assign to the 
ZnOH of carbonic anhydrase? 

WANG: I have assumed (K,)z,,011>10-l~ or 
(pK.)z, ,o~S 15. Presumably this ZnOH group is 
a somewhat weaker acid than the active OH 
group of serine-195 in a-chymotrypsin that has a 
pK,-13. But this is just an order-of-niagnitude 
guess. 

CAPLOW: If this assignment is made, I believe 
that i t  is possible to rule out the inechaiiisin 
that you have proposed. h meelinnism involving 
imidazole-catalyzed attack of a ZnOH species 
(structure I in your fig. 3) on carbon dioxide is 
Itiiisticaliy indistinguishable from a reaction of a 
zinc oxide anion facilitated by iinidazoliuin 
(structure 1111, because the stoichionietric com- 
position of the two transition states is identical. 
If the former path holds, the rate constant, for 
reaction of (I) with carbon dioxide is approxi- 
iiia,tely lo5 sec-I; but, if the latter path is the 
predominant one, the rate comtant ( k a  in fig. 2) 
must he about IOt3 sec-’ to account for the ob- 
served rate. That is, if we are to assuine that the 
fraction of the enzyme in the catalytically active 
forin is only oiie part in IO8 (i.e., IC= (XXl)/(I) = 
10-9, the specific rate constant must be remark- 
xbly large. There is, however, no precetlent for a 
rate constant of this inagnitude in nonenzymat,ic 
inteimolecular or intramolecular processes iu- 
volving carbon-oxygen hontl forin a t‘ 1011. 

WANG : I agree wholeheartedly that ordinary 
organic reaction inechaiiisins are invaluable in 
helping us clarify enzynie action. But to insist 
that enzyncs shoulcl not react faster than the 
reported rates for sinal1 inolecules reflects a very 
limited point of view. Why is there not incre 
enzyme action? dftcr all, enzynxx itrc reinnrltable 
catalyst:; their highly orga~nizrd, intricate struc- 
tures inny ciinhle them to react along certain paths 
that are not :is rapidly acccssiblt~ to randonily 
dist,ril)ut,etl sinal1 molecules. The observation by 
Eigen’s group that proton transfer in ice at - 10 C 
is 70 thies f:ist,cr than in watcr at, 25 C is :\ good 
illustration of the effect of tlircc-ciiinc,nsionnl 

structure on reaction rates. This effect has no 
precedent in solution chemistry. 

According to my proposal, a strategically 
located basic imidazole group could facilitate 
the proton transfer 1-111, as illustrated in figure 
2 of my paper, and I11 could then react with an un- 
usually high speed, li,, to form 11. 

In the absence of such a participating basic 
functional group, the corresponding proton traiis- 
fer would be directed toward a water inoleculc: 

Consequently, k,, 
2 = (Ks)ZnOH 

nnd even by using the highest estimated value of 
kb’, we would still obtain a k,’ that is lower by 
several orders of magnitude than the observed kz 
for carbonic anhydrase. Therefore the pnrticipa- 
tion by a !xisic functional group of the protein is 
necessary. 

CAPLOW: I agree that by taking dvaiitage 
of the facilitation of proton transfer dong pre- 
formed hycirogen bonds, as you have in your 
mech:uiisni, it is possible for proton transfers to 
occur as a pmquilibriuni process. In addition, in 
the absence of a special incchanimn like this, the 
proton transfers probably would not be fast, 
cnough. Finally, for your niechaiiisin to hold, 
two processes with little precedent i n  nonenzy- 
iiintic system iiiust hold. Proton transfer must 
be exceedingly fast aiid C--0 bond forination 
must occur with reinnrltable facility. 

WANG: I do not think I need coniinent, be- 
nausc Dr. Caplo\v has cssentinlly ans\verctl his own 
question. 

! 07 
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Primary Structure Studies on Human Carbonic Anhydrast. 
B and Its Active Site' 

B. ANDERSSON, P. 0. NYMAN, AND L. STRID 

University of Ciiteborg and Chalmers Institute of Techdo@, Sweden 

The amino acid sequence of human erythrocyte carbonic anbydrsse B has been investigated. 
The protein, which consists of a single polypeptide chain of approximately 260 amino acid rea- 
idues, has been split with cyanogen bromide and by tryptic hydrolysis of arginyl peptide bonds 
after blocking of the lysine side chains by acetamidination. Fragments that together account for 
the complete sequence of the protein have been purified, and an arrangement of theee fragments 
in order has been suggested. Sequence studies of the fragments have been carried out, and a t  
present about one-third of the total sequence of the protein has been determined. 

In  parallel, studies have been carried out with the enryme chemically modified with active- 
sibdirected magenta. Bromoacetate and N-chlonrcetylchlorothiazide have previously been 
shown to inactivate the enayme with a concomitant formation of one equivalent of 3' derivatives 
of histidine. Studies of modified enzyme ahow that the two reagents react specifically with different 
histidines, which implies the presence of two histidine side chains in the active center region of 
human carbonic anhydrase B. 

An understanding of the mechanisms of enzyme 
action is a central problem in biochemistry with 
implications that extend to other aspects of 
biological phenomena. In principle, such studies 
consist of considerations of t)he kinetic properties 
of the enzymic reaction in relation to the struc- 
tures of enzymes and substrates. The progress in 
this field, aa in many other fields of biochemistry, 
is often limited by an incomp1et.e knowledge oi 
the structure of the macromolecule involvcd. 
Developments during the last decade have shown 
that a detailed elucidation of enzyme structures 
can, in fact, be achieved, and for a few enzymes, 
it has been possible to bring the discussion of 
niechanism to the lcwl of organic or inorganic 
chemistry. The detailed structure of an enzyme 
can be derived by combining the threedimen- 
sional elect ron-density distribution obtained hy 

* The investigation has been supported by granta from 
'he Swedish Natural Science Research Council, the Inpir- 
tute of General Medical Sciences, U.S. Public H:dlth 
Service (GM 12280-03), and the Agricultural Research 
Service, U.S. Deprxtment of .4griculture (FG-Sw-107). 

X-ray diffraction with knowledge of the amino 
acid sequence determination by chemical methods. 
In the case of carbonic anhydrase, X-ray studies 
are successfully progressing with form C of the 
human enzynie and studies of the iiuniaii B 
form have been started recently (Liljas, Kannan, 
Bergsten, Fridborg, Jarup, Liivgren, Paradies, 
Strandberg, had Waara, 1968). There is, however, 
insufficient knowledge of the amino acid sequences 
of these carbonic anhydrases. 

The present paper contributes to the knowledge 
of the amino acid sequence of human carbonic an- 
hydrase B and applies the results to enzymes 
chemically modified 3-1 the active-site region. It 
can he regarded as a progress report of a deter- 
mination of t,he complete sequence of the enzyme 
which, besides providing data useful for the inter- 
pretation of X-ray result.s, should give a reference 
matrix for characterization of mutant forms of the 
enzyme and for studies of reactivity of individual 
amino acid side chains by chemical modification. 

H u m n  carbonic anhydrase B, similar to the 
bovi.,, mzyme and the human C form, consists 



of a sinklc ub - peptide chain of approxi ' lely 
260 residues. The protein is devoid of disulfide 
bridges, out contains one sulfhydryl group. Our 
investigation is carried out in the conventional 
nunner by splitting the polypeptide chain into 
fragments that are investigated separately. We 
felt it desirable to get a low number of fragments 
h n i  the initial degradations of the polypeptide 
chain as that would make it easier to establish a 
general survey of the sequence at an early stage in 
the investigation and to avoid the overlooking of 
peptides. This dictated the choice of methods for 
clea\*age. 

The fiw method tried for fragmentation was 
the cleavage of methionyl tronds with cyanogen 
bromide. Hunlan carbonic anhydrase B contains 
two methionine residues, and it turned old that a 
carboxyl-temiinal fragment of 19 residues could 
easily be purified from the reaction mixture. 
Table I shows :he amino acid sequence of this 
fragment and the corresponding sequences for 
human enxyme C anci the bovine enzyme that 
were derive:! in the same way (Xyman, Strid, and 
Westermark, 196S). -1 conipaison of the se- 
quences show consirierab!e siinilarit ies bet ween 
the proteins, which would suggest that sequence 
m l t s  obtained for one form of ca-bonic anhy- 
drase would facilitate the studies ef other forms 
of the enzyme. ThP dam in table I conform 
rxrrllently wit., the idea that polymorphism in 
the human carbonic anhydr-e has arism by a 
process of gene duplication followved by divergent 
evolution of the two genes (Tashian, Shreffler, 
and Shaw, 1968: Synian ct ai., 1%). 

The t-wnd method used for the fragmentaticn 
of the polypeptide chain of human carbonic 
anhydrase B was tryptic hydrolysis of arghyl 
peptide bonds. The lysine side chains were blocked 
by acetamidination. The experinLenta1 cocditiors 
r-*-d for the acetamidination reaction and the 
tryptic hydrolysis of acetamidinated protein are 
described in Andemn,  Gothe, N h n ,  Ny- 
man, and Strid (1968). Table I shows that the 
carboxyl-terminal region of human carbonic 
anhydraw B is rich in arginine. In fact, three of 

-Pauly reaction 
----Ninhydrin reoction 

i 
- t  

Smr.-Tht. I..' bits have iwri numb -ed from thz 
rarho-iyl-terminal >*.I. and the starting point for human 
Pnaynie W h w  Iwen coiAdered as 19 idue no. 2. Conrurd- 

nnrr hetween th. .hree sequenres i s  indirsted by dashed 
lines. The experimental details of thew seql;enm are 
given elwwh*re by Symm et si. (1968). 
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the seven residues of the whole molecule are 
located within the carboxyl-terminal cyanogen- 
bromide fragment and, consequently, one would 
expect. to obtain the rest of the molecule in tire 
form of large fragments. 

The fractionation of a tryptic digest of acet- 
amidinated human carbonic anhydrase B is shown 
in figure 1. Fraction number VI in this chromsto- 
g m n  contains the two tripeptides Thr-Val-Arg 
and Ah-Ser-Phe from the carboxyl-terminal 
region (table I). Fractions I, 111, IV, and V were 
rechromatographed in various ways (B. Anders- 
tan, P. 0. Nyman, and L. Strid; to be published) 
which led to the purification of the peptides listed 
in table 11. These peptides were warded as pure 
because they appeared as homogeneous in chroma- 
tography under various conditions. For instance, 
acetamidyl group on the lysine side chains -re 
removed, and the peptides were r e d  with 

maleic anhydride as described by Butler, Harris, 
Hartley, and Leberman (1967). This reaction 
b k g s  about an acylation of the amino group 
t l i s i  reverses the charge on the lysine side chains, 
often with a concomitant change in the solubility 
properties of the peptide and its tendency to  
aggregate. The maleylated peptides were run on 
DEAEsephadex in the presence of 8 M urea 
(Konigsberg, Weber, Kotani, and Zinder, 1966). 
The appearances of a symmetric peak and an 
amino acid cornpition remaining unchanged 
during this procedure were taken as criteria of 
punty. 

The next to  the last colum~ in table I1 shows the 
sum of the compositions of peptides I, 111, IV, V, 
and the two tripeptides in fraction VI. The values 
obtained are in good agreement s i t h  the amino 
acid composition of the whole enzyme molecule 
(given in the last column of table 11), which 

TABLE II.-Amino Acid Composdion of Peptides From !Owtic Digest of Aatcnnidindcd Hul~m Cadonk 
Anh&meB8 

I 

Peptide 
Amino acid 

1 .oo 
1 .Ol  
.99 

1.74 
3.06 
5.18 
9.09 
5.34 
5.98 
1.19 
1.92 
2.14 

2.88 
6.M 
1.98 
3.86 

.70 

P tide 
"PI 

10.61 
5.90 
1.89 
2.14 
7.92 
3.35 

10.33 
8.78 
2.34 
9.29 

11.86 
8.13 
1-02 
2.16 
9.15 
2.97 
4.00 

- - - - _ _ _  

101 

Pe tide 
PV 

Peptide 
V 

5.70 
3.02 

-99 
2.05 

15.& 
3.96 
7.87 
5.91 
5.84 
4.03 
4.12 
4.09 

b5.00 
2.22 
?.W 
2.09 

- - - - - - - - 

- - - - _ - - -  
-- 

76 27 
I I ' -  

?E- 
ensyme 

18 
11 
7 
6 

31 
14 
30 
24 
18 
16 
19 
17 
2 

10 
20 
8 

11 
1 

~ 

263 

rolysates, 
le of DCD- 

bo~yl-termi~l  end (see table 111). Tho amino acid compo- 
sition for the whole enwme molecule Qven in the last 

tide. %e numars of the peptides d& to the peaks in the 
chmmatqyam in figure 1 from which they have been de- 
i-.d by rechromatograpby. Fraction VI represents 2 

tripeptides comprising the first 6 residues fmm the car- 

column is that detennin&l by Nymrrn SndLindskog (1964). 
b 70 hours of hydrolysis gave 3.98 residua, of isoleucine, 

but aequence studiee on &ptide IV suggest the presence 
of five residuee. 



implies t b t  the whole sequence of the enayme 
can be accounted for in terms of the peptides 
listed in table 11. 

Sequence studies have k e a  carried out with 
some of the peptides ip table I1 and the results 
are given in table 111. Peptide V, which contains 
one of the two methionine reaidues of the whole 
protein, has been shown to bridge the carboxyl- 
terminal cyanogen-bromide fragment and the 
rest of the ensyme molecule (Andersson et d., 
1968). Peptide IV has been subjected to tryptic 
and chymotryptic hydrolysis after deblocking 
the lysine side chains. From the digests, peptides 
have been obtained with amino acid compitions 
identical with those qf peptides described by 
Laurent, Marriq, G w n ,  Luccioni, and Derrien 
(1967) in their determination of the amino- 

terminal sequence of human carbonic anhydrase 
B. This finding implies that peptide IV represents 
the amino-ternlinal portion of the ensyme. The 
two fragments that then remain to be ordered, 
namely peptides I and 111, should originate from 
the interior of the polypeptide chain of the 
ensyme. Certain evidence, although not con- 
clusive, has been obtained concerning the order 
of these two peptides. From p k  I1 in the chroma- 
togram in fisure 1, a fraction has been obtained 
with an amino acid corn+tion rather cloeely 
corresponding to  the sum of peptides I11 and IV. 
This may be ascribed to an incomplete tryptic 
hydrolysis of the arginyl bond at the carboxyl- 
terminal end of peptide 1V and would imply that 
pept-ide I11 comes next to the aminderminai 
peptide IV. Tab!e I11 is an attempt to show the 

TABLE 111.-A Tentative Suroty of the Present Knowkdge of the Amino A d  Sequens of 
Human Carbonic Anhydrase B 

Peptide IV 
!q 

A ~ t y l - A l a s e r - P r o - A l y - ~ r - ~ ~ L ~  . ~ I y ~ l n - ~ l u - n p s e r - L y s I ( L ~ , H i e , A s ,  

Peptide IV--cOatinued 

1 5 10 15 

I 

60 55 50 45 u) 35 
P r P r o - L e u - T ~ r - G I u S e r - V a l - T h r - T ~ I i ~ I ~ ( C y s , L ~ , ~ r , C l u ~ I l ~ ~ r - V a l - ( ~ l x , ~ r , ~ r , G  1x)-Leu-Ala-Cln-Phe-Arg- 

Peptide V 
I c--- 4 

30 2.5 !m 15 10 
Ser-Leu-Leu-Ser-Asn-Val-Clu-AspAsn-Cly-Ala-Val-P~Met-Glx-Hi~Am- bArg-Prc+Thr-Cln-PrLeu-Lys-Gly-Arg- 

Fraction VI 

5 
Thr-Val-Arg- 

Nm.-The acetylated amino-terminal end of the pro- 
tein is shown to the left in the upper part of the table, and 
the carboxyl-terminal end to the right in the lower part. 
The residues have been numbered from both ends of the 
polypeptide chain. The sequence given for the fust 18 resi- 
d u e  from the nmino-terminal end is that determined by 
Laurent e t  al. (1967) ; the carboxyl-terminal sequence up to 
residue no. 34 is described by Nyman et  al. (1968) acd 
Andcrmwn et al. (1968). The peptides indicated are those 

2 
bAls-Ser-PheOH 

derived by tryptic hydrolysis of acetamidinated enzyme, 
and their mnngement in order is suggested by experimental 
evidence mentioned in the text. The residue preferentially 
modified in the in-everaible inactivation of the eniyme 
with bmmoacetate is the histidine belonging to peptide I 
(residue no. 62 from the carboxyl-terminal end). The 
histidine reacting with N-chloroacetylchlomthhzide is 
located in the region from residue no8. 65 to 76 from the 
amino-terminal end. 
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present status of the primary structure siudies 
on human carbonic :-.>*idrase B. 

.&gation described above 
have been applied tc enzyme chemically modi- 
fied in the activegite region with bromacetate 
and K+hloroacetylchlorothiazide (Le., 6chloro- 
7-chloroacetylsulfamoyl- 1,2,4-bensothiadiazine 
1,ldioxide (6g. 2)). Both of these reagents act BS: 

reversible inhibitors of the enzyme, and prolonged 
incubation leads to an irreversible loss of enzymic 
activity with a concomitant formation of oue 
equivalent of modified histidine (Whitney, FiiisCh, 
Nynan, and JIalmstriirn, 1957; Whitney, Nyman, 
and .\Ialmstriim? 1967). Amino acid analysis after 
acid hydrolysis of modified enzyme shows the 
presence of 3'carboxymethyl histidine f% both 
reagellts; apparently the chlorotbiazide moiety of 
the sulfonamide reagent is split off in the acid 
hydrolysis. 

Studies of peptides from bromoacetylated 
enzyme s h c d  that bromoaetate reacts with a 
pronounced specificity with a histidine residue 
belonging to peptide 1. Fmm a modified enzyme 
containing 0.8-0.3 equivalents of niodified histi- 
dine, peptide I was obtained with a 3'-c&oxy- 
methyl histidine content of 0.87 residues. The 
contents in the other peptides wre <O.W residues. 
Peptide I contains only a single Midine and the 
modificatioii reaction could be ascribed to residue 
no. 62 from the carboxyl-terminal el;d (see table 
111). This result is in agreement with the finding 
of Bradbun and Edsall (1968). who showed that 
the main reaction taking phce during the irrevers- 
ible inactivation of humzn earbocic anhydrase B 
with iodoametate is the formation nf a 3'-derivative 
of 3 histidine belonging to the sequenre Thr-Hm 
Pro-pro-Leu. 

With rm enzyme inactiv,lted with S-~hloro- 
acet ylchlomthiszide (contakiing 0.8-0.9 equiva- 
leets of modified histidine), 0.83 equivalents of 
nmiified histidine weR: :om2 in peptide: IV: the 
contents in the other peptides were <0.05 mi- 
dues. Peptide Tv contains, in total, three histidine 
miduw. Ei.quecCx! studies showed that the modi- 
fiable histidine is located not far from the w b x y l -  
teminal end of peptide IV, and with the present 
knowledge it crn be wribed to the sequence 
rpgion fmm residue n-. 63 to 76 from the amino- 
terminal end cf the enzyme (see table 111). 
As discused by other rontributom to rhis sym- 

The methods of y: 
I il H 

0 
I1 /\pq NH-C-CY-C I 

I 
. .  FIGURE 2 . - h W W v -  e. 

posium, the ainc ion is an important element 
in the active site of carbonic anhydrase, perhaps 
due to a direct involvement in the catalytic 
reaction. Aromatic sulfonamides and monovalent 
anions inhibit the enzyme by binding close to the 
metal ion as shown by X-ray crystallography of the 
sulfonamide and iodide complexes of human 
enzyme C (Liljas et al., 1968) and by spectro- 
scopic studies of the cobalt (11) derivative of 
carbonic anhydrase (Lindskog, 1966). Evidence 
has been obtained (Whitney, Nyman, and 
Mahstrijm, 1967) which strongly suggests that 
the modifications with bromoacetate and N- 
chloroacetylchlorothzide take place by an 
initial reversibio binding at the ordinary in- 
hibitor site followed by the formation of a covalent 
bond at or near the place of reversible binding. 
The finding that ditlerent histidines are labeled 
with these two reagents would, therefore, imply 
the presence of two histidine side chains in the 
active-site region of hriman carbonic anhydrase B. 
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Investigations of the Structure of Human 

9 
Carbonic Anhydrases 
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Laborotoire de Chimie Bidogigue, M d e  

and Bovine 

N ? O -  2 3  3 0 3  

The N-terminal amino add of human C(HCAC) and bovine B(BCAB) carbonic anhydrasea 
was identified as N-acetyl-senne. An identical N-terminal hexapeptide, N-acetyl-Ala-Ser-Pro- 
AapTrp-Gly, has been isolated from the A and B human ensymes (HCAA and HCAB). 

Autalie treatment of HCAB in suitable conditions is followed by important modifications 
of the ultraviolet spectrum and a splittinp into multiple electrophoretically ditrerent components; 
the h t  of these to be formed is probably identical to HCAA. Similar results have been obtained 
with BCAB. Ultranolet spectrum modifications are reversible, whereas the splitting into multiple 
conformers is not reversible by neutralization. Of the A and B forms of HCA and BCA, only the 
B form is probably physiologically significant. 

We shall summarize some data recently estab- 
lished in our laboratory’ on the N-terminus of 
human and bovine carbonic anhydrases (EC 
4.2.1.1) and on the multiple molecular forms of 
the B enzymes from both origins. 

STUDIES ON THE N-TERMINUS OF 
HUMAN AND BOVINE CARBONIC 

ANHYDRASES 

The absence of a free-amino-terminal residue 
in human carbonic anhydrases was demonstrated 
in the B and C forms by Rickli, Ghazanfar, 
Gibbons, and Edsall(1964) and in the A form by 
our complementary investigations (Mamq, Gi- 
gnoux, and Laurent, 1965). We reported later 
(Tm-nt, Marriq, Garpn, Luccioni, and Demen, 
1967bj tnat the estimation of the acetyl content 
of the B and C forms of the human enzyme 
according to Phillips (1963) yielded one N-acetyl 
group per mole of either protein, and that the B 
form is acetylated at its N-terminus. Thus, it 
seemed of interest to extend the investigations to 
the A and C human eneymes and to the A and 
B forms of bovine carbonic anhydrase. 

Sanger’s bechnique has been applied to  the A 

* With the collaboration of M. Chs.rel snd C. Msrriq 
and the technical assistance of D. Gignoux. 

and B bovine isoenzymes that were highly purified 
from the ethsnol-chloroform extract of the hemol- 
ysate by chmatography on Amberlite CGW, 
which Luccioni (1966) described. No N-terminal 
amino acid could be detected with fkorodinitro- 
benzene in either enzyme even under conditions 
where uncoiling of the molecule by action of the 
sodium dodecylsulfate might be expected. Acetyl 
groups have bem estimated by the method of 
Phillips, as in our previous work (Laurent et al., 
1967b). 

After 17 hours hydrazinolysis at 100 C, 0.85 
mole of DNP-acetylhydrazide per mole of BCAB 
and 0.93 mole per mole of BCAA n e  formed. 
After 1 hour hydrazinolysis at 20 C, the amount 
of DNP-acetylhydrazide is lower than 0.1 mole 
per mole of protein. This amount implies that no 
O-acetyl group is present in BCAA and BCAB, 
and that the isoenzymes contain one N-acetyl 
group per molecule, as previously demonstrated for 
the B and C forms of human carbonic anhydrase. 

These results strongly suggest that the N-termi- 
nal amino acid of the several forms of the h u m n  
and bovine enzymes is blocked by an acetyl 
group. Such a situation was demonstrated for 
HCAB (Laurent et ai., 1967b) by studying a 
N-acetyl hexapeptide isolated by Narita’s (1958) 
procedure from a peptic digest of this protein. 
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TABLE L - N - T m i d  End of tire Humn and Bovine Carbonic Anhdrases 

1 2 3 4 5 6  
HCAB N-Acetyl-Ala-Ser-FTo-AspTrpGly-Tyr-AspAspLye 

. . . . Lye-Ser-TrpGlu-Pro-iln-Gly-~n 
I 

HCAA N-Acetyl-Alrr-Ser-PrAspTrp-Gly . . . . 
HCAC N-Acetyl-&r . . . . 
BCAB N-Acetyl-Ser . . . . 

Therefore we tried to isolate, in a similar way, 
an acetylpeptide from HCAC, BCAB, and HCAA. 

Highly homogeneous HCAC (I,aurent, Charrel, 
Luccioni, Autran, and Derrien, 1965) and BCAB 
preparations (Luccioni, 1966) have been digested 
with pepsin, chymotrypsin, and pronase under 
various experimental conditions. By screening 
these digests through Dowex-50 X-2 (H+) col- 
umns, acetylated material was found only in the 
pronasic digests, obtained at pH 8.0 with an 
enzyme/substrate ratio of 10 percent;* 0.4 mole 
acetylhydrazide per mole of hydrolyzed proteins 
was found. The constituents of these filtrates, 
which also contain pyrrolidone carboxylic acid 
and pyroglutamic peptides, are separated into 
four fractions by chromatography on Dowex-2 
X-8 (H+) columns, using an HC1 linear gradient 
as eluant. The second eluted fraction contains 
the whole acetylated material. When submitted 
to paper chromatopphy in n-butanol-acetic 
acid-water (4: 1: 5 v/v) followed by high-voltage 
electrophoresis at pH 6.5 in the second dimension, 
this fraction splits into six components. After 
elution from their spots and purification by 
rechromatography, the presence of an acetyl 
group in a single one of these, containing serine 
in nearly equimolecular amount as unique amino 
acid, has been establshed by Akabori’s technique 
(Akabori, Ohno, and Narita, 1952) as modified 
by Narita (1958). Identification of ILacetyl- 
serine hay been confirmed by paper chromatog- 
raphy and electrophoresis by reference to a pure 
synthetic marker. Using Phillips’ technique, we 
ebtablished that, in both native proteins, h e  
bond betweon the acetyl group and ;in amino 
acid residue is ..n amidic one: no O-+N-acetyl 

*Using blanks as cnrlt: sle, we found that, unuer these 
conditions, no acetylated rn d d  is freed by the prnuaee 
iteelf. 

transfer during the analytical procedure can be 
t,aken into consideration. Thus the failure of 
FDNB to detect an N-terminal amino acid and 
the presence of one N-acetyl-eerine residue 
strongly suggest that N-acetylerine is the N-ter- 
mind residue of both RCAB and HCAC. Only 
40 percent of the N-acetyl group of BCAB and 
HCAC is recovered by screening their pronasic 
digest on Dowex-50 X-2 (H+); and Since no acetyl 
peptide is detected in the same way in the other 
endopeptirbic digests tested, it may be that a 
basic amino acid residue is bound to the N-acetyl- 
serine. We failed to characterize lysine in such a 
position by the study of succinylated BCAB and 
HCAC; no acetylpeptide could be obtained from 
various endopeptidasic digests of these succinyl- 
ated proteins. Thus, arginine or histidine can 
eventually be the second residue of the N-acetyl- 
terminal sequence in bot,h proteins. 

The N-acetyl hexapeptide previously isolated 
(Laurent et al., 1967b) from a peptic digest of 
HCAB (.id4 supra) by Narita’s procedure waa 
identified as N-acetyl-Ala-Ser-Pro-Asp-Trp-Gly . 
The same N-acetyl hexapeptide has recently 
been isolated by applying identical methods to 
nearly homogeneous HCAA preparations. Thus 
lJCAA and HCAB contain an identical hexa- 
peptidic N-acetylated end chain, as shown in 
table I. 

N-acetylalanine is the N-terminal residue of 
the low-specific-activity human A and B iso- 
enzymes and N-acetyl-serine, the N-terminal 
residue of the high-specific-activity enzymes 
HCAC and BCAR. The identity of the N-termi- 
nal residue of the two last enzymes can be con- 
nected with the results of Nyman, Strid, and 
Westcrmark (1?66), showing that the C-terminal 
sequences are more similar in HCAC and BCAB 
than in the human B and C forins. 

Our results suggest t‘-.at acetylation a t  the 
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I I . . -  

pH 12.7 30mn 

pH 12.7 6 0 m n  

.._.. 

pH 13.0 3 Q m n  

pH13.0 6 0 m n  

0 ‘b3 
I 

t ;  c 0 
FIQURE 2.4ellulose amide eledrophorm~ patimur. From 

hp to bohn,  humun cadmu anhpdm B cruoacad to 
remain for 50 or 60 minutes at pH lb.: or 13.0. -4t the 
lower part of each strip is nditw enzynu B ab r e f e r w ;  
sodium barbiiurate buffer 0.096 M, pH 8.6. 

phoretically different, constituents: unmodified 
HCAB and two components of increasing mo- 
bility, bl and b*. After 60 minutes, only 12 percent 
of the enzyme remained in solution when neu- 
traiized; a fourth compment, bl, appeared, and 
bl replaced bI as the major form; only traces of 
HCAB were present. The analogy of these results 
and of the behavior of the enzyme on acrylamide 
electrophoresis can be interpreted as the action 
of a high pH gradient in the gel being largely 
responsible for the observed heterogeneity. 

Spectrophotometric study of the alkaline 
medium and of the neutralized supernatant 
separated by centrifugation and dialysis has also 
bcsn performed cn appropriate dilutions of the 
protein (about 0.05 percent). Figure 3 shows that 

I I . I . 1 . , . L  

mP 
240  260 200 300 320 34 

F1~~~~3.--UUtaoidct  abmptitm spcdto of humun m- 
bonk r&vdme B at pH 7.0 (did line), pH ld.7 (dah 
line). and pH 18.0 (dotdash line); ? M n  anrenrtmtion, 
4.65 g per 100 d; tmpcrdure -26 C. In add-, 
t?pedra of ahline di#erem (AD) at pH 19.7 (&6h linC) 
and pH 13.0 (doMash line) is r e d  agaid the same 
protein Sdution at pH 7.0. 

the ultraviolet spectrum of the native preparation 
of HCAB is modified when the pH is increased 
from pH 11.0 to  13.0. These modifications result 
in increased absorbency at 245 and 295 milli- 
microns, which is visible on the difference spectra. 
On the other hand, after nciltralization and 
dialysis of the medium, a reversion of the modi- 
fication of the spectrum is observed. These 
findings are in agreement with the more extended 
observations publiihed by Riddiford, Stellwagen, 
Mehta, and Edsall (1965). I t  is remarkable that 
such a reversion does not take place with a 
renaturation of the protein. In  fact, the multiple 
forms originating from the native enzyme at  pH 
13.0 are stable, and ultracentrifugation shows that 
they do not correspond to different degrees of 
aggregation of HCAB. 

The idat ion of bl by chromatography on 
Aniberlite CG-50 (hurent, Charrel, G-n, 
Castay, Marriq, and Derrien, 1964a) enabled us 
to establish: (1) that the transformation B+h is 
accompanied neither by a modification of zinc 
content, enqme activity, or amino acid composi- 
tion nor by changes in fingerprints after &@ion 
by trypsin; (2) that the enzyme of the form h 
can he dserentiated from HCAA neither by 
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EtP 

A pH 13.0 30mn 
I 

8 pH 13.0 3 0 m n  f 
t 

I 
i 'B 

FZQURE~.--C~UUZUS~ ace& eleelrophoreah pdema of 
natioe and alkalktreated h u m  carbonic anhydraaes A 
and B: Upper and h e r :  semipurified human carbonic 
anhydrase B. Middle: enzymes A and B trealed for 30 
minutes d v H  13.0. 

its velocity of electrophoretic migration nor by 
its elution from Amberlite C G M .  Thus, by 
considering HCAA and HCAB as identical in 
their primary structure, we can also consider bl 
and HCAA to be identical. If this hypothesis is 
true, one could expect that HCAA and HCAB 
would give the same multiple molecular forms at 
pH 13.0, the difference of net chargc between 
HCAA and HCAB beicg due to a modificat,ion 
of the tridimensional structure only. Figure 4 
shows that after 30 minutes at pH 13.0 and 
neutralization, the dialyzed supernatant of HCAA 
contains three component8 with the same re lahe  
migration velocity as bl, bl, and b,. Recent 
work of J. Reynaud in our laboratory established 
a number of comparative hydrodynamic data on 
HCAA and HCAB. The two enzymes have the 
same molecular weight, but show differences in 
molecular shape. The molecule of HCAB is prac- 
tically spherical (Reynaud, Raiet ta ,  Savary, and 
Derrien, 1963; Reynaud, ?&vary, and Derrien, 
1965), whereas that of HCAA is ellipsoidal with 
an : *&io of 2.9. 

I .elusion, a vorking hypothesis drawn 
f? .  .L our studies can bo given: conformational 
modifications of HCAB without change in primary 
structure may involve aa the initial step its trans- 
formation into HCAA rn the first conformer of 
HCAB, in t,erms of the meaning given to this 
word by Kitto, Wnssannan, and Kaplan (1966). 
Duff and Coleman (1966) expressed similar view8 

on the multiple forms of isoenzymes B and C of 
carbonic anhydrase of Macaea rnd&t& separated 
by gel electrophoresis in an 8 M urea buffer of 
pH 4.5. It would be important to verify this 
hypothesis by biochemical, hydrodynamic, and 
enzymatic compamtive results on the b,, b, and 
ba forms of HCAB. It must be pointed out that 
Luccioni (1966) established in our laboratory 
that BCAB shows a heterogeneity analogous to 
that of HCAB by acrylamide gel electrophoresis 
or by cellulose acetate electrophoresis after 2, 30, 
and 60 minutes a t  pH 10.0.' The first form, 
appearing within 2 minutes, has the same relative 
migration velocity on cellulose acetate and on 
paper as BCAA; the variability of proportions of 
BCAB and BCAA in chloroform ethanol extract 
and the absence of BCAA in the hemolysates 
have been pointed out by Lindskog (1960). 

Such observations suggest that, of the A and 
B forrra ot human and bovine carbonic anhv- 
drases, only the B form is physiologically sign& 
cant. Rescarch on the A and other conformers 
deriving successively from it would, however, 
eventually clarify the relationships existing be- 
tween the activity and the tridimensional struc- 
ture of the carbonic anhydrase. 
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Primary Structure Studies on Human Carbonic 
- Anhydrase C' - . _  

7.0.- 3 ; i o i  
LOUIS E. HENDERSON 

Hamrd Uniwrsity, Chalnzers TBclrnieal Insthie, and University of Gvre6org 

Two approaches have been used to obtain information relating to the primary structure of 
human carbonic anhydrase C. Peptides have been isolated from a tryptic digest of t.he whole 
protein. This: straightforward approach did not yield a complete set of tryptic peptides. 

The Imine eamino groups of t.he protein were blocked with maleic anhydride and the protein 
digested with trypsin. Five large peptide fragments were isolated. After removal of the blocking 
agent, the isolated fragments were redigested with trypsin. The tryptic peptides derived from 
some of these large fragments have been isolated. These peptides, together with the tryptic 
peptides obtained from the first approach, comprise a nearly complete set of tryptic peptides 
from human carbonic anhydrase C. 

The a n ~ o  acid composition of the tryptic peptides is presented. The grouping'of the tryptic 
peptides in the Iarge fragments and a knowledge of the N- and C-terminal regions of the molecule 
permit the construction of an overall sketeh of the amino acid sequence of human carbonic 
anhydrase C. 

Human erythr0cyt.e carbonic anhydrases B and 
G catalyze the reversible hydration of CO,. 
Human carbonic anhydrase C has the greater 
specific activity but it is present in lesser amounts; 
thus, they contribute about equally to the total 
catalytic activity of the cell. Each enzyme is 
composed of a single poiypeptide chain of about 
265 amino acids and 1 atom of zinc (Rickli, 
Ghazanfar, Gibbons, and Edsall, 1964; Nyman 
and Lindskog, 1964). The amino acid sequence 

'The paper presented by Dr. Henderson at the Baver- 
ford conference gave only a very preliminary report of the 
status of his work on carbonic anhydrase C. Some of tho 
data reported eariier have since been found to require 
revision and the scope of the work has been greatly ex- 
tended in subsequent months. 

These recent advances make it possible to give a more 
adequate account of the structural work on carbonic an- 
hydrase C which provides a better basis of comparison 
with the work on carbonic anhydrase B as reported in a 
preceding paper by Andersson, Nyman, and Strid. 

In view of these facts, the editors asked Dr. Henderson 
to prepare a new version of his paper reporting the status 
of his work as of March 1969. This revised manuscript 
was received 011 March 10, 1969. 

of carbonic anhydrase B is under study and has 
been reported by Nyman a t  this sjmposium 
(Andersson, Nyman, and Strid, 1969). The 
amino acid sequence of humail erythrocyte 
carbonic anhydrase C is the subject of this report. 

Human carbonic anhydrase C contains one 
residue of methionine located 20 residues from the 
C-terminal end of the molecule. Nyman and co- 
workers have cleaved the polypeptide chain at 
the methionine with cyanogen bromide, have 
isolated the 19 amino acid C-terminal peptide, and 
determined i h  amino acid sequence (Nyman, 
Strid, and Westermark, 1968). G. Laurent and 
coworkers have determined that tthe N-terminal 
amino acid of the enzyme is N-acetyl serine 
(Marriq, Lucrioni, and Laurent, 1965; Laurent, 
Marriq, Garqon, Luccioni, and Derrien, 1967). 
I would like to be able to report the sequence of 
the remaining 244 amino acids, but the work 
is not yet complete. Therefore, this communica- 
tion will be in the nature of R progress report on 
the current state of the amino acid sequence work 
on human carbonic anhydrase C. 
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The protein contains 25 residues of lysine and 7 
residues of arginine, giving ib total of 32 po- 
tential sites for attack by trypsin. However, the 
native enzyme is resistant to trypsin, and many 
denatured forms of the protein are only partly 
accmible to attack by trypsin. It is possible, 
however, to obtain an adequate digest by first 
denaturing the enzyme in 8 M urea and then 
diluting to 4 M urea with an ammonium bicar- 
bomte buffer containing the trypsin. After 30 
minutes, a second volume of buffer containing 
more trypsin is added and the digestion is allowed 
to continue for 8 hours at mom temperature. 
It is sometimes necessary to  lyophilize the mixture 
and repeat the process. The final trypsin-to- 
protein ratio is not more than 1:50 on a mole 
basis. This procedure results in cleavage of about 
80 percent of the lysine bonds and 100 percent 
of the arginine bonds. The urea can be removed 
from the peptides by gel filtration. If a sufficiently 
long column is used, an initial separation of the 
peptides is also obtained. The peptides separate 
on the column according to their molecular weight 
and amino acid composition. Peptides containing 
tryptophan are retarded to a greater extent than 
one would expect from a simple consideration of 
their molecular weight. 

A mixture of the tryptic peptides of human 
carbonic anhydrase C has been separated into 
eight distinct fractions on a column (2 by 200 
cm) of Sephadex G 2 5  eluted mit.h 0.2 M 
NNaHCOa. The peptide fractions obtained by 
this procedure have been separated into their 
major component peptides either by ion-exchange 
chromatography on Dowex-50 X 4  or by paper 
electrophoresis using a tank-type, high-voltage 
electrophoresis system. The electrophoresis system 
is faster and easier to use and is now being used 
exclusively. 

The above approach to the sequence of human 
carbonic anhydrase C has been used successfully 
to obtain a number of the tryptic peptides, but 
it has not yet produced a complete set of tryptic 
peptides. The missing peptides may yet be found 
in unresolved peptide mixtures but, a t  present, 
it seems possible that some peptides may be 
lost during the initial separation on the gel 
filtration column. Aggregating peptides may 
spread over a large volume in the column and be 
present in oiily trace amounts in each frac'bn. 

Such peptides would be very difficult to detect 
by the methods currently in use. Because of this 
inherent danger, a second approach to the problem 
has been attempted with very promising initial 
results. 

The protein was allowed to react with maleic 
anhydride in the presence of 8 M urea. In  this 
procedure the eamino groups are modified such 
that lysine is no longer a suitable point of attack 
for trypsin (Butler, Harris, Hartley, and Leber- 
man, 1967). Trypsin-catalyzed hydrolysis of the 
modified protein takes place only at the carboxyl 
bond of the arginine residues. The modified 
protein was easily digested with trypsin and the 
larger peptide fragments were separated by bel 
filtration on Sephadex G-75. After rechromatog- 
ruphy, the fragments were obtained in greater 
than 80 percent purity. The approximate amino 
acid composition of these fragments is given in 
table I. The total amino acid composition of thrse 
fragments closely approximates the amino acid 
composition of human carbonic anhydrase C. 

The blocking group was removed from the 
lysine t-amino groups (Butler et al., 1967), and 
the fragments were redigested with trypsin. 
The tryptic peptides derived from the fragments 
were separated directly by paper electrophoresis. 
AIthough this work is still in progress, it has 
already provided most of the tryptic peptides 
that were missing in the previous work. The 
amino acid compositions of the tryptic peptides 
that have been isolated by either one or both of 
these two approaches are listed in table I. The 
numbering of the tryptic peptides in table I is 
arbitrary but the postscript letters (-A, -B, etc.) 
indicate that the tryptic peptide is located 
in the fragment denoted by the same letter. 
The total amino acid composition of the tryptic 
peptides closely approximates the amino acid 
composition of human carbonic anhydrase C. 

The amino acid sequence of a few of the tryptic 
peptides has been determined by subtractive 
Edman procedures. The large fragments give 
information concerning the grouping of the tryptic 
peptides. The arrangement of the large fragmenb 
in the whole molecule can be deduced by con- 
sideripg the known C-terminal sequence of human 
carbonic anhydrase C (Nyman et al., 19681 and 
by assuming a degree of homology between this 
enzyme and human carbonic anhydrase B 
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(Andersson et al., 1968). These assumptions per- 
mit the construction of an overall sketch of the 
structure of human carbonic anhydrase C, which 
is shown in table 11. 

garded largely as a working hypothesis. Fragment- 
E can be definitely located si the C-terminal frag- 

ment, but the arrangement of tryptic peptides 21- 
E through %E is unknown. Tryptic peptide 25-E 
can be definitely located, since it contains the 
single methionine residue and overlaps the known 

The sketch presented in table I1 must be re- C-tenninal sequence (Nyman et al., 1968). 
Fragment-B seems to be homologous with the 
N-terminal fragment of human carbonic anhy- 

TABLE I.--Arn&u~ Acid C m + k  oj Human Carbonic Anhgdrase C, Tryptic Peptides, and 
“BCoeke& L.dsine” Fragments 

Peptide no. lLYS IHm Ihi3 



TABLE 11.-A Tentatave Sketch of the Prim% Structure of Human Carbonic Anhgdrase C 
N-AcetylSer(Lys,Gly,Ala,Phe,Trp)-( Ly~,His,Arg,~x~,Ser,GLu?,Pro?,Gly,Ala,IlelLeu) 

(Fragment-A)---- I I--- ( 1 - 4  I 
[ ( Lys, His, Asx,,Ser,Glx,Pr~,Ala,Val~,Il~~,~u) (Thr-Ser-Glu-Thr-Lys) 

FragmentB 
(2-B) I l-(3-W- I 

I 
I 

( Lys,Arg,Asx~,Thr,Sera,Glx,Proz,Glyz,~a,Val,Leu~,Tyr) ( Ala-Val-Leu-Lys) (Lys,Asx~,SerlGlX2,Vsl,Phe) 
(FragrnentB-Continued) 

I- (4-B) I I--+-B)---I I----- (GB) I (Unknown Arg Peptide) ] 

[ ( L y ~ , H i s , , A r g , ~ x ~ , T h r ~ , ~ r ~ , G 1 x ~ , P ~ ~ , G 1 y ~ ~ , A l a ~ , V a 1 ~ ~ 1 1 e ~ , ~ ~ , T y r ~ , P h ~ ~ , T r ~ ~ ~  (Lys,Ser~,G~a,Pro,Valz,Ile~Leu) 
I (Fragment-C) I ---(FragrnenbD)- 

(lS-D)-- I I-- 
( Lys,Asx,Thr~,Ser~,Glx~~Pro2,G1312,Ala,Cys~Val~Ile~~u~,Tyr~Trp) (Unknown Lys Peptide) (PheAcg) ] 

(Fragment-D-Continued) I 
-(19-D) I I-(2O-D)-l 

I 
I-- 

[(L~-s,Hisl,~r,GIy,,Tyr,Trp) (Lys,Hisl,Asx,G~,Pro,Gly~T~) (Lys,Asx,Ser,CLu,Pro,Al~,Ilez,Phe) (Gly-Glu-Arg) 
(Fragment-E) 

(21-E)--] 1- (22-E) -I I ( 2 3 4 )  I I---(24-E)-I 
I 
I----- 

-Lys-Leu-Asx-Ph+( Asx,Gha,Pro,Glyz,Trp) (Leu,Asx,Glx) -Met-Val-Asp-TrpArg 
(FragmentEContinued) 

I ( 2 5 4 )  I 
-Pro-Ala-Gln-Pro-Leu-L~-~n-Arg-Gln-Il~Lys-Ala~r-PheLys] 
-(IhgmentE-Continued) -I 
I- (2643) I I(27-E)I I-(%- )-I I---(%- )-I 

drase B (Anderson et al., 1968). However, the 
fragment from the C enzyme is smaller than the 
corresponding fragment in the B enzyme. The 
homology is greatest when fra,gment-B is located 
penultimate to the N-terminal fragment. Frag- 
ment-A is small enough to fit the requirements 
of the N-terminal fragment of the molecule. 
Moreover, its amino acid composition indicates 
that it may contain the tryptic peptide 1-A which 
is believed to be the N-terminal peptide on the 
basis of its electrophoretic mobility. There is no 
information available a t  this time about the 
arrangement of fragments C and D, except that. 
they must be located somewhere in the middle of 
the polypeptide chain. 

The tryptic peptides derived froni fragments B 
and D are arbitrarily arranged. The amino acid 
compositims of these tryptic peptides do not total 
the amino acid composition of the parent frag- 
ments. Therefore, it is necessary to indicate the 
possible presence of an unidentified peptide in 
these fragments. Fragment4 has not yet been 
digested with trypsin. Presumably most of the 
tryptic peptides 7- through 17- will ultimately 
be found in this fragment. 

This sketch of the molecule is highly tentative, 
but it is extremely useful in continuing the work 
on the amino acid sequence of the molecule. It 
would be very dangerous, at this time, to attempt 
to use this sketch as a basis for speculation about 
the relationship of the structure to the function of 
the molecule. It is equally dangerous to attempt to 
determine the homology between the B and C 
enzymes, because the sketch is constructed 
largely from homology considerations. 

One point concerning the relatioaqhip of struc- 
ture to  function might be considered at  this time. 
The human carbonic anhydrases B and C are 
strikingly different in their reactivities with some 
selective alkylating agents (Andersson et al., 1969; 
Bradbury, 1969; Whitney, Folsch, Nyman, and 
Malmstrom, 1967; Whitney, Nyman, and Malm- 
strom, 1967). The B enzyme is kbeled with these 
reagents by alkylating a specific histidine with the 
concomitant loss of enzymic activity. The actual 
histidine labeled depends upon the nature of the 
alkylating agent. One of the labeled histidine 
residues has been located in a tryptic peptide that 
also contains the single cysteine of the enzyme 
(Andersson et al., 1969). Human carbonic anhy- 
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drase C does not label with these reagents, &,id 
there is no histidine in the tryptic peptide that 
contains the single cysteine of the enzyme. 1,i fact, 
there does not seem to be any histidine in the jarp-cr 
fragment that contains the cysteine !Fragmsnt- 
D). This observation may account for the difFer- 
ences in the reactivity of the two enzymes towaid 
the labeling reagents. There are considerable 
uncertainties about the location of the cysteine 
in both enqmes; therdore, it is imposible at this 
time to draw any further conclusions about this 
point. 

The main body of the information presented 
in this report has been obtained within the last few 
months. The rate of obtaining information has 
greatly increased, and it is reasonable to expect 
that the sequence studies on this enzyme will be 
completed in the near future. When this informa- 
tion is added to the informamtion provided by 
studies on the B enzyme and the X-ray data 
already available ior both enzymes (Fridborg, 
Kannan, Liljas, LundiE , Strandberg, Strandberg, 
Tilander, and Wiren, 1.967; Liljas, Kannan, 
Bergsthn, Fridborg, Jkup,  Ggren, Paradies, 
Strandberg, and Waara, 1968; Liljw and Strand- 
berg, personal communication), i t  should provide 
an intore;ting chapter in the study of tho relation- 
ship hetween the structure and function of 
enzyme proteins. 

NOTE ADDED IN PROOF 

Since the writing of this report the work with 
the “blocked lysine” fragments has continued, and 
the data available at this time suggest that some 
corrections should be made in tables I and 11. 
Fra.gment E has been found to be a mixture of 
two fragments. One fragment contains the tryptic 
peptides %-E, 26-E, and 27-E, and may possibly 
contain 23-E. The other fragment contains the 
tryptic peptides 21-E, 22-43, and 24-E. This sec- 
ond fragment is most probably the N-terminal 
fragment with peptide 21-E being the N-terminal 
tryptic peptide. The position of the previous 
candidate for the N-terminal peptide (fragment 
A) in table I1 is unknown at  this time. 

REFFAFNXS 
ANDERSSON. B., P. 0. NYMAN, AND L. STRID, Primary 

Structure rieo 011 Human Carbonic Anhydrase B 
and Its Ar’ Site. This symposium, 1969. 

BRADBURY, S. L., The Carboxymethylation of Human 
Carbonic Anhydrasc B. I. The Nature of the Reac- 
tion. 11. The A.mino Acid Sequence Around a Reactivr, 
Tliistidinc Residue. J. Biol. Chem., 244: 2002-201ti, 
3969. 

!:tcx.%, P. J. G., J. I. HARRIS, B. S. HARTLEY, AND R. 
LEBERMAN, Reversible Blocking of Peptide Amino 
Groups by Maleic Anhydride. Bwchcm. J., 103: 78P, 
1967. 

FRIDBORQ, K., K. K. KANNAN, A. LILJAS, J. LUNDIN, B. 
STRANDBERQ, R. STRANDBERQ, B. TILANDER, AND G. 
WIREN, Crystal Structure of Human Erythrocyte 
Carbonic Anhydrase C. 111. Molecular Structure of 
the Enzyme and of One Enzyme-Inhibitor Complex a t  
5.5 Resolution. J. Mol. Biol., 25: 505-516, 1967. 

LAURENT, G., c. MARRIQ, D. GARCON, F. LUCCIONI, AND 
Y. DERRIEN, Sur les anhydrases carboniques erythroc 
cytaires humaines. VI. Enchainement N-terminal de 
I’enzyme B. Bull. SOC. Chim. Bibl., 49: 1035-1058, 
1967. 

LIUAS, A., K. K. KANNAN, P. C. BERQSTEP;, K. FRIDBORQ, 
I,. JjiRup, S. LOOREN, H. PARADIES, B. STRANDBERQ, 
AND I. WAARA, X-Ray Diffraction S td ies  on the Struc- 
ture of Carbonic Anhydrase. This symposium, 1968. 

MARRIQ, C., F. LUCCIONI, AND G. LAURENT, Presence de 
radicaux scetyle dans les anhydrases carboniques 
erytbocytaires humaines et  caracterisation d’un peptide 
N-terminal acetyle dans I’enryme B. Bwehim. Biophys. 
A&, 105: 606-608, 1965 

NYMAN, P. O., AND S. LINDSKOQ, Amino Acid Composi- 
tion of Various Forms of Bovine and Human Erythro- 
cyte Carbonic Anhydrase. Biochim. Biophys. Ada,  

NYMAN, P. O., L. STRID, AND G. WESTERMARK, Carboxyl 
Terminal Region of Human and Bovine Erythrocyte 
Carbonic Anhydrases. I. Amino Acid Sequences of 
Terminal Cyanogen Bromide Fragments. European J. 

RICKLI, E. E., S. A. S. GHAZANFAR, B. €3. GIBBONS, AND 
J. T. EDSALL, Carbonic Anhydrases from Human 
Erythrocytes, Preparat.ion and Properties of Two 
Enzymes. J .  Biol. Chm. ,  239: 1065-1078, 1964. 

WHITNEY, P. L., G. FOLSCH, P. 0. NYNAN, AND B. G. 
MALMSTROM, Inhibition of Human Erythrocyte Car- 
bonic Anhydrase B by Chloroacetyl Sulfonamides With 
Labeling of the Active Site. J. Biol. Chem,, 242: 

WHITNEY, P. I,., P. 0. NYMAN, AND B. G. MALMSTROM, 
Inhibition and Chemical Modifications of Human 
Erythrocyte Carbonic Anhydrase B. J. Bwl. Chem., 

85: 141-151, 1964. 

Biochm., 6: 172-189, 1968. 

4206-4211, 1967. 

242: 4212-4220, 1967. 



j%EGED\NG PAGE BLANK NOT FILMED, 

DlSCUSSION 

TASHIAN: The ester substrates which arc 
known to be hydrolyzed by carbonic anhydrase 
now include several naphthol (Tashian, Douglas, 
and Yu, 1964) and phenol (cf. Verpoorte, Mehta, 
and Edsall, 1967) esters and certain cyclic sulfo- 
nates (Lo and Kaiser, 1966); and, as with its 
COa hydrase activity, this esterase activity has 
been demonstrated to be dependent on the single 
firmly bound zinc ion which is characteristic of 
carbonic anhydrase. 

I would like to discuss briefly some preliminary 
findings on a genetically determined electropho- 
retic variant of human red cell carbonic anhydrase 
B(CAB) which is characterized by an unusual 
alteration in esterase activity. The normal and 
variant enzymes were isolated from hemolyzates 
of the same individual, and their esterase and 
hydrase activities were compared. In addition to 
the ester substrates &naphthyl acetate (&NA) 
and p-nitrophenyl acetate (p-NPA) , the esterase 
activib toward 2-hydroxy-5-nitro-a-toluene- 
sulfonic acid sultone was also measured. Under 
our experimental conditions, the relative specific 
esterase activities of normal CAB toward pNPA 
and the benzyl ijultone were about 10 times and 
2000 times the activity toward a-NA, respectively. 
No obvious diflerences in the esterase activity 
toward these three substrates were observed be- 
tween the normal and mutant enzymes. The only 
significant change appears to be in the COZ 
hydrme activity which is reduced to abnut one- 
half that of the normal enzyme. 

The unique feature of the variant carboiiic 
anhydrase, however, is that its specific esterase 
activity toward 0-NA, but not p-NPA or the 
benzyl sulfone, appears to be specifically activated 
by zinc ions. This specificity of metal-ion acti- 
vation was demonstrated by the fact that when 
the esterase activity of the mutant enzyme toward 
B-NA was measured in the presence of five metal 
ions (Znzf, Co2+, Cu2+, Mgz+, and NP+) at a 
concentration of 10-4 M, only zinc showed any 
activating effect on the esterase activity of the 
variant enzyme. These metal ions either inhibited 
or had no effect on the activity or" the normal 
enzyme. 

The substrate specificity of the mutant enzyme 
toward &NA was shown by the fact that increas- 
ing concentrations of zinc activated only the 
esterase activity of the vt5ant enzyme toward 
0-NA, while inhibiting the activity of the normal 
enzyme. At a zinc concentration of lW4 M, the 
esterase activity of the abnormal enzyme toward 
O-NA was about 275 percent above control levels, 
whereas the esterase activities toward p-NPA and 
the benzyl sultone, as well as the COZ hydrase 
activity, were all inhibited by this concentration 
of zinc in both the normal and variant enzymes. 

The apparent values of K, for the normal and 
mutant enzymes with 0-NA as substrate: in both 
the presence and absence of zinc, were estiinatcd 
from Lineweaver-Burk plots to ha ye essentially 
similar values of about 5X l t a  X. 

The zinc content of the v w m t  enzyme and 
its relative degree of binding was tested by 
dialyzing the normal and variant enzymes against 
o-yhenanthroline at pH 6.5. The results indicate 
that only one zinc atom is bound to the abnormal 
enzyme, and it is bound as firmly as is the zinc 
of the normal carbonic anhydrase. 

These findinqs s1tgge:est that the structural 
change brought al;:rit by this mutation does not 
seem to directly involve an alteration at the 
hydrolytic site, but rather that free zinc ions 
somehow specifically alter the binding position of 
0-NA, so that its hydrolysis is enhanced. 

Whencvcr we get an electrophoretic variant of 
carbo& anhydrase, all the minor components 
migrate to the same electrophoretic positions. We 
get electrophoretic variants in carbonic anhydrase 
B, and the minor components B1, Bz, and Ba 
migrate to the same positions relative to that of 
the major component in the mutant as in the 
normal. This reaction suggests that the same 
conformational changes that take place in the 
normal variants have also taken place in the 
mutant form-indicating that the mother mole- 
cule has undergone a conformational change. 

EDSALL: So, presumably, there is only one 
genetic source of information, whether it. is in the 
normal or the mutant, and the different electro- 
phoretic forms arise from that. 
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MAREN: It is still true, Dr. Tashian, that 
you do not see any mutant forms in enzyme C 
at  all? 

TASHIAN: Not in humans, but we have seen 
them in other primate species. 

EDSALL: Could I ask whether anyone has 
crystallized carbonic anhydrase A? It would be 
of interest, in view of the suggested conformational 
difference between A and B, to know whether the 
crystals were distinguishable from each other, even 
without going into any detailed X-ray studies of 
enzyme A. 

MAREN: Have they found any activity in any 
of the fragments? For instance, in the one with 
101 residues? 

NYMAN: The preparation of the fragments 
from human enzyme B starts with a heat denatu- 
ration of the enzyme molecule, and we have not 
tested the purified fragments for enzymic activity. 

LAURENT: The conformation bl has lately 
been isolated by us and has the same amino acid 
composition and activity as the B enzyme. 

EDSALL: Did you say that bz and b3 have 
full activity? As well as bl? 

LAURENT: No. This point is under investi- 
gation. 

TASHIAN: The minor components of carbonic 
anhydrase B in macaque species have a high 
esterase activity, so even when there is little 
proteia, you can see these minor components 
clearly. I have detected up to eight-not only 
the four that move close to the main component, 
but four more beyond that which shift again 
with electrophoretic mutants of these forms. This 
makes a total of 10 minor components of some of 
these carbonic anhydrases. 

MAREN: Has any of this work given you any 
inkling as to the physiological value of carbonic 
anhydrase B, even guessing? 

TASHIAN: We found one mutant of the Jap- 
anese macaque which does not exhibit the same 
proportion of minor components. In  other words, 
the electrophoretic mutant shows a reversal. What 
was a minor component in the normal molecule 
is now a major component. It is just possible that 
this shifting has been selected as a physiological 
advantage. 

EDSALL: It has always been a great puzzle, 
but I think that the evolutionary biologistts are 
convinced that when you have a phenomenon 

like this with two or more isoenzymes, no matter 
how they originated (presumably from gene dupli- 
cation and subsequent mutation) , they would not 
persist indefinitely unless there is some selective 
advantage in having the two as compared with 
having only one. 

HASTINGS: Is there any information about 
carbonic anhydrase from tissues other than the 
red cells? 

ROSSI-BERNARDI: Dr. Cristiano Rossi of 
Milan has studied carbonic anhydrase of spinach 
in detail. [See the next paper in this volume.] 

EDSALL: One of the students in our labora- 
tory, Allan Tobin, has been working on carbonic 
anhydrase from parsley. The plant carbonic an- 
hydrases have been reported by some people to 
be free of zinc and uninhibited by sulfonamides. 
Tobin’s prepmition is now more than 90 percent 
pure. It is a considerably larger molecule than that 
of the red-cell carbonic anhydrases, but it does 
seem definitely to contain zinc. There may be 
several subunits. The sulfonamide inhibition is 
present but weak. [A report by Tobin on this 
enzyme is also included in this volume.] 

POCKER: I fully agree with this. We have been 
working with the enzyme from spinach. During 
1965, Dr. Meany, working in our laboratories, 
has been able to show that plant carbonic an- 
hydrme is not an absolutely specific catalyst for 
the reversible hydration of acetaldehyde. Re- 
cently, we have initiated inore detailed studies 
which show that plant carbonic anhydrase ex- 
changes its zinc with radioactive Zn2+ in solution 
at  rates significantly faster than the enzyme from 
bovine erythrocytes. 

MAREN : Dr. Hastings was asking about mam- 
malian tissues, with respect to the isoenzymes. 
There has not been a great deal of work in this 
area. I think Dr. Tashisn has looked at a few 
kidneys and concluded that there was no B. 
What about C? 

TASHIAN: We have done more extmsive work 
on two carbonic anhydrase forms in other tissues 
using a radio-immuno-assay method to trace them. 
Apparently, the same two isoenzymes are present 
in those tissues but in different ratios, The brain, 
for example, has a markedly different ratio of 
B to C, after taking into account any contsmi- 
nation due to hemolysate. 
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EDSALL: Do they behave electrophoretically 
like the same enzymes as those in the red cells? 

TASHIAN: They seem to be the same enzymes 
but in different proportions. In the brain we have 
even detected an extra band which may be a 
different carbonic anhydrase. 

MAREN: You mean it is shifted so there is a 
different proportion of C in the tissues? 

TASHIAN: It is shifted; the ratio of B to C, 
instead of being 6 to 1, is now 1 to 1. 

HASTINGS: Do they all have the same amino 
acid composition? 

TASHIAN: No; this is done by immunochem- 
ical means. 

MAREN: You referred to the blood again, the 
blood conta.ined in the tissues. That has always 
struck me as the chief problem involved in iso- 
lating the enzyme from tissues. You said you 
corrected for the hemolysate? 

TASHIAN: We diluted and washed unt+il we 
had virtually no hemoglobin content. Then, using 
a very sensitive radio-immuno-assay method, we 
could have detected any contamination that could 
ever be expected. 

ROSSI-BERSARDI : As to the plant enzymes, 
Dr. Cristiano Rossi and his collaborators have 
isolated carbonic anhydrase from spinach. They 
have found a molecular weight of 140000 by 
three different methods. It is present in the mito- 
chondria and in the chloroplasts; of course, it is 
very important because C 0 2  is produced. To have 
carhonic anhydrase inside the mitochondria is like 
having a good bufler, which otherwise would not 
be functioning when the enzyme is absont. 

EDSAJAL: I know that there is a bacterial 
carbonic anhydrase, an interesting molecule. 

NYMAN: We tried to purify the enxyme from 
Neisseria sica and 1 think we have obtained a 
fairly homogenous preparation; at least it ap- 
peared homogenous in the ultracentrifuge. The 
molecular weight we obtained was 28 000, which 
is close to that of the mamnrn1ia.n enzymes. The 
protein contains one zinc for approximateiy 30 000 
molecular weight; the amino acid composition is 
notable; some features are the considerably lower 
content of proline; 12 residues compared with 17 
in the mammalian; furthermore, the content of 

tryptophan and tyrosine is much lower than in 
the red cell enzyme from mammals. There is 
probably room for a disulfide bridge. 

MAREN: Kinetically, me the plant and bac- 
terial enzymes rather like the mammalian? 

NYMAN: The bacterial carbonic anhydrase 
resembles the human form in specific enzyme 
activity and sulfonamide inhibition. 

DAVIES: Are there any other examples of two 
proteins with apparently identical primary struc- 
ture, but different tertiary structure? The protein 
chemists seem to feel that this is not a thing they 
would expect, because, for the most part, t h y  
believe that primary structure determines tertiary 
structure. The tertiary structure is supposed to  
form spontaneously. Is it possible tohat tha mole- 
cule is rather unstable and that one of these, 
when found, is partially denatured but still retains 
activity? 

EDSALL: This is a serious question, of course. 
Nathan Knplan argued for the existence of these 
conformational isomers (conformers), but as far 
as I know no one has produced any decisive evi- 
dence for the identity of primary striicture in 
these isoenzymes. I think that the question is 
still open. Does anyone here know of a case where 
two proteins with proved identical primary struc- 
tures have different tertiary structures? Certainly 
carbonic anhydrases A and 13 do look aniaeingly 
a l i k e 1  would not be surprised to see identical 
primary structure, except for minor variations, 
perhaps 8 slightly different number of amide 
groups or something of this sort, associated with 
their slightly different electrophoretic mobilities. 
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Within the last few years, renewed interest in 
plant carbonic anhydrase enzymes has arisen 
from the confiicting data obtained in different 
Iaborataries on the presence of a zinc atom in 
the protein niolecule. More recently, Fellner 
(1963; has found that some of the most powerful 
inhibitors of the animal enzyme, such as aceta- 
zolamide and GI 11366, were entirely inactive 
toward unpurified fractions of the plant enzyme. 
C o n h a t m y  data arose from the results of Kids- 
kog (1963), wvho studied the binding of acetazol- 
amide to the active protein and the lack of such 
binding to the metal-fiw enzyme of animal origin. 
These and other results, suggesting that the 

ianctional role of the zinc at,oni in animal carbonic 
anhydrase is as an essential agent for catalytic 
activity and as a part of the active site, have led 
us to undertake further studies on the plant 
enzyme because of its remarkable property of 
absolute specificity with respect to the reversible 
hydration of carbonic dioxide. These studies are 
intended ti paver the purification of the isolated 
protein and lo define some of its chemical proper- 
ties. 

EXPERIMENTAL PROCEDURES 

Materials 

Buffer comronents, which included potassium 
dihydrogen phosphate, dipotassium hydrogen 
phosphate, ;midaaole, and 2-amino-Z(hydroxy- 
methyl)-l,3 propancdioi (tris), were analytical 

1 This paper was not presented in full at the symgosiuni. 

grade reagents. Diamox (acetazolamide) was 
kindly supplied by Dr. L. Rossi-Bernardi. 

p-Nitrophenol, other indicators, and pnitro- 
phenyl acetate (pNPA) were obtained from 
BDH and used without further purification. 
Sephadex G-25 fine, G-75, and (3-200 mere 
purchased from Pharmacia,.Uppsala. 

Acetaldehyde . generous gift from Dr. Carlo 
Cavenaghi, was distilled twice before use. 

Carbonic Anhydrase (CA) Assay 

For a study of the bicarbonate dehydration in 
the paiticulate enzyme, we used the manometric 
apparatus as described by Roughton and Booth 
(1938). The enzyme was placed with the buffer 
in one compartment of the speciai Feaction vessel, 
and after temperature equilibration, it was 
rapidly mixed with the substrate. A rapid shaking 
was assured (about 300 oscillations per minute) 
in order not to limit the CO, diffusion rate. All 
the manometric experiments were done at at- 
niospheric pressure and at the temperature of 
0.0f0.1 G. 

The purified enzyme fractions were assayed 
essentially by the method of Kernohan, Forrest, 
and Roughton (1963). A Gibson-type stopped- 
flow apparatus was used to follow the absorption 
changes of the buffered solution containing 
p-nitrophenol as indicator. An optical path length 
of 20 mm was used in a11 experiments. The hy- 
drolysis of p-NPA was followed spectrophoto- 
met,rically as described by Pocker and Stone 
(1967). Acetaldehyde hydrat.ion followed the 
method of Pocker and bIeany (1965). Zinc 
analyses were performed with t.he aid of an atomic 
absorption photometer constructed by Opticn. 
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Ultracentrifugation 

A Spinco model E analytical ultracentrifuge 
equipped with standard Schlieren and Rayleigh 
interference optical systems was used. Sedimenta- 
tion velocities were determined in 0.05 M phos- 
phate buffer and 0.05 M mercaptoethanol pH 7.2 
at various protein concentrations. Molecular 
weight was determined by the sedimentrdion 
technique of Yphantis (1964). The partial specific 
volume of the protein was calculated (0.736 
nd/g) frow ?he amino acid composit.ion. 

Zketrophoresis 

Polyacrylamide gel electrophoresis was per- 
formed with the Shannon apparatus in standard 
7 percent polyacrylamide gel pH 9.5 at 4.5 mA 
per tube according to the method of Davis (1964). 

Starch gel electrophoresis was done according 
to the general procedure of Smithies (1959) and 
W a k r  and Harris (1961). Runs were carried out 
at 0 C in a t&-buffer, pH 9.3, 0.05 M. Electro- 
phoresis took place at a potential of 180 volts 
for 20 hours. 

Cellulose acetate strip electrophoresis was 
carried out accordiiig to the method of ICohn 
(1958). The celiulose acetate was material com- 
mercially available from Chemetron. Runs were 
carried out at 4 C in a phosphate-borate buffer 
I = 0.075, pH 8.5. 

Amino Acid Analyses 

The hydrolysis of each sample to be analyzed 
was carried out in 6 N HCI under nitrogen at 
llOfl C for 24 and 72 hours. The tot,al cystine 
plus cysteine content was determined as cystei: 
acid after performic acid oxidation (Hirs, 1956). 
The procedure of Hamilton (1963), Piez and 
Morris (1960), and Hirs (1956) was used for the 
analyses with a Techtiicon analyzer. Modifications 
were adopted to allow accelerated analyses. 
Separate analyses were performed on the S-car- 
boxymethyl derivative of the protein, according 
to Crestfield, Moore, and Stein (1963), aft.er 
hydrolysis of the sample. 

Determination of Tryptophan 

The tryptophan content wm measured by the 
spectrophotometric method of Schmid and 

Bencze (1957) and Beaven and Holiday (1952), or 
by the colorimetric method of Spies and Chambers 
(1949). Determination after alkaline hydrolysis 
was also carried out on the analyzer. 

Protein Determination 

Protein was routinely determined by the 
biuret reaction or by the method of Lowry, 
Rosebrough, Farr, and Randall (1951). 

RESULTS 

Purification of Carbonic Anhydrase 

Extraction of the Enzyme 
In the routine large-scale preparation, 10 

kilograms of fresh market spinach leaves were 
washed, drained, and homogenized for 2 minutes 
in a Waring Blendor with about 2 liters of 5 mM 
mercaptoethanol solution and 5 mM phosphate 
buffer adjusted to pH 7.2. The homogenate was 
then squeezed through cotton cheesecloth and 
precipitated in a Lourdes centrifuge at 40000 g 
for 15 minutes. All operations including the 
blending were carried out at 0 to 2 C. All solu- 
tions used throughout t,he preparation contained 
5 mM mercaptoethanol. 

Acid Precipitation and Ammonium Sulf.te 
Fractionation 

The extract (usually from 3 to 4 liters) was 
adjusted to pH 5.2 with acetic acid of sufficient 
concentration, and ammonium sulfate (solid) 
was added to bring the solution to 20 percent 
saturakion (at 0 C). The mixture was kept at 
bhis pH and saturation for 30 minutes and the 
precipitate removed by centrifugation and dis- 
carded. The remaining supernatant was read- 
justed to pH 7.0 with N-ammonium hydroxide 
and brought t,o 65 percent saturation with am- 
monium sulfate. The solution was centrifuged 
and the precipitate was dissolved with 5 mM 
phosphate buffer pH 7.4 to obtain an (NH4)2S04 
saturation of 35 percent. The mixture was cen- 
t.rifuged and the precipitate discarded. 

Ethanol Fractionation 

The supernatant from (NH&S04 fractiona- 
tion was placed in a 0 C bath with vigorous 
mechanical stirring. Ethanol, 96 percent (enough 
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to raise the final ethanol concentration to  55 
percent), precooled to  about -30 C, was added. 
After st.irring for approximately 30 minutes, the 
solution was centrifuged at 30000 g for 10 
minutes. The precipitate containing about 10 
percent of the total activity was discarded. The 
supernatant solution was then brought to 65 
percent ethanol concentration according to the 
procedure outlined above. After 30 minutes of 
stirring, the solution was centrifuged at 30 000 
g for 10 minutes. The precipitate was then dis- 
solved in 200 ml of 5 mM phosphate buffer pH 
7.2. 

Chromtography on Sepharlm 6-75 

The enzyme solution was placed on a 4.0- by 
80-cm column of Sephadex G-75 equilibrated 
with 5 m M  phosphate buffer. Elution was done 
with the same buffer and the fraction correspond- 
ing to the second void volunie was collected 
(fig. 1). The gel filtration step has proven particu- 
larly useful for achieving homogeneous fractions. 
In fact, it removes most of the yellow pigment 
that cannot be eliminated by other standard 
procedures such a3 adsorption on calcium phos- 
phate, or a second ammonium sulfate fractiona- 
tion. The enzyme, after passing through the 
column, was precipitated at 70-percent saturation 

t 
7. 
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Fraunu 1.-Sephadex G-76 chromatography of spinach CA. 
A 4.0- by 8 0 m  column equilibraled with 6 mM p h s -  
phate buffer, pH 7.9, and 6 mM mercaptoethanol was 
used. The elution was carried out (60 mllhr) with the 
same buffer. Fractions of 6.0 ml each were collected. The 
protein (full circles) and activity (open circles) were meas- 
urcd in eachfraction. 

with ammonium sulfate. The ammonium sulfate 
was removed by gel filtration on Sephadex G-26. 
A 3.0- by 25-cm colunm equilibrated with 0.3 M 
phosphate buffer, pH 7.2, was used. 

Chroinatography on DEAE-Cellulose 
The enzyme solution was placed on a 2.6- by 

20-cm column of DEAFrcellulose equilibrated 
with 30 mM phosphate butier. Elution was 
started with a gradient of NaCl (0-0.15 M) in 
the same buffer (fig. 2). The enl;yme fractions 
shown in the cross-hatched area (fig. 2) were 
pooled, omitting the earlier fractions in the peak 
that still contained a yellow prstein. The pooled 
fractions were precipitated at 7O-percerlt satura- 
tion with ammonium sulfate and desalted by 
filtering through a column of Sephadex G-25 
fine. The results of the purification procedure are 
summarized in table I. 

The purified enzyme remained stable for several 
months when stored at -20 C in 30 d phos- 
phate buffer, pH 7.2, and 5 mM mercaptoethanol. 

Physicochemical Properties of the Purified 
Enzyme 

Criteria of Purity 
The preparations appeared to be homogeneous 

on the basis of polyacrylamide, starch gel, and 
cellulose acetate electrophoresis. Sedimentation 
velocity runs in the analytical ultracentrifuge 

,,_' 1 11(5 
'C c. 0 3 a' 20Ornp 

2 . .  . . d . .  . . . - I 1  7 

15 25 35 4 5  55 

Fraction number 

FIouRE 2.-DEAE cellulose chromalography of spinaclt 
CA. The enzyme waa absorbed with 0.3 M phosphale 
buffer, pH 7.9. Elution was started with a linear g r d h t  
of NaCl (0-0.16 M )  when the unadsorbed protdm had 
come through. The $ow rate was 30 mllhr. 
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Amino acid 

TABLE I.-Puri&atbn of S?yinaclt Carbonic Anhgdrme 

Mean content, mole percentage 

Specific activity, 
units/mg 

1.2 
6.2 
12.4 
76.5 
82.3 
160 

Recovery, 
percent 

100 
100 
72 
53 
50 
30 

* Unit is defined as the amount of enzyme required to double the rate of the uncatalyzed reaction. 

8.85 

*11.85 
9.50 
4.70 
11.60 
8.25 
b8.10 
4.0 
5.80 
5.90 
2.20 
4.20 
5.90 
2.90 
4.05 

less than 1 
I 

Extrapolated value at zero hydrolysis time. 
b Value at 72-hr hydrolysis time. 

solution in 0.03 M phosphate buffer, pH 7.2, 
containing 1 mg/ml, gave an absorbance of 0.86 
at 280 millimicrons. This result indicated that, 
the protein had a low content of aromatic amino 
acids, a result that was confirmed by the com- 
position as determined on the amino acid analyzer 
(table 11). Figure 5 shows an absolute spectrum 
of t.he enzyme in alkaline and acid conditions. 
Compared to human erythrocyte CA (Armstrong, 
Myers, Vergoorte, and Edsail, 1966), the spinach 
enzyme shows a much higher content of glycine 
and phenylalanine and lower content of aspartic 
acid, threonine, serine, proline, and lysine residues. 

Substrate Speci$c&y 
The enzyme was very active toward carbon 

dioxide and bicarbonate. The Michaelis constants 
for the two substrates were, respectively, 22.0 
and 50 mM at C1- concentration .of 1.6 I&, at 
19 C, in 20 mM imidazole buffer, pH 7.2. Increas- 
ing the chloride concentration decreased con- 
siderably the affinity of the enzyme for bicarbon- 
ate anion in a competitive manner. 

The enzyme also catalyzes very strongly and 
reversibly the hydration of acetaldehyde. No 
clear kinetic data were obtained with this sub- 
strate because technical problems were encoun- 
tered with a standard spectrophotometer at low 
temperature (our stopped-flow apparatus was 
not provided. with a hydrogen lamp). The native 
enzyme did not possess any hydrolytic properties 
on any esters that we have been able to test. 

Sdjhydvl  Group D&rrnination 

The importance of SH-groups in the spinach 
CA was pointed out by Kondo, Chiba, and 
Kawai (1952) , who observed that cysteine pre- 
vented instability during the preparation of 
spinach CA fractions. Determination of SH groups 
was carried out spectrophotometrically according 
to Boyer (1954). The enzyme was filtered through 
a small colunin of Sephadex G-25 fine to remove 
mercaptoethsnol and rapidly mayed with 
p-chloromercuribenmate (PCMB) for SH groups. 
The total change in OD at 225 millimicrons due 
to the formation of enzyme PCMB complex cor- 
responded to approximately 8 SH groups per 
molecule of enzyme. The value obtained with 
the speotxophotometric determiiiation with 



PCMB involves many uncertainties because of 
the rapid oxidation of the SH groups of the 
enzyme in solution. This uncertainty was 
increased by amino acid analyses from which a 
much higher value was obt.ained for the half- 
cystine residues. The complex formation between 
PCMB and t,he enzyme at pH 7.2 was rapid. 
The number of SH groups titratable and the 
time course of the reaction were not different in 
8 M urea. 

Rapid inactivation occurred when CA (IO-$ M) 
was allowed to react at pH 7.2 in 0.05 M phos- 
phate buffer at 25 C with iodoacetate, iodoacet- 
amide or N-ethylmaleimide, each at a concentra- 
tion of 5 niM. Under these conditions it was very 
difficult to establish a correct kinetic analysis of 
the reaction because the enzyme alone, without 
an SH reagent, lost activity a t  a rapid rate. 
Figure 6 shows the time course of the inactiva- 
tion reaction and the complete recovery of the 
activity after addition of an excess of mercapto- 
ethanol. The results in any case suggest the 
possibility that the SH groups may be associated 
with the active-site structures. 

Among other substances, arsenite is a strong 
inhibitor of enzyme activity, giving a 50-percent 
inhibition at  the concentration of 0.08 M. Sulfide, 
cyanide, and azide are poor inhibitors. 

Zinc Analysis 
Analysis for zinc was performed by the atomic 

absorption spectrometer in all fractions indicated 
in table 111. When zinc was measured in the 
DEAE cellulose fraction, the amount of metal 
found was totally independent of the protein 
concentration. The figure for the experiment was 
constant at 0.0021 pg/ml; however, the proteins 
varied from 25 to 1 mg/ml. 

Intracdulur Distribution of CA Activity 
Table IV shows the distribution of activity in 

the various fractions obtained by differential 
centrifugation from the total homogenate of 
spinach leaves. It can be seen that most of the 
activity occurs in the soluble part after centrifuga- 
tion at 100 000 g. About 7 percent of the activity 
appears to be linked to the chloroplast fraction 
(prepared by the method of Arnon, Allen, and 
Whatley, 1956). Some 3 percent was sedimentable 

Mertaplo. 
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FIGURE &-The W i v e  enzyte  passed through Sephudex 
G 2 6  was diluted in the sr inge of the stopped-jh ap- 
paratus will8 40 mM irni&.de bu& and pnitrophenol 
(10-6 U)  at 26 C. After the interval indicated, 4 was 
mixed with a w& solution equilibrated with 1 atm of 
GO*. 

TABLE III.--Zim Content of the Pw~&x&m 
Fractions of Spinach Carbonk Anhgdrase 

Fraction Zinc content, pg/mg protein 

0.7 

.002 

.0015 
,0016 
,0013 

at  30 000 g. It has already been reported (Rossi, 
Chersi, and Pace, unpublished) that hypotonic 
treatment of chloroplasts, prepared according to 
the method of Arnon et al. (1956), releases ac- 
tivity from these particles. Recent experiments 
have shown that more careful preparations of 
chloroplasts contained up to 20 percent of the 
total activity. These experiments suggest that 
the enzyme was located in the double-membrane 
compartment and that it was easily released 
during the initial homogenization. It would be 
of interest to know more about this subject in 
view of the importance of the carbon dioxide 
transport through the chloroplastic. membranes 
and its relaticn to the first step of photosynthesis. 
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TABLE IV.-IntraceUular Distrihutim of Carbonic Anhgdrase in Spinach Leaves 
[Spinach chloroplasts were prepared according to the method of Arnon et  al. (1956). Differential centrifugations were 

carried out on tissue homogenate from a small preparation of spinach leaves (60 g)] 

Fraction 
Carbonic anhydrase activity 

Centrifugal force 
I 

CONCLUSION 

Although carbonic anhydrase activity has 
already been described in leaves of higher plants, 
incomplete data have been reported about the 
properties of the isolated protein. We attempted 
to isolate a homogeneous preparation of the 
enzyme. Spinach CA appears to possess properties 
different from those of the vertebrate enzyme. 
Considerable differences in the kinetic data were 
obtained between the spinach and the bovine 
enzyme. 

The plant enzyme appears to possess less 
catalytic versatility than the erythrocyte carbonic 
anhydrase. No activity was found for the hydrol- 
ysis of p-nitrophenylacetate. 

The molecular weight appears to be about 
five times tliat of the vertebrate enzyme. The 
amino acid :omposition shows some differences, 
particularly with respect to the tryptophan 
residues. The plant enzyme does not contain any 
metals as far as our studies could detect, and 
SI1 groups appear to be an essential part of the 
active site. 

Work is currently in progress a t  this laboratory 
in an effort to define N- and C-terminal residues 
and other chemical properties, which may provide 
information concerning the mechanism of the 
reactions catalyzed by the plant enzyme. 
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Purification of Carbonic Anhydrase From Parsley Leaved 

ALLAN J. TOBIN 
Harvard University 

Carbonic anhydrwe in plants was first observed 
by Neish in 1939. The characterization of partially 
purified enzymes from several plants has been 
reported by Waygood and Clendenning (1951); 
by Kondo, Yonezawa, and Chiba (1952) ; and by 
Fellner (1963). Fellner found that parsley car- 
bonic anhydrase does not contain zinc and is not 
inhibited by sulfonamides, which indicates that 
the parsley enzyme must operate by a catalytic 
mechanism different from that proposed for the 
mammalian carbonic anhydrases. It was therefore 
of interest to investigate in more detail the struc- 
ture of parsley carbonic anhydrase and its relation- 
ship to enzymatic function. The isolation pro- 
cedure herein described is now being used for more 
detailed studies of emyme kinetics and subunit 
structure. 

Carbonic anhydrase was prepared from a blend 
of parsley leaves in 0.05 M sodium phosphate 
buffer, pH 7.0. This buffer also contained 0.001 M 
EDTA and 0.01 M Zmercaptoethanol, as did 
all other buffers used in the preparation. The 
addition of 300 grams of ammonium sulfate per 
liter of filtered extract caused precipitation of the 
carbonic anhydrase activity. The precipitate was 
dialyzed against 0.1 M N-ethyllrorpholine acetate, 
pH 7.0, and chromatographed on DEAE cellulose. 
The carbonic anhydrase activity was eluted after 
a step to 0.2 M N-ethylmorpholine acetate, pH 
7.0. The active fractions were pooled, concen- 
trated, and subjected to gel filtration on 8 percent 
agarose. Enzyme activity asppeared in a single 
peak, which corresponded to a molecular weight 
of approximately 179000. At this stage of purifi- 
cation the enzyme was 90 to 95 percent pure as 
judged from analytical disk gel electrophoresis. 

1 This paper was not presented in lull at the symposium. 

It had a specific activity of 13000 Wilbur- 
Anderson units, compared with the values of 
16 OOO and 80 000 for human enzymes B and C 
reported by Armstrong, Myers, Verpoorte, and 
Edsall (1966). Kinetic studies of the enzyme from 
this stage gave a Michaelis constant for COz of 
17 mM at  pH 7.65. The enzyme showed no 
esterase activity toward 0- or p-nitrophenyl ace- 
tate a t  pH 6 to 8, but it did c?talyze the hydration 
of acetaldehyde. Acetazolamide and sodium azide 
were found to inhibit the enzime under the con- 
ditions of the Wilbur-Anderson assay. For 50 
percent inhibition 3 X 1W5 M acetazolamide and 
5X 1W6 M sodium azide were required. 

Subsequent preparative disk gel electrophoresis 
at pH 8.7 yielded a less active enzyme, as shown 
in table I. The pooled enzyme from this step 
behaved as a single component in sedimentation 
velocity experiments and in analytic disk gel 
electrophoresis at pH 8.7 and pH 7.4. Sedimen- 
tation equilibrium experiments gave a molecular 
weight of approximately 16OOOO. Amino acid 
analysis showed lower mole fractions of histidine, 
arginine, aspartic acid , serine, phenylalanine, and 
tryptophan , and higher fractions of proline, gly- 
cine, alanine, and valine than in the human en- 
zymes B and C. 

The zinc content of individual and pooled frac- 
tions of column effluents was measured directsly 
by atomic absorption spectrophotometry. At  all 
stages of the purification, zinc content coincided 
with carbonic anhydrase activity. In the agarose 
chromatography step, the absorbance at 280 nan- 
ometers, enzymatic activity , and zinc content 
were found to have a constant ratio, within experi- 
mental error, through the carbonic anhydrase 
peak. The zinc content a t  that stage was 1 g 
atom zinc per 60000 g protein. The pooled car- 
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TABLE L-Protedn ConcentratiOn and Specifi Actitit9 of Preparative Fractions 

Specific activity, 
units/mgXlO 

90 
410 

5 360 
13 OOO 
6 340 

bonk anhydrase from the preparative disk gel 
electrophoresis contained 1 g atom zinc per 51 OOO 
g protein. Because the concentrated fractions at 
each stage were dialyzed against buffers contain- 
ing 0.001 M EDTA, zinc must be bound to the 
protein. It is not yet known whether the protein- 
associated zinc is necessary for enzymatic activity. 

These results conflict with those of Fellner 
(1963) and of Koniio et ai. (1952), who found no 
zinc by the dithizone method. The low yields of 
total carbonic anhydrase activity in this procedure 
do not rule out a second, zinc-free carbonic an- 
hydrase in parsley, but this is considered unlikely 
in view of the evidence of only one ebctrophoretic 
component in the crude extract with carbonic 
anhydrase act.ivity, as viewed by direct assay of 
analytical polyacrylamide gels at pH 7.4. The zinc 
content reported here is also higher than the 
values of 0.05 and 0.056 percent reported for 
spinach carbonic anhydrase by Waygood and 
Clendenning (1951) and by Wood and Sibly 
(1952). Bw w e  both of those analyses were done 
with incomSletely purified enzymes, their results 
do not conflict with the present findings. 

EDITOR’S NOTE, ADDED IN PROOF 

Dr. Tobin’s work is presented in detail in his 
Ph.D. thesis “Parsley Carbonic Anhydrase: I’urifi- 

cation and Properties” (Harvard University, 
1969). Further purification of the parsley carbonic 
anhydrase gave a more active enzyme, containing 
1 g atom zinc per 29 000 g protein. The maximum 
catalytic constant is approximately 106 per second 
at pH 7 and 25 C. Kinetic studies in a stopped 
flow apparatus, however , did not reveal significant 
inhibition by sulfonamides. 
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Carbonic Anhydrase: 
and the 

Conformation of the Active Center 
Mechanism of A9,tionl 

* .  - . .  * JOSEPH E. COLEMAN 
Yale Unkaersity 

Carbonic anhydrase combines with ail optically inactive azosulfonamide to form a highly 
colored enzyme-inhibitor complex. Bathochromic-hypochiomi: shifts of the visible absorption 
bands ( € 6 0 ~  m111imlcrona~26 OOO) indicate the presence of a hydrophobic binding sit0 for the sulfon- 
amide, Einding is metal ion dependent and the protein environment induces large ellipticity in 
the previously oDtically inactive bands. Circular dichroism spectra of azosulfonamide complexes 
of five isozyme and species variants of carbonic anhydrase reveal that both sign and magnitude 
of the multiple large visible ellipticity bands ([e] = &0.6 -9.OX 103 deg cme/mole, Rk = d~0.4 - 
19.7 x 10-rn cgs units) are unique for each isozyme. Cyanide can displace the azosulfonamide from 
its binding site. Difference titration data show that below the pK,  values of H a  and HCS, 
binding of these inhibitors to Zn(I1) and Co(I1) carbonic anhydrase is accompanied by the release 
of H+ ions. Over the pH range in which the inhibitors are in the form CN- and HS-, binding is 
accompanied by the appearance of -OH ions. The data fit the theoretical curves constructed by 
assuming a single additional H+ dissociation associated with the protein, coupled with the metal 
ion, and described by a pKo of 8.1. The latter coincides with the inflection point of the pH-rate 
profile for catalysis by human carbonic anhydrase B. A mechanism based on a mixed enzyme- 
zinc-hydroxide as the active form of the enzyme is proposed for the hydration of Cog and the 
hydrolysis of p-nitrophenyl acetate. The multiple visible absorption bands introduced into 
human carbonic anhydrase B by replacement of Zn(I1) with Co(I1) are optically inactive. Sulfon- 
amides, metal-binding anions, bicarbonate and acetate destroy this symmetry element in the 
human enzyme B complex and induce large, visible ellipticity bands. In  contrast, the visible 
absorption bands of Co(I1) bovine carbonic anhydrase B are all optically active. These arc 
additionally altered by the sulfonamide and anion inhibitors. Comparative studies of the Co(I1) 
human isozyme C show its coordination complex to be more closely related to that of the bovine 
ensyme. All the bands of the cobalt chromophore are initidly optically active, and the magnitude 
and sign of the ellipticity bands are almost identical to those of the CO(I1) bovine ensyme. These 
differences may relate to the positive charge of the Gterminal lysine pyescnt in both the bovine 
and human C enzyme and abscnt in the human I3 isozyme. 

The isolation and characterization of carbonic 
anhydrases (CA) from the erythrocytes of soveral 
animal species has revealed significant differences 
in amino acid compositions and consequently in 
amino acid sequences of these proteins (Duff and 
Coleman, 1966; Laurent, Charrel, Luccioni, Aut- 
ran, and Derrien, 1965; Lindskog, 1960; Nyman, 
1961; Rickli, Ghazanfar, Gibbons, and Edsall, 

1 This investigation was supported by grant, AM- 
09070-04 from the National Institutes of Health, U.S. 
Public Health Service. 

1964). Such studies, however, have also empha- 
sised the similarity in general physicocheinical 
properties of this series of zinc metalloenzymes. 
Perhaps the most striking finding has been the 
demonstration of the simultaneous occurrence in 
primate red cells of two isozymes, B and C, which 
have significant diff wetices in amino acid compo- 
sition, especially the basic amino acids (Duff and 
Coleman, 1966; Rickli et ai., 1964). While cata- 
lytic specificity appears to be similar for the series 
of carbonic anhydrases isolated thus far, there are 
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large differences in catalytic rate (Coleman, 1967b; 
DufT and Coleman, 1966; Rickli et al., 1964). The 
comparison of the gross physicochemical features 
of these isozyme and species variants does not 
reveal particularly striking functional or struc- 
tural information about carbonic anhydrase. On 
the other hand, if techniques could be applied 
which reflected structural variations in small areas 
of the molecule, especially near the active center, 
comparisons between isozymes might reveal sig- 
nificant structural features infiuencing catalytic 
activity. Two spectroscopic methods and one 
titrimetric method, developed in our labxatory, 
have proved to be effective probes of the specific 
structure at the active center of carbonic anhy- 
drase: 

(1) The mesurement of the changes in the 
energy levels, oscillator strengths, and optical ac- 
t.ivity of the d-d transitions of Co(I1) when substi- 
tuted for the native Zn(I1) ion at  the active 
center has served as an effective detector for 
structural changes in the vicinity of the metal ion. 

(2) The use of an azosulfonamide inhibitor 
specifically bound at  the active center has pro- 
vided J set of intense visible t.ramitions with 
energies and oscillator strengths that are highly 
sensitive to the local environment. Optical ac- 
tivity induced in this symmetrical chromophore 
by carbonic anhydrase provides an additional 
sensitive assay of structure at the active center. 

(3) Precis-, measurement of the alterations in 
proton equilibria accompanying the binding of 
anions to the metal ion of carbonic anhydrase has 
revealed the probable function of a coordinated 
water molecule in the mechanism of catalysis. 

Application of the three methods to a series of 
five isozymes hzs provided some significant new 
information a&ing from t.he different results ob- 
served with the several isozymes. 

MATERIALS AND METHODS 

Reagents.-AlI chemicals were reagent grade. 
Buffer solutions, HC1, &OH, substrates, and 
indicators were prepared metal free, as previously 
described ( Colemail, 1967b). Spectrographicnlly 
pure CoCh (Johnson 2kttney Co., Ltd.) was 
used in preparing the Co (11) enzyme. 

Sdfonanzides.-2 - (4 - sulfamylphenylazo) - 7 - 
acetamide-1-hydroxynaphthalene-3 , 6-disulfonate 

was purchased from Winthrop Laboratories. 
Ethoxzolamide (6-ethoxybenzothiazide-2-sulfona- 
mide) and acetazolamide (2-acetamido-l,3,4- 
thiadiazole-5-sulfonamide, “Diamox”) were sup- 
plied by Dr. Thomas H. Miwen of the University 
of Florida and by Dr. Selby Davis of the Lederle 
Laboratories, respectively. 

Enzymes.-Human carbonic anhydrases B and 
C were prepared as previously reported (Rickli 
et al., 1964). M a m  mukzta carbonic anhydrases 
B and C were isolated in crystalline form as 
described in Duff and Coleman (1966). Bovine 
carbonic anhydrase B (BCAB) \vas prepared from 
whole bovine blood by the methods described for 
the preparation of human carbonic anhydrase 
using DEAE-Sephadex chromatography (Rickli 
et al., 1964). Cobalt (11) carbonic anhydrase was 
prepared by making the apoenzyme as previoudy 
described (Coleman, 1965) followed by dialysis 
against a buffered solution prepared from CoC12. 
Protein concentrations were determined from 
measurements of the optical densities a t  280 milli- 
microns using molar absorptivities of 4.90 X 10’ 
M-’ cm-‘ for monkey B and 5.35X104 M-’ cm-’ 
for human C (RickIi et al., 1964); 4.88Y104 iW-1 
cm-’ for monkey B and 5.35XlW M-’ cm-l for 
monkey C (Dufl and Coleman, 1966) ; and 5.70X 
1W M-1 cm-’ for bovine B (Lindskog and Nyman, 
1964). 

Enzymatic activity.-Esterase activities were 
determined using p-nitrophenyl acetate as sub- 
strate and following the absorbance change at  
400 or 348 millimicrons (Coleman, 1965b). The 
reaction cuvette contained 1 X le3 M substrate 
in 0.025 M tris, 5 percent acetonitrile, 23 C. The 
pH was varied as shown in the text. 

Circular dichroism (CD! measurements were 
made with a Durrum-Jasco ORD/UV-5 spectro- 
polarimeter equipped with the CD attachment. 
Maximum deflection was f0.002 with a maxi- 
mum deviation between runs of f0.00005 above 
230 millimicrons and f0.0001 at 215 millimicrons. 
Calibration of the instrument was performed with 
an aqueous solution of d-10-camphorsulfonic acid 
(J. T. Baker Co.) with an ( C L - E R )  of 2.20 at 
290 millimicrons. The slit width above 300 milli- 
microns was 0.3 mm or less. Path lengths varied 
from 0.2 to 1.0 cm. In the case of the highly 
colored azosulfonamide, baselines were run with 
the sulfona :ide alone. Ellipticity is expressed xi 
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molecular ellipticity, [e]= 2.303(4500/r) (a-BR) 
with units of deg cm2/decimole. Protein concen- 
trations were expressed as moles per liter and 
molecular ellipticity [e] has heen expressed per 
mole of protein rather than per mole of amino 
acid residue in view of the fact that t b  ellipticity 
bands of the complexes arise largely from tho 
incorporation of 1 mole of azosdfonamide or 1 
mole of Co(I1). The values can be converted to 
approximate mean residue ellipticities by dividing 
by 260 for all isozymes. Solutions for CD measure- 
ments were contained in 0.025 M tris, pH 7.5, 
25 C with the exception of solutions of the Co (11) 
enzyme that were a t  pH 8.5 or 9.0. 

Absorption spectra were obtained with a Cary 
Model 15 recording spectrophotometer. All ab- 
sorption spectra were recorded using the solutions 
employed for the corresponding CD measurements 
and reprevent the optical density of these solutions 
over the same path length used for the latter 
measurements. 
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RESULTS AND DISCUSSION 

Far-Ultraviolet CD of Three Carbonic 
Anhydrase Isozymes 

The far-ultraviolet CD would appear to  be B 
reasonably sensitive criterion of similarities or 
differences 111 protein structure in solution. The 
ultraviolet CD spectra of three representative 
carbonic anhydrase isozymes-human B, monkey 
C, and bovine B-are shown in figure 1. All three 
spectra share certain features in common including 
the three positive ellipticity bands above 230 
millimicrons and the large asymmetric negztive 
band centered between 210 and 220 millimicrons. 
There are, however, sigtuficant differences in these 
spectra. What these differences mean in terms of 
structural changes in certain regions of the mole- 
cule cannot be deduced from the spectra which 
have contributions from a large number of indi- 
vidual chromophores. Even a minor variation in 
structure at the active center could have major 
functional consequences. 

Absorption and CD Spectra of Carbonic 
Anhydrase-Azosulfonamide Complexes 

A Ret of electronic ;ransitions that reflect much 
mors localized features of carbonic anhydrase 

FIQURE l.-UUrwiolet CD spectra of three carbonic an- 
hydrase isozymes. Human tkozym B (-); molckey 
isozyme C (- - -); bovine isozyme B (- -). Con- 
dilions: 0.026 M Iris, pH 7.0, 2S C. Protan eman- 
trations varied from IXIO-5 M to 1x10-4 M. Palh 
lengths varied from 0.1 to 1 cm. 

structure can be introduced into the enzyme by 
using 2- (4sulfamylphenylazo) -7-acetamido-l-h~- 
droxynaphthalene-3,6-disulfonate (I) to form an 
enzyme-inhibitor complex : 

CHaCONH- c&Ik*qi x’ 

soa- /‘ 
-08 

(1) 

The complex of this sulfonamide with carbonic 
anhydrase has a dissociation constant of < M 
(Coleman, 1968b). Binding requires the presence 
of the metal ion at the active site and is limited 
to Zn(I1) and Co(I1) carbonic anhydrases, the 
only enzymatically active derivatives formed with 
the first transition and IIB series of divalent 
metal ions (Coleman, 1967a; Coleman, 1967~; 
Lindskog and Nyman, 1964). Thus a very firm 
I : 1 complex can be formed between this colored 
sulfonamide and carbonic anhydrase at protein 
concentrations as low as 1 0 - 6  M (fig. 2 ( a ) ) .  All 
evidence indicates that the sulfonamide is placed 
at the active center in contact with the metal ion 
(Coleman, 1967a; Fridborg, Kannan, Liljs, 
Lundin, Strandberg, Strandberg, Tilmder, and 
When, 1967; Lindskog and Nyman, 1964). 

The first iioticeable effect of complex formation 
is a major hypochromic-bathochmmic shift in the 
visible transition ( e m  mp initially -25 OOO) of 
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FIGURE 2.-Absorplion spedra of carbonic anhydrase- 
a m d f m m i d e  camplezes. Solvent effects an the absorption 
spectrum of the amsulfonamide. (a) Visible absorption 
speetra of the 1:l coniplezes of m p o u n d  I with i s m m  
of earbonk anhydrase: free cinnpoicnd I (-); human 

human isozyme C (--...-); mvnkey isoqtme C 
(- -); bowine isozyme B (-0-). All enzm solu- 
tkms m i n e d  6x10-6 M enzyne, 6x10-5 M azusuG 
fonamide, and 0.026 M trk,  pH Y.6,23 C. (b) Compound 
I ,  6x10-6 M, was dissolved i n  H@ (0.096 M Iris, pH 

ethanol, 96 percent (- - - ); aeelonitrile, 98 percent 
(- -); and dzwane, 96 percent (- -). 

~ O Z W  B (- -); monkey k ~ g ~  B ( * a * * . ) ;  

Y.6, 23 C (-); mefhanol, 99 p~Ct%l (- * -); 

the azosulfonamide (fig. 2(a ) ) .  A major color 
change from orange to red can be observed on the 
addition of compound I to the human isozyme B. 
The spectral shift is specific for each isozyme and 
thus implies the existence of a slightly different 
environment at the active center of each isozyme. 
The transitiom of the phenylazonaphthols are 
very sensitive to the polarity of the immediate 
environment, This fact is illustrated by the spectra 
taken in solvents of increasing nonpolar character 
(fig. 2 ( b )  ) . Nonpolar solvents induce hypochromic- 

bathochromic shifts in the major absorption bands 
similar to those induced b> carbonic anhydrase. 
By varying the percentage of dioxane in a dioxane- 
water mixture, the spectrum can be made to 
correspond closely to those observed for each 
isozyme complex. It would appear that the crevice 
in which the sulfonamide is bound (indicated by 
the X-ray diffraction studies (Fridborg et al., 
1967)) must provide a rather nonpolar environ- 
ment for the sulfonamide. 

The most striking feature of the spectral studies 
of these azosulfonamide complexes is the very 
large optical activity induced in this initially sym- 
metrical chromophore by the dissymmetric protein 
environment. The optically active visible tran- 
sitions of the azosulfonamide complex with the 
bovine enzyme B are illustrated in figure 3(u).  
The resolution of this CD spectrum into a series 
of individual overlapping Gaussian ellipticity 
bands by means of a Du Pont 310 curve fitter 
(Coleman, 1968b; Myer, 1968) is shown in figure 
3 (b) . The uniqueness of this fitting and the proof 
of its validity by using these ellipticity bands to 
generate the experimentally observed optical rota- 
tory dispersion of the complex are discussed in 
detail elsewhere. 

Calculations of rotatory strengths Rk (Mosw- 
wits, 1960) of the individual bands from the data 
in figure 3 (b) show that the rotatory strength of 
several of these bands approaches 10-JB cgs units. 
Rotatory strength values of this magnitude are 
more chnracteristic of intrinsically dissymmetric 
chromophores than of symmetrical chromophores 
perturbed by a dissymmetric environment 
(Jloscowitz, 1967). Thus the protein environ- 
ment, reflecting multiple asymmetric centers, ap- 
pears to be a particularly effective inducer of 
optical activity. 

Of more pertinence to the preqeni discussion 
are the marked differences between isozymes in 
the conformation or the constellation of perturbing 
groups at the active center revealed by the in- 
duced optical activity of the bound sulfonamide. 
This is shown by a comparison of the CD spectrum 
of the bovine B isozyme complex with that of 
the human B isozyme complex (fig. 4). Not only 
are the induced ellipticity bands of different 
magnitude, but there are changes in sign as well. 
Thus the helical pathway for one of the azo- 
sulfonamide electronic transitions (band 3) has 
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FICURE~.-CD apedra of bovine carbonic anhgclrase B 
and ik 1:l complex urith compound I. Resolution into a 
set of overlapping gausian eUiptieitg bands. (a) (-) 
obsemed CD spectrum of the compla; (- - -) observed 
CD spedrum of the native enzyme. (b) (Corrplex) (-) 
resultant envelope for the 10 gaussian bands labeled from 
1-10; (- - -) bands altributdle lo iize sulfonamide; 
(-) b a d  a€tri&ble to [he protein. The su6set 
curve, bands I' and %", show an &male m i n g  of the 
lowest energy rEgion. (c) Native enzyme. (-) resultad 
envelope for the seven gaussian bands labeled on the figure. 
In parts B and C ,  the envelopes correspond within the 
limit of error to the experimental CD curves. Computer 
generation of the optical rotaforu dispersion from the 
gaussian ellipticity bands shows the subset bands 1' and 
2' to be the correct filling of tizc CD spectrum. Reprinted 
from Coleman (1968b). 

reversed its screw sense. Similar radical differences 
in the CD bands of the monkey carbonic an- 
hydraseazosulfonamide complexes are also ob- 
served (Coleman, 1968b). Thus this specific active 
center probe indicates that there are significant 
differences in conformation of the various isozyme 
and species variants involving the region of the 
active center. These differences presumably reflect 

FIGURE $.-Resolution of the CD spectrum of the 1 :I wm- 
p k  of Zn(ZI)  human carbonic anhydrase B with ernn- 
pound I imto a set of overlapping gaussian ellipticity 
bands. (-), resulikazt emelopes for the nine gaussian 
bands indica!& bg the dashed cumes and labeled 1 io 9. 
The envelope corresponds within the limit of mor of ihe 
measurernezt to the qer imen ta l  CD spectncm of the 
w m p k .  Reprided from Coleman (19683). 

specific amino acid substitutions in the primary 
chain. 

Much evidence inciuding the major spectral 
shifts of the d-d transitions of Co(II) carbonic 
anhydrase induced by metai binding anions indi- 
cate that anions like cyanide, sulfide, cyanate, and 
azide combine with carbonic anhydrase by binding 
to the metal ion (Coleman, 1968a; Lindskog, 
1966; Riepe and Wang, 1968). Infrared studies 
of the azide complex by Riepe and Wang (1968) 
provide strong support for this conclusion. Ti- 
tration evidence indicates a single high affinity 
anion binding site per molecule (Lindskog, 1966). 
Compound I shares at least part of its binding 
site with the anions, because cyanide can appar- 
cntly displace the bound azosulfonamide (fig. 5 ) .  
Increasing concentrations of cyanide progressively 
abolish the induced optical activity of the azo- 
sulfonamide. The simplest explanation is that 
binding of the sulfoiiamide is being prevented by 
the anion. This mechanism has been demonstrated 
directly with 3H-acetazolamide showing that cya- 
nide competes with the labeled inhibitor (Cole- 
man, 1967a). 



Hydrogen Ion Equilibria Accompanying 
Reaction of Cyanide and Sulfide with 

Zn(II)-, Co(II)-, and Apo-Carbonic 
Anhydrase 

If the anions like CN- and HS- are inhibiting 
carbonic anhydrase by coordinating the metal ion, 
the reaction should be accompanied by the dis- 
placement of a proton from the inhibitors a t  pH 
values below the pH region for the dissociation 
of HCN and H a ;  the former described by a pK 
of 9.3, the latter by a pK, of 6.9 at  about 23 C 
(Sillh and Martell, 1964). The net hydrogen-ion 
release will depend on other hydrogen-ion equi- 
libria altered by the binding of anions. To investi- 
gate the hydrogen-ion equilibria that accompany 
the reaction of carbonic anhydrase with cyanide 
and sulfide, a set of equilibrium measurements 
between pH 6 aiid 10 wa6 made by the direct 
measurement of H+ or -OH release with a differ- 
ewe titration method as previously described in 
detail (Coleman, 1967b). The method consists 
of adjusting both the concentrated anior. solution 
and the protein solution to aR identical pH, 
adding a small equimolar aliquot of the anion to 
the protein, and measuring the uptake or release 
of protons, on a pH stat a t  a precision of 1.0f0.02 
pmole H+. The experiment can be done over a 
pH range from 6 to 10, because cyanide forms a 
firm 1:l  complex with carbonic anhydrase over 
this pH range at the concentration of proteins 
used ( >* lo+ M) (Coleman, 1967b). 

The results are best described by formulating 
one of the possible models that may apply to the 
anion-carbonic anhydrase reaction and comparing 
the predicted results with the observed findings. 
If a coordinated water molecule is displaced from 
the metal ion by the anions, the various proton 
equilibria may be pictured as in scheme I. 

At low pH where the metal ion is in the hydrated 
form and the inhibitor is in the acid form, the 
reaction is described by the release of a water 
molecule and a proton (a). At very high pH, 
the inhibitor will be in the anion form, and if the 

coordinated water molecule has a pKa within the 
experimental pH range, the metal ion will be in 
the hydroxide form (b). The reaction (b) at  
high pH will theil be characterized by the release 
of a hydroxide ion. As seen in figure 6, the reaction 
of cyanide with the Zn(I1) enzyme does show a 
biphasic titration curve; 1 mole H+ is released 
at pH 6.0 while 0.7 mole OH- (H+ uptake) is 
released at pH 10.0. These alterations in proton 
equilibria are a function of the metal ion, because 
the apoenzyme solution does not show any change 
in pH upon the addition of cyanide. The Co(I1) 
enzyme shows a titration curve similar to that 
for the Zn(I1) enzyme (fig. 6). The results can 
be explained if a single additional proton equi- 
librium associated with the protein, coupled to the 
metal ion, and described by a pK, of approxi- 
mately 8, is added to the titration curve (dashed 
h e ,  fig. 6). The results are compatible with 
scheme I if the coordinated water molecule is 
assumed to have a pK,  of 8. As the pH rises, more 
enzyme is in the -OH form. The release of this 
-OH by cyanide progressively neutralizes the 
proton from HCN along the theoretical curve 
shown in the figure. Finally, the CN- species d i  
displace only the -OH. An additional feature of 
the system predicted from scheme I is the de- 
pendence of the difference titration on the pK, 
of the inhibitor. This can be tested by using sulfide, 
since HZS has a pK, of 6.9. As expected, the 
biphasic titration curve shifts about 1.5 units 
toward acid pH (fig. 6). Once again a theoretical 
curve can be generated by the same additional 
ionization with a p K ,  of 8. 

These results are compatible with the presence 
of a coordinated water moIecule at the active 
center of carbonic anhydrase according to scheme 
I; they do not prove the identity of this ionization. 
An alternative is possible by assuming that the 
anion displaces a metal-bound protein ligand with 
a very high pK,  that subsequently takes up a 
proton. This group cannot be initially bound to 
the metal ion, but must bind along a pH function 

Scheme I 
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FIGURE 5.4irnclQr dichroic spedra of the bovine carbonic 
anhgdrase B-awdfmmide  complex plus vawtng cam 
centrations of cyanide. Conditions are as in figure 2. 

with a midpoint of 8. The evidence is less con- 
vincing for this alternative (Coleman, 1967b). 

The ionization described by the pKa of 8 does 
occur in the region of the inflection point describ- 
ing the esterase pH-rate profile for the enzyme. 
The esterase activity of human carbonic an- 
hydrase B as a function of pH is plotted in figure 6 
and follows the ionization revealed by the differ- 
ence titration. 

Suggested Mechanism of Action 

If the ionization of a coordinated water mole- 
cule is the interpretation placed on the dissociation 
curve derived from the complexometric titration 
(fig. 6), then the form of the enzyme active in the 
hydration and hydrolysis reactions is a mixed 
enzyme-zinc hydroxide complex. This suggests a 
mechanism for the hydration reaction which is 
compatible with a large amount of other infor- 
mation presently available on carbonic anhydrase. 
The coordinated -OH may be visualized as at- 
tacking the COz carbon (scheme 11) and giving 
intermediate (A). There may, of course, be ad- 
ditional interactions contributing to the binding 
of COz. Displacement of the intermediate would 
then liberate bicarbonate, regenerating the metal 
hydroxide at  high pH, favoring hydration and the 
hydrated species at  low pH at which the de- 
hydration reaction is known to proceed best 
(Kernohan, 1965). An analogous mechanism can 
be formulated for the hydrolysis of p-nitrophenyl 

PH 

FIQURE 6.--Displacemenl of H+ and -OH from human 
carbonic anhydrase B by cyanide and sulfide. The solid 
lines represenl the eontinuow titration curves for the 
dissociation of HCN lo H+ ariiZ CN- and H& io H+ 
and -SZf) expressed as the fradabn of i n h i e  undis- 
s o d e d  (lefkhund ordinate). (- - -), theordieal ti- 
tration curve for an acidic group of pK, = 8.1, expressed 
as moles H+ dissocialed/mole protein (upper rigWhund 
ordinate). A) esterase activity of human carbonic anhy- 
drase B, p moles substrate hydrolyzed/min/p mole enzyme. 
(----) and (----), themdim1 differ- 
ence titration curves apeded  for the displacement of H+ 
(upper right-hand ordinate) and -OH (hum righl-hnd 
ordinate) from Zn(ZZ) carbonic anhydrase by cyanide 
and djide,  respectively) as a fund& of p H  according 
to scheme I .  Moles of H+ or -OH rehsed/mole proiein 
on the addith of cyanide to Zn(11) carbonic anhydrase 
(0))  apocarbmic anhydrase (0))  and Co(IZ) carbonic 
anhydrase (0). Maximum H +  and -OH releuse from 
the Co(1Z) enzpme was not reached until the addilion of 
about 1.6 equivalents of cyanide. g, Moles of H+ or 
-OH relensed/mole protein on the addilion of sulfide to 
Zn(1Z) carbonic anhydrase. 

acetate substituting an acetate intermediate. Both 
HCOa- and acetate can occupy the anion binding 
site (see below). Replacement of a Zn(I1)-acetate 
intermediate by water could be reversible and 
acetate is observed to be an inhibitor of the 
foiward rea tion. 

explain the lack of inhibition by weakly binding 
anions at  high pH (Kernohan, 1965; Lindskog, 
1966), the reversion at  high pH of the spectra of 
the cobalt enzyme-anion or sulfonamide complexes 
to that typical of the alkaline form of the unin- 

A mechan P ern 9: formulated in scheme I1 would 
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hibited enzyme (Lindskog, 1966), and the dis- 
placement of the pH-rate profile to higher pH in 
the presence of anions (Kernohan, 1965; Lhdskog, 
1966). All can be related to competition nith 
-OH, which a t  high-enough concentration dis- 
pIaces the anions and generates the active enzyme. 
The above mechanism is compatible with the 
kinetic evidence which shows the anion binding 
site to be coupled to a group, the basic form of 
which is essential for the hydration of CO, and 
the acidic form essential for the dehydration of 
bicarbonate (Kernohan, 196: ; Lindskog, 1966). 

The hydration reaction according to scheme I1 
is accompanied by proton transfers which are 
written in the simplest form. These transfers may 
be more complicated and be kinetically significant 
steps in catalysis. Imidazole or other adjacent 
protein groups Godd participate in the hydrogen- 
ion equilibria and infiuence the catalytic step. 

Optically Active d-d Transitions of Co(I1) 
Carbonic Anhydrase 

A more localized series of transitions than those 
of the azosulfonamide are the d-d transitions of 
Co (11) , when this ion is introduced at the active 
site instead of Zn(I1). The lat.ter possesses a, 
filled d-shell and, hence, no low energy transitions 
me present. The energies and optical activity of 
these d - d  transitions are likely to be highly sensi- 
tive to any changes in structure that occur in the 
immediate vicinity of the metal ion. The visible 
absorption spectra of Co(I1) human and bovine 

L_ .06 I I I 
I I I I 1  

 FIGURE^.-(^) Visible absorption spectrum of Co(ZZ) 
hmnan mrbonic anhydrase B (-), plus bicarbonate 

spedtum of Co(IZ) bomm carbonk anhydrase B 
plus bimrbonoie (- -). The bicarbmiate spwfra were 
token cm solulions eoniaining 0.026 hl Iris, pH 9.0,23 C. 
A& was present at 0 9  M and enzyme mcentralwns 
wwe 1.67~10- '  M far the human enzyme and 1.97X10-4 
M for ih? hooine enzpme. 

(- - P?US (-- * -). (b) Visibb Q b m t h  

carbonic anhydrases B are shown in figure 7. The 
unusual band structure (at least four bands be- 
tween 450 and 650 millimicrons, see below) and 
the major spectral shifts induced by anionic and 
sulfonamide inhibitors have been discussed ex- 
zensively (Coleman, 1968a; Lindskog, 1366). 
These spectral studies have provided significant 
evidence that these inhibitors add a donor atom 
to the first coordination sphere of the metal ion. 
This conclusion is supported by X-ray diffraction 
studies on the human C isozyme (Fridborg et al., 
1967). 

The band structure of the visible spectrum of 
the Co(I1) enzyme is unlike most model Co(I1) 
complexes with the possible exception of some five- 
coordinate wmplexes (Dennard and Williams, 
1966). The band splitting would appear to  argue 
for a distorted coordination geometry for the 
metal complex at the active site of carbonic an- 
hydrase (Coleman, 1965; Dennard and Williams, 
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1966). The actual geometry may be controlled 
more by the three-dimensional structure of the 
protein ligands than by the preferred direction of 
the bonds which would be assumed if the ligands 
were entirely flexible. 

A significant and unexpected property of the 
Co (11) derivative of the human isozyme B is that 
none of the visible d-d transitions show detectable 
optical activity (fig. 8(a) ) .  This implies that the 
chromophore h a  a symmetry element, ordinarily 
a plane or center of symmetry, which prevents 
optical activity. How this is brought about in 
the context of a protein active site is an intriguing 
question. Even an intrinsically symmetrical chro- 
mophore is likely to be perturbed by the highly 
dissymmetric surroundings contributed by. the 
protein. Such a perturbation does not appear to 

occur in the human B isozyme. Suggestions as 
to the reason for the symmetry of the Co(1I) 
chromophore itself have included distortion so 
that the major ligands are close to occupying a 
plane or that similar substituents, perhaps weak- 
water ligands, occupy positions above or below 
the plane. 

Addition of anions like CN-- or sulfonamides 
destroys this symmetry element,, because they 
induce strong optical activity in the d-d tran- 
sitions of the Co(II) human B isozyme (fig. 
S(a)) (Coleman, 1968a). At the same t.ime, there 
are inajor shifts in band position and, hence, 
d-orbital energies (Coleman, 1968a; Lindskog, 
1966). Both findings are compatiSle with the 
addition of a donor of strong ligand field to the 
coordination sphere. This addition alone may 
destroy the symmetry; however, there may also 
bc shifts in some of the other metal-protein bond 
lengths or directions. The new ligands themselves, 
in addition, occupy a highly dissymmetric en- 
vironment (figs. 2 and 3) which may add to  the 
mechanism of induction of optical activity. 

CD Spectra of Co(I1) Bovine Carbonic 
Anhydrase 

An unexpected finding that contributes sigruri- 
cantly to further understanding of the structural 
factors affecting the metal complex is the sur- 
prising observation that the d-d transitions of the 
Co(I1) bovine isozyme B all show large optical 
activity (A6 is generally larger than observed in 
many resolved chelate isomers). On the other 
hand, the similarity of the visible absorption 
spectra for all isozymes of Co(I1) carbonic an- 
hydrase has implied similar coordination geom- 
etries to exist in each isozyme. However, the sym- 
metry elements affecting the d-d transitions are 
clearly not the same. The features of molecular 
structure responsible for this symmetry difference 
evidently do not alter the d-orbital energy level 
splitting, because band energies of all Co (11) 
isozyme spectra are similar. This is in marked 
contrast to the induction of optical activity by the 
coordination of anions and sulfonamides, which is 
accompanied by marked energy changes (Cole- 
man, 1968a; Lindskog, 1966). 

The anions and sulfonamides additionally alter 
the dissymmetry of the d-d transitions of the 



Co (11) bovine isozyme. The separation of this 
mechanism from the one responsible for the initial 
optical activity of the Co(I1) bovine isozyme B 
is best illustrated by the changes in ellipticity 
induced by a sulfonamide inhibitor, acetazolamide 
(fig, 9 ( a ) ) .  Major positive and negative ellip- 
ticity bands (or changes in rotatory strengths) 
are added to the original C 3  spectrum. The 
difference CD spectrum in figure 9(b) shows that 

I ‘ I I  I I I I I I I 

il  DlFF CD 
B CAB + 

ACETAZOLAMIDE 
- B  CAB 

4 

(+ 1 
3 

2 

D 
(r, 

1 

0 

(-1 
1 

+.5 

O D  -m 
75 

R , m p  
FIUURE 9 .4 i rcu lar  dichroic spectra of bovine mrbonic 

anhydrase B and the wmpP.c WiUG aeelnzolamide. Cvm- 
pankm to the spectrum oj the human %myme B e W -  
zolamide eompkx. (a) (-), Co(II) bovine i so~yne  
B; (- - -), Co(Z1) bovine isozyme B plus aeelazolam2de. 
(b) (- 9 -), COW) bovine isozyne B plus acelazolamide 
minus Co(ZZ) booine isozyne B. (c) (-1, Co(Z1) 
hum% ismyne B; (- - -), Co(1Z) h u m n  isozyme B 
plus dhozaolumide. Conditions: 0.036 M tris, pH 9.0, 
93 C. E W ~ E  eoncenlrationS were a8 in $fire 7.  

the band position and contour of this increment 
in the spectrum are similar to the change induced 
by the sulfonamides in the initially optically in- 
active bands of the Co(I1) human isozyme B 
(fig. 9(c)). This finding apparently indicates that 
the two mechanisms of inducing or altering the 
symmetry around the Co(I1) are independent 
and, hence, additive. In thc case of the anionic 
inhibitors, however, this additive feature is not 
so clear as illustrated by the changes in the CD 
spectrurn of the Co(I1) bovine isozyme 13 upon 
the addition of CN- (fig. 8 ( b ) ) .  Charge distri- 
bution and sign over both the anion and the 
protein side groups in the immediate vicinity of 
the metal ion may be important factors influencing 
the rotatory strengths of the “d-d” transitions. 
Perturbation of an inherently symmetrical chro- 
mophore by a dissymmetric potential field induced 
by a constellation of charges on a dissymmetric 
molecule can be a powerful mechanism for in- 
ducing optical activity (Schellman, 1966, 1968). 

CD Spectra of Anion, Substrate, and Product 
Complexes of Co (11) Hum an Sarbonic 

Anhydrase B 

The combination of all negatively charged metal 
binding anions with Co(I1) carbonic anhydrase 
appears to induce the same symmetry change at 
the active center. If we compare the CD spectrum 
of the cyanide complex (fig. 8 (a) ) with analogous 
spectra for the complexes of cyanate, azide, and 
sulfide (fig. lo), the same set of at leaat three 
optically active transitions seems to be induced. 
Small variations in frequency and ellipticity may 
reflect ligand field strength and polarizability of 
the anion. 

Among the posaible anions interacting with the 
active center of carbonic anhydrase, bicarbonate 
and acetate are particularly interesting because 
the former is a substrate of the dehydration re- 
action and the latter a product of the esterase 
reaction. At pH 8.0, both of these anions form 
complexes with Co(r1) carbonic anhydrase which 
bring about major shifts in the absorption spec- 
trum (fig. 7). At pH 8.3, where the rjpectrum of 
the HCOa- complex is observed, the equilibrium 
of the hydration-dehydration retiction is greatly 
in favor of bicarbonate (Gibbons and Edsall, 
1963). The inhibition of esterase activity by ace- 
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tate has previously been observed (Coleman, 
1967b). Whether these spectra represent those of 
intermediates on the reaction pathway is yet to 
be proved. These complexes do share the property, 
in common with the other anions, of inducing 
optical activity in the d-d transitions of the cobalt 
ion (fig. 11). 

Gaussian Resolution of the CD and 
Absorption spectra of Co(I1) Human 
Carbonic Anhydrase B and the Cyanide 

and Ethoxzolamide Complexes 

To form a better qualitative and quantitative 
picture of the band structure and shifts in band 
structure shown by the various Co(I1) carbonic 
anhydrase spectra, the visible spectral envelopes 
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FIGURE lO.-CircUtar dichroic speelra of Co(ZZ) human B 
carbonic anhydraseanion eomplmes. (-), complexes 
aa labeled NCO-, Na-, and -SH. (- - -), d i v e  
Co(ZZ) enzyne in all caaes. CondiliOnS: 0.086 M trh, 
pH 0.0, 8s C, 1.67X10-4 M enzyme. Inhibitors were 
present in a tmfofotd molar excess in each m e .  
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FIGURE Il.--Cireular dichroic spectra of Co(ZZ) carbonic 
anhydrase complexes with met& and hrbonate .  (a) 
(- - -), CO(ZI) human B ~ S O Z ~ W  plus CHaCOO-. 
(b) (-), Co(ZZ) tovine B isozyme; (- - -), 
CO(IZ) bovine B isozyme plus HCOa. Conditions and 
enzyne wncenfratima weze as given in figure 7. 

have been resolved into a series of overlapping 
gaussian bands with a Du Pont 310 curve fitter 
(Coleman, 1968b; Myer, 1968). The fitting reveals 
a complex band structure to exist for all the 
spectra. While such additional information does 
not as yet provide a precise determination of the 
geometry of the ligand field perturbing the d-or- 
bitals, it does provide a quantitative basis for theo- 
retical treatments. The absorption spectrum of 
the Co (11) human isozyme B in the visible region 
can be fitted by a minimum of five bands (fig. 
12(a)). The analysis of the absorption spectrum 
of the ethoxsolamide complex (fig. 12(b)) shows 
that the sulfonamide causes the two low-energy 
bands to move to higher energy, but does not 
change the band multiplicity. The positions and 
bandwidths of bands 3,4, and 5 are not changed, 
but there are major changes in relative oscillator 
strengths of all five bands. The CD spectrum of 
the ethoxzolamide complex can also be easily 
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FIQURE 12.-Resolu~~on of the &ble absorptirm and CD speetra of Co(Z2) human carbonic anhydrase B and the ~ p l e z e s  
with ethozzolami.de and eZlnni.de inlo a series of overlapping gaussian bands. In  each part of the figure (-*-) represents 
the enuelope for the sum of the constituent gaussian bands shown the dashed lines and numbered eonseeulZvely from 
lower lo higher energies. Each envelope corresponds withi% the error of the measurement lo the experimental spectra: (a) 
absorption spectrum, enzyme alone; (b) absorption spectncm plus ethoxzolamide; (c )  circular dichroisna plus el-lamide; 
(d) absorption spectrum plus CAT-; (e)  circular dichroism plus CN-. 

fitted by five ellipticity bands at  the same po- 
sitions and of the same bandwidths rn those 
present in the absorption spectrum (band 6 is 
slightly wider, which may reflect experimental 
error because the spectra were taken on two 
different imtruments) . Band 1 has negative ellip- 
ticity, while the rest show positive ellipticity. 
Band 2 in the CD spectrum appears hidden under 
band 3, but its presence is necessary for the proper 
fit because the steep profile of the CD spectrum 
where it shifts from positive t ~ i  negative is not 
generated by any combination of two gaussian 
bands. 

An independent fitting of the absorptiorl and 
CD spectra of the cyanide complex shows that 
the visible region of both spectra can be fitted by 
three bands of the same position and bandwidth 
(fig. 1 2 ( 4  and 12(e)). Bands 2 and 3 are in the 
same position and apparently correspond to bands 
3 and 4 of t.he Co(I1) enzyme alone. Band 1 may 
contain two bands that have moved so close to- 
gether that they cannot be distinguished. Some of 

the CD recordings suggest this (see fig. 8(a)) .  
In d5ticin, the anions induce two near-ultra- 
violet ellipticity bands, 1’ and 2’. Thus, like the 
bovine Co (11) enz;yme, there are near-ultraviolet 
bands associated with the Co (11) chromophore. 
The presence or absence and sign of these near- 
ultraviolet ellipticity bands depend on the char- 
acter of the anion (fig. 10). 

A precise interpretation of the absorption and 
CD bands of Co(I1) carbonic anhydrase is not 
possible at present, partly because of the lack of 
any simple model Co (11) compounds that demon- 
strate the spectral properties shown by the protein 
complex. The oscillator strengths appear more 
characteristic of tetrahedral Co (11) complexes, 
but the band multiplicity and energies are not 
typical of tetrahedral models. The additional 
bands in the near ultraviolet associated with the 
Co(l1) chromophore and revealed by the CD 
measurements further complicate the interpre- 
tation. If there is a significant contribution from 
ligand orbitals to the visible transitions of the 
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Co (11) metalloproteins, the transitions cannot be 
considered a6 purely d-d in character as in simple 
crystal or ligand-field theory: If this is the case, 
the possible factors, including charge trawfer, 
contributing to their multiplicity, energies, arid 
oscillator strengths become more diverse and hard 
to predict. 

The resolution of the band structure in figure 12 
reveals that the inhibitors apparently do not 
change the band multiplicity, suggesting that 
there is not a radical shift in ligand geometry 
upon inhibitor complex formation. This is not 
incompatible with exchange of monodentate lig- 
ands at a site originally occupied by a coordi- 
nated water molecule. The other interesting fea- 
ture is that the transitional energy changes involve 
primarily the two lowest energy bands. This fact 
perhaps implies a highly restricted apprdacli for 
the perturbing ligand. 

CD of Co(1I) Human Carbonic 
Anhydrase C 

An indication of possible specific molecular 
structure responsible for these spectral findings 
is revealed by a comparison of the physicochemical 
properties of three of the Co(I1) isozymes. The 
CD spectrum of the Co(I1) derivative of the 
human isozyme C is of particular interest because 
the X-ray crystallographic studies have proceeded 
farthest on this variant (Fridborg et al., 1967). 
The d-d transitions of the Co(J1) derivative are 
initially opticafiy active (fig. 13) and the CD 
spectrum of both the enzyme and its cyanide 
complex is almost identical to the corresponding 
spectra of the Co(II) bovine isozyme B. These 
findings imply that the human isozyme C is more 
closely related to the bovine isozyme E. The same 
conclusion is implied by the C-terminal amino 

acid sequences for the three isozymes shown in 
table I (Nyman; Strid, and Westernark, 1966; 
hndersson, Nyman, and Strid, 10ctSj. Both the 
hummi C and bovine B isozymes h v ~  C-ielid- 
nal lysine, while the C-terminnl residvie of the 
human B isozyme is phenylalanine which appears 
to correspond to the penu1tima;l:e residue of the 
other two isozymes. 

I ! i \  I I I I I I I 
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PIaunE 13.-Absorpthn and CD spectra of Co(ZZ) human 
carbonic anhydrase C and the cyanide complex. (a) Ab- 
sorption spectra: (-), Co(IZ) isoqme C; (- -. -) 
plus CN-. (b) CD spectra: (-), Co(ZZ) iS0zym.e C; 

83 6. Protein concenlralion wm ~ . O O X I O - ~  M. Cyanide 
wm added in a fiuelold molar excas. 

(- - -) plus CN-. Condz t i~?~:  0,026 M It%, PH 9.0, 

TABLE I.-Carbonic-Terminal Amino Acid Sequences for Species and Isoz2/me Variants of Carbonic 
Anhydrase 

[From Andersson, Nyman, and Strid, lCJ68] 

D 10 18 17 16 15 14 13 12 11 10 0 8 7 6 5 4 3 2 1 

G l x - H i s ~ A s n - ~ P ~ T h r ! G l i i - P r o - L e u - C y s ~ G l y ~ T h r - V a l - A r g - A l a -  Ser- Phe- 
I 1  I l l  I l l  

I l l  I I  I l l  

U U I  Iu 

Human enzyme B 

Numsii enzyme C Val-kqp-hn-Trp I I !  Ar~-Pr~lAl-~Gln-Pro-Leu-Lys-A~n-Arg 1 1 1  Gln- Ile- Lys-Ala- Ser- Phe-Lys 

Leu-Ala-hn-Trp-Arg-Pro-Ala-Gin-Pro-Leu-Lys I l l  I I  I l l  Asti-Arg- Gln-Vnl-Arg- Gly-Phe-Pro- Lys Bovine enzyme B 
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In addition to these findings, the determination 
of the structure of human carbonic anhydrase C 
by X-ray diffraction at  5-A resolution shows that 
apparently the C-terminal lysine is located very 
near the metal ion. Thus, both the human C and 
bovine B isozymes appear to have an additional 
positivc charge in the immediate vicinity of the 
active site. This fact could be responsible for 
inducing the observed optical activity in the d - d  
transitiom of the Co(1I) human C and bovine 13 
isozymes. Such a charge could easily distort the 
potential field around the cobalt chromophore. 
This charge might also influence the catalytic 
mechanism as postdated in scheme 11, because 
transfer of .several charged species including pro- 
tons are involved. Both human C and bovine B 
have somewhat higher specific activities than the 
human B enzyme (Coleman, 1967b; Riclcli et al., 
1964). 
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EDSALL: I notice that the cobalt enzyme has 
well-marked positive circular dichroism bands 
just a little above 300 millimicrons, which do not 
appear in the zinc enzyme. They are quite char- 
acteristic of the cobalt, just as the ones at  longer 
wavelength are. 

COLEMAN: It is very difficult to assign these 
to any well-known structure for a coordination 
compl5x. It may indicate that this complex is 
spectrally far more complicated than any of the 
models that have been looked at. One usually 
interprets these bands as charge transfer bands, but 
one would guess that they are relatively weak 
compared to the usual charge transfer bands, 
because no major change is seen in the absorption 
of the protein in the ultraviolet. Of course, the 
concentrations that one uses in the ultraviolet, are 
relatively so much smaller that one may miss 
them. However, I think that some coordination 
chemists feel that i t  is not necessarily true to say 
tha’ all charge transfer bands must have extinction 
coefiicients as high as about a thousand. So these 
could be weak charge transfer bands. 

HASTINGS: Can you define “Cotton effect”? 
COLEMAN: In answer to Dr. Hastings’ ques- 

tion, it. is perhaps best to  define first the two re- 
lated phenomena, circular ‘dichroism and optical 
rotatory dispersion, associated with an optically 
active absorption band. If an electronic transition 
occurs in a molecule having sufficient dissym- 
metry to render the transition optically active, the 
dot product of the electric (pe) and magnetic (h) 
moments of that transition is not equal to zero 
( 1 1 ~ z ~  cos OZO, where 8 is the angle between the 
electric and magnetic rnomenh). In more direct 
physical terms, the moticjns of the electrons in- 
volved in the transition are associated with bobh 
translational and rotational components. If plane 
polarized light of the frequency corresponding to 
the transition can be divided into its left and 
right circularly polarized components, the absorp- 
tion band corresponding to the transition will 
demonstratc a greater or lesser absorption (molar 
extinction coefficient, e) for the left-handed com- 
ponent,, e ~ ,  or the right-handed component, e ~ ,  
depending on whether the initial dissymmetry 
giving rise to the optical activity is of a left- or 
right-handed screw sense. If C L - ~ R  is positive, 

--L-/-- -- 
‘CD Or ELLIPTICITY I 

I 
I 
I 

BAND 

the absorption band is said to show positive 
circular dichroism; if EL-ER is negative, the band 
shows negative circular dichroism (CD) (see 
fig. D-1 (a)). Circular dichroism is often expressed 

0 
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-1 -1 
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nL-nl pOfitive - Y O  - nCnR negntive 
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- V (frequency) 

FIGURE D-1.-(a) C i r c u l a r d i e h r o i s m o r d i f f e r d ~ l ~ ~ t i o n  
of the right and left circularly p o l a r i d  wmponenls of 
plane polarized light produced by a single optically aclive 
electronic transition of frequencu yo. e~=molar extinction 
c o e w d  for the left-handed component, e~ =molar eztinc- 
lion eoe&ient for right-handed component. The mami- 
tude of the difference, ~ L - C R ,  has been emggeraltd for 
graphical purposes. This differ- is rarely greater than 
a few hundreduls of the average molar extinction e o e ~ e n t .  
(b) Optical rotatory dispersion (labeled dispersion curve) 
associated with a negalive g a d a n  CD band a8 ~houm 
in (a). Zf drcular dichroism i s  mpressed aa mleezclar 
ellipticity, the units readily convert in c a h l u l h  to 
those of molecular rotation which are also deg-ma/deeimo1e. 
The wavelength dependence of the indices of refrdion 
through the optically active absorption band for the two 
circularly polarized components of plane polarized light 
are given by the curves marked nL and nR . The conditions 
giving rise to a negative Cotton effect are pictured i n  this 
jigure. 
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155 



156 COZ 

directly in units of ~ I , - E R  or A€. In work with 
macromolecules, circular dichroism is most often 
expressed as molecular ellipticity, (e) = 2.303 
(4500/1r) (EL-ER), which has units of deg cni2/deci- 
mole. It should be emphasized t,hat the phenoni- 
enon of circular dichroism occurs within the 
wavelength range of t.he envelope of the ordinary 
absorption band (fig. D-l(u)). 

On t.he other hand, a well-docuniented physical 
principle states that for every absorptive process 
there is an associated dispersive process. The 
general relation between absorption and dispersion 
is embodied in the mathematical relation expressed 
by the Kronig-Kraniers transform which can be 
used t.0 generate Lhe dispersion curve (fig. D-l(b)) 
corresponding to an absorptive process like the 
gaussian CD band shown in figure D-l(u). For 
detailed disaussions m d  development of the 
theory relating absorption and dispersion phe- 
nomena, the reader is referred to papers by 
Moscowitz (1960) and Schellman (1964). The 
dispersion phenomenon associated with circular 
dichroism is optical rotatory dispersion; namely, 
bhe rotation of the plane of polarizat.ion experi- 
enced by plane polarized light as it passes through 
the optically active substance measured as a 
function of the wavelength of t,he polarized light.. 
The dispersion curve derived from the negative 
CD band in figure 0-l(u) is illustrated in figure 
D-l(b). The optical rotatory dispersion curve for a 
single electronic transition follows a two-phase 
(positive and negative) symmetrical curve. The 
dispersion extends far outside the wavelength 
region of measurable absorption. If the original 
CD band is negative, the dispersion curve begins 
negative at low energy (long wavelength), reaches 
a negative minimum, and then becomes zero at the 
wavelength of maximum ellipticity, followed by 
a mirror-image positive curve. If the CD band 
is positive, the positive arm of the dispersion 
curve occurs a t  the lowv-energy side of the absorp- 
tion band. 

In the physical description of the dispersion 
phenomenon, it. is helpful to point out that the 
index of refraction is a dispersion phenomenon. 
For a solution containing the optically active 
molecule, t,here are two different indices of re- 
fraction, nL and n R ,  one for the left and one for the 
right circularly polarized components of plane 
polarized light. The difference nL-nR undergoes 
a change as a function of wavelength following 
a dispersion curve that changes sign through the 
absorption band (fig. D-l(b)). Indeed this differ- 
ence, nL-nR,  is responsible for the rotation of the 
plane of polarization, because one circularly 
polarized component of the plane-polarized beam 
becomes retarded niore or less than the other, 
depending on wvavelength, hence rotating the 
plane of polarization in one direction and then 
t.he opposite direction as this difference changes 
sign. The resultant light in which the two cir- 
cularly polarized components are unequally 
absorbed as well as unequally rotated is referreci 
to as elliptically polarized, because the resulta-nt 
electric vector traces an ellipse. It is the presence 
of t.;ipt.ically polarized light that is associated 
with the Cotton effect. 

In t,he American literature it has often been the 
practice t,o refer t.0 the dispersion curve alone as a 
“Cotton effect.,” terming it positive or negative 
if the positive or negative arm, respectively, 
occurs a t  longer wavelengths. In the European 
literature, the designation “Cc tton effect” has 
often included both the dispersion and associated 
circular dichroism. 
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On the Mechanism of Sulfonamide Inhibition 
of Carbonic Anhydrase' 

SVEN LINDSKOG N T O - 2 3 3 Q i  
University of Coteborg and Chalrners Institute of Technology, Sweden 

The evidence for the essential role of t,he metal ion in sulfonamide binding is reviewed. The 
pH-dependence of the inhibition of bovine carbonic anhydrase by acetazolaniide has been studied 
and is interpreted in terms of the pK of the activity-linked group in the enzyme and the micro- 
scopic ionization constants of tha inhibitor. It is shown that the ionization state of the sulfonamide 
group is of critical importance for the binding rather than the overall charge of the inhibitor 
molecule. A comparison of the inhibition constants and the apparent recombination rate constants 
for two closely related sulfonamides-benzene sulfonamide and sulfanilamide-suggests that the 
anionic form of the inhibitor is bound to the enzyme. It presumably competes with OH- for the 
anion binding site, part of which is the metal ion. The inhibition constants for a large number of 
benzene sulfonamides with one additional ring substituent are discussed in terms of hydrophobic 
interactions between the inhibitors and the enzyme and suggest that the hydrophobic slot or 
surface on the enzyme is of considerable size. Apparent rate constants for the binding of various 
types of sulfonamides to bovine carbonic anhydrase are compatible with a direct combination 
of the ionized sulfonamide with the acidic form of the activity-linked group on the enzyme in an 
almost diffusion-controlled reaction, but may indicate a more complex mechanism. Preliminary 
results, indimring that acetazolamide does not. compete wit.h COZ in human carbonic anhydrase 
B, are given. 

As amply illustrated by the excellent and mas- 
sive review by Maren (1967), sulfonamides are 
of great importance in the studies of the diverse 
physiological functions of carbonic anhydrase. The 
specificity of these inhibitors for carbonic an- 
hydrase and their extremely strong interaction 
with the enzyme must be a function of peculiar 
features of the active site region of the enzyme 
molecule. Hence, biochemists interested in the 
catalytic mechanism of carbonic anhydrase have, 
to an increasing extent, employed sulfonamides 
as probes for the active site, be it. in kinetic work 
or in various spectroscopic studies, as carriers of 
reactive groups in an effort to map the active 
site by chemical modification (Whitney, Folsch, 
Nyman, and Malmstrom, 1967; Kandel, Wong, 

This study waa supported, in part, by grants from the 
Swedish Natural Science Research Council, the U.S. Public 
Health Service (GM 12280-03), and the Agricultural Re- 
search Service, U.S. Department of Agriculture (FG-Sw- 
107). 

Kandel, and Gornall, 1968), or as carriers of 
heavy metal atoms in X-ray crystallography 
(Fridborg, Kannan, Liljas, Lundin, Strandberg, 
Strandberg, Tilander, and When, 1967). The 
effects of variations in sdfonamide structure on 
inhibitory power have been the subject of a recent 
and comprehensive review (Bar, 1963). The pur- 
pose of the present paper is to discuss the sul- 
fonamide-enzyme interactions, their chemical na- 
ture, and their relation to the catalytic mechanism 
of carbonic anhydrase. 

THE INTERACTION B' rWEEN THE 

MIDE GROUP 
METAL ION AND THE SULFONA- 

Some y e m  ago we demonstrated in equilibrium 
dialysis experiments the importance of the metal 
ion for sulfonamide binding (Lindskog, 1963). 
These results have later been confirmed and ex- 
tended by Coleman (1967a). He showed that 
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only the activating metal ions, Zn( 11) and Co( 11) , 
induce a strong binding in human carbonic an- 
hydrase B, while the apoenzyme and inactive 
metallocarbonic anhydrases bind the inhibitor 
with a greatly reduced affinity. A close association 
between the metal ion and sulfonamide was further 
suggested by the effects of these inhibitors on the 
visible absorption spectrum of the cobalt en- 
zyme-effects which are similar to those obtained 
with simple anionic inhibitors, such as cyanate 
(Lindskog, 1963). These effects can be reversed 
by an increase of pH. This result was interpreted 
as a competition between inhibitor and a basic 
metal ligand. 

The spectrum of the cobalt enzyme itself varies 
with pH, and it could be shown that this spectral 
shift is directly related to the pH-rate profile of 
the enzyme (Lindskog, 1966a). The COz-hydra- 
tion activity as well as the esterase activity 
(Thorslund and Lindskog, 1967) requires the 
basic form of a group with a p K  around 7. This 
group must be either a metal ligand or sufficiently 
close to the metal ion so as to trigger the spectral 
change. As was first shorn on the bovine zinc 
enhyme by Kernohan (1965), the acidic form of 
the activity-linked group is required for strong 
binding of anions. One explanation of these phe- 
nomena is that a water molecule is coordinated 
to the metal ion and that the pK of 7 represents 
its ionization. The basic ligand that competes 
with inhibitors would consequently be OH-. The 
role of the metal ion in the catalytic mechanism 
of carbonic anhydrase has recently been reviewed 
(Lindskog, 1968). 

Neither the absolute nor the relative magnitudes 
of the affinities of various anions to carbonic an- 
hydrase correspond to those observed in simple 
metal complexes, but rather to those observed in 
some other proteins. (See Verpoorte, Mehta, and 
Edsall, 1967; Lindskog, 1966a.) These and other 
data force us to conclude that, in addition to the 
metal ion, the anion site comprises other elements 
of the protein structure, perhaps also other posi- 
tive charges. 

The evidence is now strong that the sulfonamide 
group interacts with this anion site. The compe- 
tition between sulfonamides and anions has been 
demonstrated both kinetically (Lindskog and 
Thorslund, 1968), by various spectroscopic meas- 
urements (Coleman, 1967b; Riepe and Wang, 

1968), and in direct binding studies (Coleman, 
1967b). A great step forward in our understanding 
of this was provided by Kernohan (1966a), who 
showed that the binding of benzene sulfonamide 
to bovine zinc carbonic anhydrase is dependent 
on the ionization state of the sulfonamide as well 
as of the activity-linked group in the enzyme. 
An attractive interpretation of these results is 
that only the anionic form of the sulfonamide is 
reactive and that it competes with OH- for the 
anion bite. The data, however, are also in ac- 
cordance with the combination of the neutral 
sulfonamide with the basic form of the active 
site. Our studies on the bovine cobalt enzyme 
(Lindskog and Thorslund, 1968) indicated that 
the important factor is, indeed, the ionization of 
the sulfonamide group and not the overall charge 
of the inhibitor molecule. 

Because - acetazolamide particularly has been 
widely used in chemical and physiological studies, 
we investigated in detail the relation between its 
binding and acid dissociation constants. Potenti- 
ometric titration of acetazolamide yields two pK%, 
7.2 and 8.8 (table I )  at 25 C and 0.1 ionic strength. 
The two protons are derived from the nitrogen 
atoms of the sulfonamide and the acetylamido 
groups, respectively. A spectrophotometric titra- 
tion (fig. 1) showed that the absorption maximum 
of acetazolamide is shifted from 265 millimicrons 
in acid to 292 millimicrons in alkali. There are 
three spectral forms (note the isosbestic points 
in fig. l ) ,  but the intermediate form is obviously 
a mixture of chemical species. The spectral shift 

TABLE 1.-The Acid Dissociation Constants of 
Acetazolamide and Chloroacetazolamide at 66 C and 

0.2 Ionic Xtrength 

Constant * Acetarolamide Chloroacetazolamide I I -- l- I - 

7.20 
8.80 
7.46 
7.56 
8.  -54 

8.46 

5.7 
8.4 
b7.4 
5.7 

b6.7 
8.4 

8 As defined in fig. 3. The probable error sin pK values 

b Based on the assumption that the electrostatic effect 
are estimated to he less than 0.1. 

is the same as in acetasolamide. 
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FIGURE 1.-Absorption speclra of IO-* AI acelazolamide at 
different p H - u a l w ,  96 C, ionic strength 0.1. Phosphate, 
t.ris-Hd30, or NaHCOa-Na&Os buffers were used. The 
speclra were recorded with a Gary 16 speclrophotomder, 
a 1-cnacelland inO.1 M HCI, a1 p H  6.68, 7.06, 7.60, 
7.98, 8.46, 9.10,9.49, and in 0.1 hI iVaOH, respectivdy. 

is essentially due to the ionization of the acetyl- 
amido group. Figure 2 shows that in methazola- 
mide, pK = 7.4, the sulfonamide ionization has a 
relatively small effect. In  the evaluation of the 
microscopic ionization constants of acetazolamide 
(fig. 3) , the spectrophotometric titration of chloro- 
acetazolamide was very informative. The chloro- 
acetylamido group has a pK of 5.7 in this com- 
pound, while that of the sulfonamide group is 8.4. 
As seen in figure 4, the ionization of the sulfona- 
mide group resuIts in a small blue shift and a 
small intensification of the peak (cf. fig. 2). At 
about 300 millimicrons there is an isosbestic point 
for this process. Assuming that 300 millimicrons 
is an isosbestic wavelength for the corresponding 
process in acetazolamide and that forms with 
protonated acetylamido groups have little ab- 
sorption at  this wavelength, we obtained the 
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FIGURE 2.-Absorption speclra of 1 0 - 4  &I methawlamide in 
0.1 hZ HCl and 0.1 M NaOH, respectively. 

FIGURE 3.-Scheme de5nin.g the microscopic acid dissociation 
constants g i v e n  in table I .  The potenliome&icully de- 
termined pK's are relaled to these by the equations, 
K1=K12+KL3; l/K2=1/K~4+1/&4. HR- represats 
CHaCONH- in acetazolamide or CZCHd'ONH- in chloro- 
acetazolamidP, respecliuelu, and the thiadh2ole ring. 

degree of dissociation of this group as a function 
of pH, and the constants given in table I could 
be calculated. As shown in table I, the two 
ionizing groups have practically the same pK 
values, and the electrostatic effect corresponds to 
about 1 pH unit. 

The pH-dependence of p K ;  for acetazolamide 
(fig. 5) can easily be analyzed in terms of the 
pK of the activity-linked group in the enzyme 
( ~ K E )  and the pK values of the inhibitor. As 
shown in figure 5,  the apparent second-order rate 
constants for the formation of the enzyme-inhibi- 
tor complex have a similar pH-dependence, which 
shows that the observed pK's are related Lo the 
free enzyme and free inhibitor, respectively. The 



160 cos 

1 " " " " " ' l  

" t  

220 260 260 280 300 320 340 

Wavelength ( mp 1 

FIGURE 4.-Absorption spedra of 1 0 - 4  &I chioroacetnzola- 
niide at different pH-values, 26 C, ionic strength 0.1 
tris-H&04, phosphate or aeetaCe buffers were used. The 
spectra were recorded with a Gary 16 spedrophotometer, 
a 1-em cell, and in 0.1 Af  HCi, at pH 4.46, 4.96, 6.4S, 
6.09, 6.68, 7.06, 7.60, and in 0.1 AI NaOH, respectively. 

dissociation rate constant 4 appears to be inde- 
pendent of pH over the whole range investigated. 

The inhibition by chloroacetazolamide has a 
rather complex pH-dependence, but pKi does not 
decrease with a unit slope in the alkaline range 
until above the pK of the sulfonamide group, 
which clearly shouis the critical importance of the 
proper ionization state of this group. To explain 
the complex pH-dependence, including the ex- 
cessive decrease of pKi for acetazolamide around 
pH 9, it must be assumed that the ionization of 
the side chain results in a somewhat weakened 
binding. As a consequence, the pK of the acetyl- 
amido group in the acetazolamide-enzyme com- 
plex must be shifted to 9.3. Preliminary spectro- 
photometric titrations in the wavelength region 
around 300 millimicrons indicated that this is, 
indeed, the caae. The curves of figure 5 have been 
calculated according to equation (1) : 

PH 

FIGURE ?i.--pH-dependenee of the negative logarithm of the 
inhibition constants (pKi) for bovine carbonic anhydrase 
B and aeelazolamide (0)  and chloroacetazolamide (e), 
and the pH-depadmce of the apparenl seeond-order 
recombination rate constant (k.) for the r eae th  bdween 
bovine carbonic anhydrase 3 and acetazolamide (a). 
The pKi values were estimatBd in phosphate or tris- 
H2S0, buffers, ionic strength 0.1, 26 C with 0.4 mM 
p n i t r o p h y l  acetate as substrate as described by Lind- 
skog and Thorslund (1968). The k,-values were de- 
termined from the initial phase of the readwn when sub- 
strate (0.4 mM ester at pH >8, or 0.6 mM COP at pH <8) 
containing inhibilor was mixed in a Durrum-Gibson 
slopped-jlm spectrophoolomeler with buffer wntaining 
enzgnie. The procedure and the equations used in the 
ealeulations are given by Lindskog and Thorslund 
(1968). The curves were calculated according lo q&wn 
( I )  with K1=1.SX10-9 M, and the values of K,, Kz, 
and KI2 indiealed in table I .  T o  obtain a good fit to the 
points, PKE = 7.1 rather than 6.9 found for the pH-rale 
projile (Thorslund and Lindshg, 1867), was used. 

which has been derived for the case of the combi- 
nation of the ionized sulfonamide group with the 
acidic form of the active site (case 1) .  Kr and K!, 
which are the pH-independent, "intrinsic" dis- 
sociation constants for the enzyme-inhibitor com- 
plex with a neutral and ionized side chain, re- 
spectively, were estimated from the data on 
acetazolamide and assumed to be unchanged in 
the chloro derivative. As seen in figure 5, this 
assumption seems to be valid. The above treat- 
ment must, of course, be an oversimplification 
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K I  L o  

ili X 109 AI-: set: -1x 10-4 M X  1010 AI-1 sec-lx 10-8 

3.9 ) 3 Sulfanilamide- - - -. . - - 10.7 3000 
p-Iodobenzene 

sulfonamide - - - - -. . 9.9 34 100 .3  11 
Acetazolamide - - - - - - - 13 .8 

CL 11,366 _ _ _ _ _ _ _ _ _ _  8.25 9 590 2 2 
7 Ethoxzolamide- - - - - -. 8.05 1.6 2900 

Chlorothiazide - - - - . . 

K i o  ! Inhibitor 8 PK 
- 

80 “.13 

.14 . 6  I 540 4 . 5  17 
9.35 I I 

kd a 

sec-1 

0.12 

.03 

.10 

.10 

.05 

.05 

.02 

a See Maren (1967) for the structure of these compounds. 
b Refers to sulfonamide group as determined by titration. 

The value for p-iodobenzene sulfonamide was estimated on 
the basis of u = $0.18, however. 

c Determined at pH 8.0 in tris-H80, buffer, as described 
by Lindskog and Thorslund (1968), using the esterase 

because, for example, variations in the overall 
charge of the protein have been neglected. 

In  the case of the combination of the neutral 
sulfonamide group with the basic form of the 
active site, case 2, an equation similar to equation 
(1) can be derived, but the two cases might be 
discriminated if two sulfonamides have the same 
“intrinsic” ~ K I  values but differ in acidity. Cn- 
fortunately, the microscopic ionization constants 
of the sulfonamide groups in acetazolamide and 
chloroacetazolamide are similar. Benzene sulfona- 
mide and sulfanilamide, however, seem to consti- 
tute a pair where such a discrimination might be 
feasible. At pH 8 to 9, these inhibitors are es- 
sentially un-ionized and the activity-linked group 
of the enzyme is in the basic form, so if the Kr 
values can be considered the same, case 2 should 
give identical values of Ki (as well as of the 
apparent recombination rate constants, k,) where- 
as case 1 should give a ratio of Ki (and of ka) 
equal to the inverse ratio of acid dissociation 
constants. For the inhibition of bovine ca.rbonic 
anhydrase by sulfanilamide (pK = 10.7) , we fouiid 
(at 25 C, 0.1 ionic strength, and pH 8.0) p K i =  5.51 
and k, = 3.9 X lo4 M-’ sec-l. These should be com- 
pared to Kernohan’s (1966a) values for benzene 
sulfonamide: pKi=6.12 andka=2.1X105M-*sec-’ 
(at pH 8.0) and pK=10.1. These data favor 
case 1. Further support for case 1 was provided 

activity. The values for CL 11,366 and ethoxzolamide 
were estimated in phosphate buffer, pH 7.1, however, and 
the substrate was 0.5 m M  Cor. 

d A s  defined in the tcxt for case 1. ~ K B  was assumed 
t,o be 6.9. 

KI, and corresponding rate constants. 

by .Chen and Kernohan (1967) , who showed that 
the absorption maximum as well as the maximum 
of the fluorescence emission spectrum of dansyl- 
amide (5-dimethylaminonaphthalene-1-sulfona- 
mide) were shifted on hinding with bovine car- 
bonic anhydrase to a degree compatible with a 
dissociation of a proton from the sulfonamide 
POUP. 

Further, for the mechanism of case 1 to be 
feasible as a direct reaction of the ionized sul- 
fonamide with the acidic form of the active site, 
the corresponding recombination rate constant 
must not exceed the value for a diffusion-con- 
trolled reaction, approximately 1 X lo9 M-’ sec-I 
(Eigen and Hammes, 1963). It can be estimated 
that the above values of k, fulfill this requirement 
(see table 11). 

THE IMPORTANCE OF OTHER 
INI ARACTIONS FOR 

SULFONAMIDE BINDING 
Let us examine a series of benzene sulfonamides 

with one additional ring substituent. If the sub- 
stituents were completely without effect on the 
binding, we should expect a plot of pKi at  neutral 
pH versus pK to yield a straight line with unit 
slope. Unfortunately, the pK values for most of 
these compounds are not known, but figure 6 
instead shows pKi-values found in the literature 
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FIQURE 6.-RelaLive values of pKi (0 )  for various benzene 
SuEfOnamides wilh one additional ring subslitiient versia 
Hammzll's u. Mot1 of lhe pKi values are those compiled 
bU Bar (1963). The arrm in  lhe center indicales the 
value for zinsubsliluled benzene sulfonamide. The verlicul 
arrows yoing from lhe points represenling p- and 
m-SO2NHz indicate lhe diredwn of the correction due 
lo the two sulfonamide groups in  these inhibitors. The 
ranges indicated for benzene sulfonamide, p-iodobewene 
sulfonamide, and p-trimethylammonium benzene sul- 
fonamide include values of Kernohan (1 966a), this studg, 
and Maren and Wiley (1968) as well. For benzene 
sulfonamide (Kernohan, 1966a), suljanilainae and 
p-wdobenzene sulfonamide, values of log (m) for the rr- 
adwn with bovine carbonic anhudrase I3 arc given for 
comparison. 

plotted against Hammett's Q. Although this pro- 
cedure is not quite correct in this case, an ap- 
proximate straightline relation with a slope close 
to +1 might again be expected. Figure 6 shows. 
that only a few of these sulfonamides have p K i  
values falling on the line going through the point 
representing benzene sulfonamide. If the above 
reasoning is correct, "innocent" substituents, in 

addition to p-NH2, would be ?n-N€I2, p-COO-, 
m-CH3, p-NO2, and p-SO2NH2 (if the latter is 
corrected for a statistical factor due to the two 
sulfonamide groups). Most of the other substitu- 
ents seem to give rise to increased inhibitory 
strengths. Exceptions are m-S02NH2 and 
p-N+(CH3),. The charge on the substituent ap- 
pears to be of minor importance. Since p-COO- 
seems to be "innocent" and CHICONH- in 
acetazolamide has a slight weakening effect, the 
effect of p-N+(CH,), might be essentially steric. 
The enhanced binding, on the other hand, is very 
substantial in some cases. In  addition to the 
compounds inchded in figure 6, it sho6 i be 
meniioned that the hexyl and benzyl esters of 
p-sulfamoyl benzoic acid are among the most 
powerful of all known carbonic anhydrase in- 
hibitors (Beasley, Overell, Petrow, and Stephen- 
son, 1958). Obviously, large hydrophobic snb- 
atiiuents ca.use the greatest increase in inhibitory 
power. The series of p-halogen-substituted benzene 
sulfonamides are also of interest, and the effects 
of increasing size and polarizability of the sub- 
stituents are striking. 

The enhancement of inhibitory power must es- 
sentially be due to a decrease in the dissociation 
rate constant k,+ or the mechanism involving a 
direct reaction of ionized inhibitor would not be 
possible. As indicated in figure 6 for pigdobenzene 
sulfonamide, the enhancement of log k, is much 
less than that of pKi (see also table 11). 

It has been clear for some time that the sul- 
fonamide-metal interaction or, rather, the sul- 
fonamide-anion site interaction is ncit sufficient to 
account for the high stability of these complexes. 
There has been accumulated recently a goo6 deal 
of evidence for additional interactions. Optical 
rotatory dispersion and circular dichroism meas- 
urements on the cobalt and zinc enzymes (Lind- 
skog, 1966b; Coleman, 1967c, 1968) have shown 
that not only are the d-d bands of the cobalt 
chromophore affected, but there are also Cotton 
effects due to the asymmetric binding of the ring 
system of the inhibitor. Chen and Kernohan 
(1967), in an elegant study of the fluorescence of 
bovine carbonic anhydrase and its complex with 
dansylamide, suggested that the sulfonamide , 

bound in a hydrophobic environment: possibly 
dose to one or more tryptophanyl residues. Fur- 
ther support for the presence of tryptophan close 
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to the sulfonamide binding site has been obtained 
by means of phosphorescence measurements by 
Galley and Stryer (1968). Chen and Kernohan 
(1967) point out that compounds analogous to 
the inhibitors, but lacking the sulfonamide func- 
tion, do not bind strongly, and it seems reasonable 
to assume that the major contribution to the 
stability is the “chelate effect” due to the multiple 
interactions with the enzyme. 

The X-ray diffraction studies of Fridborg et  al. 
(1967) have so far confirmed both the metal- 
sulfonamide bond and the ring-enzyme interaction. 
The size of the pocket or surface on the enzyme 
involved. in this interaction must be considerable 
in view of the strong enhancement of the inhibition 
caused by the attachment of large hydrophobic 
side chains to a variety of sulfonamides. 

ASPECTS OF THE MECHANISM OF THE 
REACTXQN BETWEEN SULFONAMIDES 

AND CARBONIC ANHYDRASE 

As outlined in an earlier section, the pH- 
dependence and the magnitudes of the apparent 
second-order rate constants for the formation of 
carbonic anhydrase-sulfonamide complexes are 
compatible with a simple mechanism, namely a 
direct combination of RSOZWH- and the acidic 
form of the active site in an almost diffusion- 
controlled reaction. We have measured the re- 
combination rates for a number of different types 
of sulfonamides, covering a large range of Ki- 
values, and t.he calculated second-order rate con- 
stants for this reaction k; in no case significantly 
exceed 1 X lo9 M-l sec-l (table 11). In  view’of the 
complex nature of the enzyme-inhibitor inter- 
action, it is obvious that a large number of ele- 
mentary chemical steps must be involved in the 
total reaction, and any scheme including only one 
step must be an oversimplification. So far, how- 
ever, no direct or indirect evidence for inter- 
mediates has been obtained, and the detaiiad 
mechanism remains obscure. As the high sta- 
bilities are probably due to “chelate effects,” it 
is likely that intermediate forms are never prescnt 
in detectable amounts, but that the reaction will 
have to be described in terms of a rapid pre- 
equilibration or a steady state. Let us illustrate 
this point with an example. Assume that the 
ionized sulfonamide first reacts with the anion 

binding site. The rate constants for this step 
should be independent of the rest of the molecule 
within reasonable limits set by steric and electro- 
static effects. Stability is attained in a second, 
first-order step, in a reaction with the hydrophobic 
pocket as written schematically : 

k i z  k23 

k21 kaz 
EH-’ +I-*[EHI’]-;rEHI 

If the second step is very fast, the second-order 
step is rate limiting, and k; = k ~ z  and should vary 
only little as the sulfonamide is varied. The data 
in table I1 indicate that this is not the case. On 
the other hand, in a steady state, 

k:==lzlczal(bl+k2,>, 
which might conceivably be compatible with the 
observed variations in k;. It should be pointed 
out again that this is not the only possible mecha- 
nism (see Lindskog and Thorslund, 1968), and 
much more detailed kinetic measurements by 
means of rapid reaction techniques are required 
before a more complete description of the reaction 
can be made. 

ASPECTS OF THE MECHANISM OF 
INHIBITION OF CARBONIC 

ANHYDRASE BY SULFONAMIDES 

The essential feature of the inhibition by sul- 
fonamides seem to be their binding to the metal 
ion, thus preventing the occurrence of the catalytic 
reaction. The details of how this is achieved are 
by no means established, but at least until firmer 
structural information has been obtained, the hy- 
potheois that the inhibitor competes with an OH- 
which participates in the catalytic process, is 
useful. Competition with anions, probably includ- 
ing HC03- (Coleman, 1965; Leibman and Greene, 
1967) seems well established. The question 
whether sulfonamides also interact with the COZ- 
binding site has not been fully answered, however. 
Conventional inhibition studies have repeatedly 
given noncompetitive patterns with r ev .  ;t to 
COZ. Kernohan’s (1966a) results on !.Le rates of 
sulfonamide inhibition suggested that a slow rate 
of equilibration between enzyme and inhibitor 
might be a complicating factor in this type of 
measurement. It was later shown that Cot does 
influence the rate of binding of sulfonamides to 



bovine zinc {Kernohan, 1966b) and cobalt (Lind- 
skog and Thorslund, 1968) carbonic anhydrases 
to it11 extent which was compatible with a compe- 
tition. The infrared studies of Riepe and Wang 
(1968) also showed a competitive effect. Coin- 
petitive effects alone do not, of course, prove that 
there are common binding sites, and again there 
is a lack of structural information. 

We have, however, done a few preliminary ex- 
periments to measure the effect of COz-concen- 
tration on the rate of reaction of acetazolamide 
with carbonic anhydrase. In the bovine enzyme, 
there is definitely such an effect, but the results 
consistently indicate a mixed rather than a strictly 
competitive inhibition. Of more interest are the 
results on human carbonic anhydrase B where, 
at 25 C and pH 7.6, the apparent second-order 
rate constant was almost independent of the COZ- 
concentration in the range investigated (up to 
about 16 time. the reported K,; Gibbons and 
Edsall, 1964). h,ztazolamide binds much more 
weakly to this enzyme than to the bovine enzyme. 
At  pH 7.6, Ki=0.28 p M .  The value of k,=6X106 
M-I sec-1 is only slightly smaller than for the 
bovine enzyme, and, consequently, the dissoci- 
ation rate conatant kd is larger, approximately 
1.8 sea-'. This fact means that the time required 
for equilibration is smaller by a factor greater than 
10, and it should be feasible to decide the type of 
inhibition by conventional means. 

At present we may tentatively conchde that 
sulfonamides can perturb the binding of COZ more 
or less and that the binding sites are close but 
probably separate. 

CONCLUSION 

Hopefully, it is lear from the above discussion 
that our knowledge of how sulfonamides inhibit 
and interact with carbonic anhydrase has in- 
creased greatly during recent years. Yet, many 
of the conclusions that we can draw now from 
the various types of experimental results must 
remain tentative until the detailed three-dimen- 
sional structure of the enzyme is known. With this 
structure available, however, sulfonamides will 
undoubtedly be even more useful as probes for 
the chemical nature of the active site of carbonic 
anhydrase. 
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MAREN: I would like to mention some pre- 
liminary experiments using ethoxzolamide and 
methazolamide These have in common the fortu- 
nate fact that you do not haveto worry about ioni- 
zation outside the sulfonamide group. (Dr. Lindsko 
had a clever way of getting at the problem of the 
other proton in acetazolamide, but I think it is 
perhaps better to get away from the problem 
completely afid have only to deal with the ion- 
ization of the sulfonamide group.) These two 
compounds have pK's between 7 and 8, and 
so far we have not been able to see any dif- 
ference in their K l s  and esterase activity be- 
tween the pH values of 6 and 9. At the moment I 
am unwilling to accept the idea that the drug has 
to be an anion to be active. (see note added in 
proof, p. 177.) 

COLEMAN: I just might add that, of course, 
you can chelate it to the zinc atom, but in that 
case you may force off that proton. So that even 
if the drug starts out in neutral form, you may end 
up with a bound anion, in the same sense as in the 
formation of a coordination complex. It is prob- 
ably much more complicated as far as the binding 
forces are concerned, but may result in displace- 
ment of a proton. 

MAREN: You had to use a compleximetric 
method of titration? 

COLEMAN: Yes. Because of the pK values of 
sulfonamides, titration becomes difficult. The in- 
hibitor you are adding acts as a buffei itself, so that 
you end up being unable to do one of those differ- 
ence titrations. I analyzed one or two'points, and 
it looks as if the inhibitor displaces a proton or a 
hydroxide at high pH, but we really cannot be 
sure. 

MAREN: What pK do you need to do this type 
of experiment? 

COLEMAN: If the pK is anywhere within the 
region, you cannot do one of these titrations be- 
cause you are essentially adding a buffer. You 
have to do it in a completely unbuffered solution 
and use a pH stat. It might work with one of your 
sulfonarnides that does not have a second ionizing 
group, if it is tightly bound. 

CAPLOW: I wonder if Dr. Lindskog could ex- 
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plain'exactly what the reactive species are. Is the 
anionic form of the inhibitor combining with the 
ZnOH or the Zn(OHz)? 

LINDSKOG: With the Zn(0Hz). 
CAPLOW: Then it should be pH independent? 
LINDSKOG: No; not in the acidic region. 
CAPLOW: According to Coleman, let us say 

from about pH 7.5 on. 
LINDSKOG: Between the p K  values; yes. It 

would be surprising if the pK of the sulfonamide 
group did not influence the binding at all, because 
we know it is bound very closely to the metal ions, 
so an absolutely flat curve would surprise me very 
much. 

POCKER: The.  esterase activity of bovine 
carbonic anhydrase (BCA) rises qontinuously, 
but nonuniformly, with increasing pH. The pH 
rate pro6le appears to exhibit two sigmoid curves, 
one with an inflection around physiological pH 
(7-7.5) and t.he second, of much larger magnitude, 
with an inflection around pH 11 (Gg. D-1). The 
dramatic increase in activity at high pH can also 
be documented in the enzyaic hydration of CO,, 
but not in that of acetaldehyde, because in the lat- 
ter case the relative magnitude of the hydroxide 
ion term, koH- (OH-), becomes dominant in com- 
parison to the enzymic component. Dr. J. T. 

7 7  'p1 

PH 
FIQUI~E l)-l.-The bovine carbonic anhydrase catalyzed 

hydrolysis of p-nitrophenyl acelale ~3 a junclwn. of p H  at 
36 C ;  0, native enzyme (BCA); ., carboxymelhylated 
rnzyme (alkyl BCA);  0, apoenzyme (apo B C A ) .  
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Stone, in our laboratories, has successfully ca,r- 
boxymethylated BCA with iodoacetate. His 
stcdies show that the carboxymethylation of a 
specific histidine residue in the enzyme is ac- 
companied by an almost complete loss of enzymic 
activity around physiological pH and that the ac- 
tivity remaining at higher pH is, in iact, the 
threshold of the dramatic activity which occurs at 
pH values higher than 10. Apparently the p l i ,  of 
the group associated with the high pH inflection 
is but little affected in the carboxymethylated en- 
zyme (referred to in the figure as “alkyl BCA”). 
The pH-rate profile for the apoenzyme is also 
given in figure D-1. It wiil be noticed that the 
apoenzyme has essentially no activity in the pH 
interval 6-10.5, although at a still higher pH some 
activity, but no turnover, was detected. The 
enzyme-catalyzed hydrolysis of pnit.ropheny1 ace- 
tate was also investigated by Dr. Stone a t  four 
daerent t.emperatures ranging from 15 to 45 C 
(fig. D-2). By determining the formal Michaelis- 
Menten parameters at several pH values at each 
temperature, he mas able to show that the turn- 
over number kl depends, at physiological pH, upon 
a group whose enthalpy of ionization is 6.9 kcal 
mole-’ and that in DzO solvent the p l i ,  of this 
group is 0.5 unit higher than in H,O solvent 
(Pocker and Stone, 1968b). Dr. Stone has addi- 
tionally shown that inhibition by moderate in- 
hibitors (ICi ’- le4 to lW3 ill at pH 7.5) de- 
creases with pH as if depenacnt on two closely 

00 9.0 

PH 
FIGURE D-Z.-The bovine arbonic annudrase cda[yzed 

hydrolysis of p-nilrophayl a+.ela(e as a fundion af pH 
at fow differ& teniperdwes; I C  percent ( v / v )  acetonitrilr, 
p=O.OQ, [BCd]=U“X’iO-~ ?vi, ip-NPA]=2xl0-4 AT; 0, 
a416C; +,al266c;o,aLS‘696; A , a l 4 6 C .  

situated cationic centers in the enzyme, one of 
p K  - 7.3 and the other of pK,  - 11. Weaker in- 
hibitors tend to renect primarily the first inflec- 
tion, whereas very potent inhibitors tend t~ em- 
phasize principally the latter infle:tir n (Pocker 
and Stone, 1968a). In publications from these 
laboratorles over the last 4 yeas, we have 
provisionally ascribed a pKa of about 11 to the 
transformation of -2nOHz to -2nOH in the 
enzyme, and have attributed the inflection around 
neutral pH to the ionization of an imidazolium 
ion, the basic form of which promotes the hydrol- 
ysis process by removing a proton from the zinc- 
bound mater. In  this connection I might add that 
a number of model zinc-aquo complexes have pK,  
values higher than 10, possibly around 10.5 or 11. 

BRADBURY: I would like to describe a series 
of experiments in which iodoacetate has been used 
to study the active site of human erythrocyte 
carbonic anhydrase B. Iodoacetate reacts rapidly 
with t.he 3’ nitrogen of only 1 out of 11 histidines 
of human enzyme B to produce a carboxymethyl 
enzyme that. is almost completely devoid of ac- 
tivity. Several lines of evidence indicate that the 
reaction occurs at the active center: 

(1) Loss of catalytic activit.y occurs at the 
same rate as the appearance of carborymethyl- 
histidine. 

(2) Iodoacetate inactivates the enzyme irre- 
versibly only while bound as a reversible inhibitor. 

(3) Sulfanilamide, a potent inhibitor of the 
enzyme, proteck against irreversible inactivation. 

(4) The native conformatior: af t5c czzyme iQ 
required for rapid alkylation. In the presence of 
8 M urea the rapid reaction is no longer observed. 

Furthermere, no gross conformational changes ac- 
company carboxymethylation. The value 
and the ORD are the same for the native and modi- 
fied enzymes. 

A study of papain p3ptides of 14Glabeled car- 
boxymethyl carbonic anhydrase revealed that at 
least 73 percent of the radioactivity lay in B single 
peptide, the sequence of which is Thr-3-CMHis- 
Pro-Pro-Leu. Therefore, the evidence strongly 
indicates that a histidine residue is indeed at  the 
active site. 

In an attempt to assign a function to the reac- 
tive histidine, 1 have studied both the reversible 
and irreversible interactions of carbonic anhydrase 
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FIGURE D-3.-The pH a‘ependence of k, the rate of the 
irreversible readion. First-order rate constants were calcu- 
lated from the half times Jj inactivation at iodoaceLale 
concentrations that saturated the enzyme. A t  high p H ,  
wbre  saturation wuld not be achieved, the rates at satura- 
tion were culcittated from the observed half times and the 
IC1 values injigure D-2. Esterase adivify assays were per- 
formed on diluted aliquols. Reactions perforined at pH 6.5 
to 7.1 were assayed at pH 8.2. The residual activity at 
‘his pH was 7 pereent. Activity after reaelion at p H  8.8 
and 8.9 was assayed at pH 9.6. The residual aetiviiy at 
pH 9.6 was 11 percenl. Inhibition by reversibly bound 
iodoacelate was less than 3 percent in all eases and was 
neglecled. Al pH 6.3, the protein was unstable and assays 
were performed after renmval of precipitated protein by 
cenirifugaiion. Actinities relative to those at zero time were 
CalctUed accordingly. (Reprinted with perniksion from J. 
Biol. Chem.) 

with iodoacetate as functions of pH. Figure 1?-3 
shows a curve of the pH dependence of the ir- 
revertible reaction at saturation with iodoacetate 
as a function of pH. The data indicate that a group 
with a pK of 5.8 must be in the basic form for the 
reaction to occur. This pK refers to the group in 
the enzyme-inhibitor complex. 

Figure D 4  shows the pH dependence of the re- 
versible inhibition. It is clear from the data that 
the binding of iodoacetate is controlled by a group 
on the cnzynie with a pK of 6.8-6.9. This group 
must be in the acid form for binding to occur. 
Enzyme to which iodoacetate is reversibly bound 
is completely inactive. 

The interpretation of these results has been a 
.kiatter of much concern. If the pK at  5.8 indicated 
by the irreversible reaction is that of the reactive 
histidine, then in all probability another group 

FIGURE D-4.-The pH clependmce of binding. KI values 
were catculatcd froin the esterase adwity observed at various 
urncentrations of iodoacetate, assuming noncompetitive 
inhibaion. All assays were performed at 16 C in 1 percent 
acetone. The bu$ers were as follows: 0, 0.06 M bis-tris 
sulfate; A, 0.06 A I  tris sulfate, with the exception of the 
ezperinient at pH 9.6 which was performed in 0.066 hl 
veronal. The ionic strength of all bu&r solutions was 
adjusted lo 0.076 wdh  K&O+ The protein was stable 
throughout the entire pH range included in the diagrani. 
(Reprinted woilh permission from J .  I. 01. Chem.) 

controls binding. Because the pK of the group 
which controls binding is very nearly the same as 
the pK of the group which controls activity, de- 
termined from the pH-rate prome, and because 
the binding of iodoacetate occurs at the active site, 
i t  is tempting to postulate that one group controls 
both binding and activity. This group is probably 
not the reactive histidine and msy very well be a 
zinc-bound water molecule at the active site, 

Consequently, a specific function cannot yet be 
assigned to the reactive histidine. The presence of 
residual activity in the irreversibly inactivahd 
enzyme but not in the reversibly inhibited enzyme 
indicates that the histidine does not play an essen- 
tial role in catalysis. We must await the results of 
the crystallographic studies now in progress before 
we ca.. visualize the events that occur at the active 
site during enzyme action.‘ 

COLEMAN: We are worried about conforma- 
tional changes in the molecule at such high pH 
values, because this may change things consider- 
ably. 

This work is described in detaii in the thesis of S. L. 
Bradbury, “The Active Site of Carbonic Anhydrase” 
(Harvard, 1968), and in two papers in J .  Biol. Chem, 244: 
2002,2010, 1969. 



POCKER: I have no doubt, but still we find 
the increase in activity. 

COLEMAN : Have you been able to reactivate 
that apoenzyme at  high pH? One might think that 
the apoenzyme is a little more susceptible to con- 
formational changes than the zinc enzyme, so i t  
might be important to try to reactivate the latter 
and show this is possible. 

POCKER: This is a good suggestion, but it is 
difficult to introduce zinc ions at  high pH without 
forming a zinc hydroxide precipitate. 

EDSALL: In connection with Laurent’s beauti- 
ful studies on the effects of high pH, there is a 
tremendous difference in stability a t  high pH be- 
tween human carbonic anhydrase B and the 
human C enzyme, which Laurent and her col- 
laborators mere the first to show is far less stable 
when you go to about pH 10.5. Riddiford and 1 
extended these studies in more detail. I think that 
bovine B is like human C in this respect, although 
I am not sure. 

COLEMAN: That is my impression also. 
CAPLOW: How do you follow the reaction a t  a 

POCKER: By stopped flow. 
CAPLOW: How fast are the enzymatic reac- 

tions? 
POCKER: The enzymatic reactions for- 

tunately are much faster than the hydroxide-ion 
component-the OH- effect becomes terrific when 
you increase pH. We would never have been able 
to observe it if it were not for the fact that in 
the basic region the enzyme starts by being 
twentyfold better than an hydroxide ion and 
finishes by bcing 200-fold better. 

LINDSKOG: I would like to comment on the 
zinc hydroxyl pK. It is true that the pK of 
the first ionization of inorganic zir,c in water is 
around 9 or so, and that for a complex with 
more negative ligands, we would expect that the 
pK would be higher. Most of the complexes that 
have been studied are octahedral complexes in 
water solution. Of course, the zinc in the enzyme is 
definitely not octahedral. In the enzyme, the area 
around the zinc is different from pure water. 
The anions bind differently to this site, and a pK 
of 7 is not more abnormai than a p K  of 11 or 12, 
so it might vary either way. 

POCKER: I would agree with you if it were 

pH about 12? 

not for the fact that we repeated your cobalt 
values, and the inflection at pH 7 is identical. It 
is a function of the substrate; for the same sub- 
strate, cobalt and zinc show the same inflection. 
The cobalt hydroxide and the zinc hydroxide, in a 
hydrophobic environment of any kind, could shift 
frcm a higher to a lower pK value. However, it 
would be surprising if they shifted to an identical 
point, wauld it not? 

LINDSKOG: Considering the strange binding 
of other anions to this site, it seems that the bind- 
ing of weak ligands is determined more by the 
protein, by the Hofmeister series, if you wish, than 
by metal ions. Or it is even possible that this same 
hydroxide t,hat we are talking about all the time 
is not directly bound to the metal, that there may 
he another water molecule in between. 1 am not 
too sure it is necessary to expect different pK 
values for the zinc and cobalt enzymes. 

POCKER: Of course, we believe that in the 
neighborhood of the zinc hydrate there is an imi- 
dazolium group which helps to bind ions-perhaps 
I should say a positively charged group which 
helps bind ions. This, I believe, is what causes the 
Hofmeister series and causes the weaker inhibitors 
to be pulled in. 

COLEMAN: It is a difficult and complex prob- 
lem to extrapolate from the data on the various 
metal hydroxides in aqueous solution because the 
number of species is infinite. To extrapolate from 
there to a protein complex that binds a single 
water molecule is a most uncertain business. The 
extrapolation from the model substance is likely 
to be very poor. 

POCKER: Allow me just to say that had the 
extrapolation been easy, we would not have gone 
to the trouble of modifying the enzyme to prepare 
the alkylated BCA, aiid we would not have done 
the temperature studies in such great detail. Also, 
we would not have prepared the apoenzyme. 

EDSALL (on behalf of Pierre Henkart, Bio- 
logical Laboratories, Harvard University) : 

CHEMICAL MODIFICATION OF 
CARBONIC ANHYDRASE B 

BY FLUORODINITROBENZENE 

In investigating the chemical modification of 
human carbonic anhydrase B by Sanger’s reagent, 
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l-fluoro-2,4-dinitrobenzene (FDNB) , we were 
surprised to find that this reagent is a substrate 
for the enzyme (Henkart, Guidotti, and Edsall, 
1968). Although it is not as powerful a catalyst for 
this hydrolysis as for that of several other sub- 
strates, we continue to be impressed by this en- 
zyme's versatility. 

FDNB inactivates carbonic anhydrase B rap- 
idly at  neutral pH in a reaction that is partially 
blocked by inhibitors such as sulfanilamide, dini- 
trophenol, and HzPOr. In agreement with Whit- 
ney, Nyman, and Malmstrom (1967) , we find that 
chloride ion does not block this inactivation al- 
though it does inhibit enzymatic activity. 

The major product of a short incubation with 
FDNB is mono-DNP-carbonic anhydrase B, 
which can be separated from the unreacted enzyme 
on a BioRex-70 column. Amino acid analysis of 
this derivative shows the loss of one histidine and 
the appearance of one residue of Im-DNP-histi- 
dine. This histidine in carbonic anhydrase is about 
100 times more reactive toward FDNB than a- 
N-acetyl-histidine under similar conditions. 

The DNP enzyme retains some of its activity. 
Measured by the Wilbur-Anderson assay for CO, 
hydration, this activity is 2 to 4 percent of that of 
the unreacted enzyme. Experiments using the 
hydrolysis of p-nitrophenyl acetate show a reten- 
tion of about 70 percent of the activity of the 
normal enzyme. Although we have not yet had a 
chance to examine the kinetic parameters of this 
residual activity, the dinitrophenylated enzyme 
appears quite diffcrent from other modified car- 
bonic anhydrases in which loss of the two activities 
is more nearly parallel. 

The DNP group can be removed from Im- 
DNP-histidine by t.hiolysi: (Shaltiel, 1967). When 
incubated under mild conditions with p-mercap- 
toethanol, the DNP group is cleaved from the 
DNP enzyme, yielding the fully active enzyme 
which chromatographs normally. 

Work is currently in progress to isolate a pep- 
tide containing this histidine, to see if it is the 
same one which is carboxymethylated rapidly. 
The latter was shown to be in the sequence Thr- 
His-Pro-Pro-Leu (Bradbury and Edsall, 1968)'. 
Initial results with DNP-carbonic anhydrase B 
suggest that the reactive histidines are not the 
same because the impure peptides we have isolated 
up to now contain little proline. 

MAREN: I do not have any comprehensive 
theory to offer about the activity of the sulfona- 
mide drugs-this will await further work. I only 
want to discuss what type of compound gives 
what type of acthity, in a purely descriptive 
manner. The molecular bases for these differences 
are rather incompletely known. We have an 
enormous range of inhibitors, ranging from drugs 
with a Ki of about 10-4 M to those of Ki of 

M. I will illustrate the characteristics and 
some of the properties of a few of the drugs you 
are using (table D-I) . The weakest inhibitors are 
the aliphatic sulfonamides. The gmpest com- 
pound would be something like (A); these are 
barely active. At  one time people thought they 
were not active at all, but that the slight activity 
might be due to contamination; e.g., if there were 
a slight amount of benzene remaining from the 
syrithesis. They are probably active in the 10-3 to 

M range. Drugs with K ,  on the order of 
M are represented by the thiazides, which 

have a structure of (B) (the only reason I am 
including these is that they have a different role 
in medicine). This is the structure of hydro- 
cdorothiazide, an important diuretic. But its 
diuretic activity is due to a 1,3 configuration 
which has a special action on the kidney, more or 
less by accident. It has a sulfonamide group, 
which is necessary for high diuretic activity, so 
by chance it is a carbonic anhydrase inhibitor, 
although that is not its main pharmacological 
activity. In the 10-6 M range, we have simple 
benzene sulfonamide (C) . Dr. Lindskog, Dr. 
Kernohan and I agree that this is the simplest 
for us to use in this activity range. The drug that 
is most ordinarily used is sulfanilamide (D), but 
that amino group has nothing to do with this 
subject at all-it just makes it an antibacterial 
substance. Dr. Kernohan told me yesterday that 
you introduce certain problems simply because of 
the reactivity and insolubility conferred by the 
aryl amine. The important rule here is that all 
carbonic anhydrase inhibitors have this unsub- 
stituted sulfonamide group; any alteration here 
utterly destroys activity. The simplest, example : 
if this group becomes -S02NHCH,, the activity 
falls immediately to zero. In the lo-* range we 
have acetaxolamide (E). The big advance that 
was made in this field as far as drugs go was 
made by my former colleague, Richard 0. Roblin, 
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of the American Cyanamid Co., when he dis- 
covered that heterocyclic molecules are much 
more active than homocyclic. There are many 
compounds studied, such as benzothiazole sul- 
fonamide and/or thiadiazoles (the structure of 
the ring in acetazolamide). There is a curious 
aspect in the way groups influence activity. If 
there is an acetyl amino (acetamido) compound, 
activity is increased. This is true both in the 
sulfonamide series and in the acetazolamide series; 
acetylsulfanilamiGe is a much more active in- 
hibitor than sulfanilamide, and acetazolamide 
is more active than des-acetyl-acetazolamide. 
It is as if activation of the proton in the former 
had an effect-acetylation causes it to be a 
stronger acid. In the latter, acetylation may have 
some effect on resonance in the ring, with a 
manifestation on the SO2NHZ group. Going one 
log further, a somewhat different type of ring, the 
benzothiazole sulfonamide, is the most powerful. 
Benzothiazole-2-sulfonamide, which was another 
early Roblin compound, is shown (F). The drug 
that many of us have used, simply because it is 
commercially available, is the 6-ethoxy derivative 
ethoxylamide ( G ) .  Structure (H) is CL 11,366 
(benzolamide) which is a relatively strong acid 
having interesting pharmacological properties be- 
cause of differences in distribution from examples 

It is evident then that any unsubstituted sul- 
fonamide is active; this is one of the tightest rules 
in structure-action relation in pharmacology. Curi- 
ously enough, only sulfonamides are active. There 
is no other class of organic compounds that has 
activity against carbonic anhydrase. This activity 
extends to all mammalian carbonic anhydrases 
with the sole exception af rat-liver carbonic an- 
hydrases. All other mammalian carbonic an- 
hydrases and all vertebrate carbonic anhydrases 
are inhibited by these drugs; that of rat liver is a 
complete puzzle. As we heard yesterday, the bac- 
terial enxyme in the N&seriu family is also 
inhibited. Plant enzymes are not inhibited, or to 
no significant extent. The difference in plant en- 
zyme would be on the order of 10 000 times less 
inhibited. 

POCKER: You state that when onc alkylates 
the SQzNHz group, the inhibitor activity goes to 
zero. Our experience is that it falls by a factor 
of a thousaitlld. 

(E), (F), and (GI * 

MAREN: But then you have to worry about 
residual, one-tenth of a percent, impurity. &hen 
you are dealing with such enormously active com- 
pounds, the problem of chemical purity becomes 
important. 

LINDSKOG: Of course in the'paper by Whit- 
ney, Folsch, Nyman, and Malmstrom (1067) it was 
obvious that in human enzyme B, some of the 
modified chlorothiazides can act as inhibitors of 
that enzyme. The same modified inhibitor in the 
bovine enzyme was not an inhibitor. There was 
an inhibition, but you can distinguish kinetically 
if you have a small.amount of unmodified inhibitor 
in the preparation or if you have weak inhibition 
by the modified inhibitor. 

MAREN: I think it is important in that type 
of analysis to get very pure compounds. 

LINDSKOG: I would also like to comment 
on the relation between structure and function. 
I did not go into that yesterday because there is 
a very good review I would like to draw attention 
to by Bar (1963), a French author, who covers 
this in great detail; eg., CL 11,366 (compound 
(H) in table D-I) . In  view of hydrophobic inter- 
actions, its strong interaction is probably not due 
to the acidity of this group, but to the extra 
benzene ring that you add to the structure. 

COLEMAN: I just might add that the extra 
benzene ring in CL 11,366 induces tremendous 
Cotton effects, apparently causing it to interact 
in some way with the surface of the enzyme. 

LINDSKOG: In  fact, the strong inhibition of 
acetazolamide is very much due to its acidity. 
It is not very hydrophobic. 

MAREN : But ethoxzolamide is exttemely hy- 
drophobic and poorly acidic (pK,=8.1). 

LINDSKOG: Chlorothiazide was the big ex- 
ception in the table 1 showed yesterday, It was 
very slow to react with the enzyme, although it is 
a wea? :nhibitor. My guess is that there might be 
steric effects involved. 

MAREN: That is quite true: the drugs with 
this thiazide configuration (B) are slow and they 
require a di2'erent setup in the laboratory to 
achieve equilibrium. You think that it is the 
hindering effect of the chlorine? Bcnzthiazide does 
the same thing-they all have the ring chlorine. 
I believe the congeners without the chlorine may 
be available from Merck, Sharp & Dohme. It 
would be interming to test this idea. 







NEGISMI: Thank you, Dr. Edsa!l, for giving 
me the time to comment, from the neurophysi- 
ological aspect, on the effects of COZ and Diamox 
on nervous activity. 

Carbonic anhydrase (CA) is present in high 
concentration in neuroglial cells and practically 
absent from neurons (Giacobini, 1961 ; Korhonen 
and Korhonen, 1965; and Parthe, personal com- 
munication). In the fish retina, Parthe (personal 
communicaticn) has shown the presence of CA 
in the Muller fiber which is a glial cell and in the 
horizontal cells which are classed as “short-axon 
cells.” The above facts have to be considered in 
the interpretation of the electro-physiological 
findings presented below. 

Figure D-5 shows a drastic hyperpolarizing 
effect of CO, on the membrane potential, recorded 
from a horizontal cell in isol8ted fish retina which 
was kept in a moist chamber (see fig. 4 of Negishi 
and Svaetichin, 1960). Downward potentials are 
responses (S-potentials) to light flashes. AR COZ 
tension in the chamber is increased, the membrane 
potential is markedly hyperpolarized; this is ac- 
companied by a diminution of light-indl: ed po- 
tentials. 

This COz effect is almost negligible in retinae 
isolated from Diamox-treated fish. Further, the 
membrane potential of the horizontal and ama- 
crine cells is highly aerobic depcndent (Negishi 
and Svaetichin, 1966a) ; their function stops im- 
mediately without 02. 

Figure D-6 shows the small depolarizing effect 
of (20, on the membrane potential recorded from 
a neuron (frog dorsal root ganglion cell) (Negishi 
and Svaetichin, 1966a and b) . High concentrations 
of C02 block the action potential evoked by electric 
stimulation of the sciatic nerve. The neuronal 
membrane potential is resistant to anoxia, and 
the action potential could be evoked without 0, 
for a t  least 30 to 40 minutes. However, the depol- 
arizing and action potential-blocking effect of 
CO2 was abolished in the asphyxiated prepara- 
tion. This was also true for preparations isolated 
from Diamox-treated frogs. 

The neurons of the dorsal-root ganglion are 
surrounded by satellite glial cells, which con- 
tain carbonic anhydrase. The results, presented 
in figure D-6, can be understood in the following 
manner: In the aerobic state, COz may reduce 

the neuronal excitability through the glial CA. 
If the CA activity is inhibited by Diamox, or the 
glial function is terminated by anoxia, the C02 
effect is no longer observed on the neuronal mem- 
brane potential. 

Furthermore, it was found in cat brain experi- 
ments that changes in the alveolar P C O ~  and intra- 
venous administration of Diamox rapidly in- 
fluenced brain tissue inpedance and cerebral ex- 
citability (fig. D-7). These results are possibly 
related to the function of CA-containing cells in 
the grey matter. 

The idea concerning the glial control on neu- 
ronal excitability was suggested by Svaetichin, 
Laufer, Mitarai, Fatehchand, Vallecalle, and Vil- 
legas (1961) and Galambos (1961) ; possibly short- 
axon cells, which contain CA in the fish retina, 
might be involved in similar control mechanisms. 

CARBONIC ANHYDRASE FROM THE 
CORN EAR WORM 

WHITNEY: Following the suggestion of Dr. 
Lawrence Edwards at the Agricultural Research 
Service in Tifton, Ga., some of us in Professor 
Edsall’s laboratory attempted to purify and char- 
acterize carbonic anhydrase from the moth, 
Heleothb zea, of the corn ear worm. Although 
these attempts were not very successful, we did 
learn a few things of interest. 

We obtained a generous supply of male pupae 
from Dr. Edwards and tried to isolate carbonic 
anhydrase from the testes. The activity in a crude 
homogenate of testes from 5000 pupae corresponds 
to 1 to 10 milligrams of enzyme assuming a spe- 
cific activity similar to other carbonic anhydrases. 

The first step in purifying the crude homogenate 
was an extraction with toluene. After centrifu- 
gation, moat of the activity was recovered in the 
toluene layer. This result suggested that the en- 
zyme might be associated with membranes or 
with other hydrophobic material. In the second 
step we tried to remove the enzyme from the 
toluene layer. The use of dilute buffer resulted in 
turbid solutions of low activity, whereas 0.33 M 
potassium sulfate dissolved most of the enzyme 
in a clear solution. 

Both fractions were chromatographed on Sepha- 
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dex G-100. Enzymc that had been extracted in 
dilute buffer and run in 0.05 M sodium phosphate, 
pK 6.9, was completely excluded from the resin. 
When 0.33 M potassium sulfate was included 
during extraction and chromatography, the frac- 
tion with C02-hydrating activity eiuted in a region 
consistent with a molecular weight of 80000 to 
90000, If the enzyme is normall) made up of 
subunits, then it may be dissociating in potassium 
sulfate to give a molecular weight which i.  C, 1 ower 
than the trae value. Alternatively, potassium 
sulfate may lower the apparent molecular weight 
by promoting dissociation from other cellular ma- 
terial. There is a strong possibility that the en- 
zyme is still associating with some cellular material 
in potassium sulfate, in which case the true mo- 
lecular weight will be less than 80 000. 

Acetazolamide and azide are good inhibitors of 
the COrhydrating activity of the enzyme meas- 
ured by the Wilbur-Anderson technique. Aceta- 
zolamide has a KI of about 0.03 pM compared 
to Kr values of 0.01 and 0.4 pM for human C 
and B carbonic anhydrases. The KI  for azide 
inhibition of the moth enzyme is about 60 pM, 
compared to about 30 pM for human carbonic 
anhydrase B. These results indicate that the en- 
zyme from Heleothis zea is a typical carbonic 
anhydrase with the ability to bind sulfonamides 
tightly. The inhibition by azide strongly suggests 
that, like other carbonic anhydrases, it contains a 
metal atom at  the active site. 

NOTE ADDED IN PROOF 

Since the conference, we have studied catalytic 
dehydration of MCOa- by stop-flow, and its in- 
hibition by methazolamide (I, table D-1) whose 
pK, =7.6. Ki was the same at  pH[ 6.6 as at  7.6. 
This, together with the maximal activity of 
ethoxzolamide (G; pKa=8.1) and CL 11,366 
(H; pKa=3.2) lead me to conclude that ionic 
charge does not affect activity in this system. 
(Booher, K. R., and T. H. Maren, Mol. Phanna- 
coloyy, in press, 1970.) 
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In his Harvey lecture, Dr. Ephraim Racker 
immortalized this experiment as the first of the 
cycles by naming it “the Priestley cycle.” Figure 
1 portrays the apparatus that Mr Frizstley used 
in his experiments, including his mice. 

We have traveled far in the last 2 0  years in 
pursuit of carbon dioxide-both insid:: and outside 
the body-but there are still exciting things to be 
learned about its adventures in it.s several chemical 
disguises. 

I have had much pleasure following CO2 for 
half a century: Its solubility, its hydration, its 
ionizations, its reactions, both organic and in- 
organic, have, a t  one time or another, been of 
iuterest to me and my laboratory colleagces. 
If I had another 50 years of lab work ahead of 
me, I would still be learning nex things about CO,. 

The following is the case for carbon dioxide: 

An end product of metabolism 

A substrate for carbamate formation 
A substrate for carboxylation and photosynthesis 

A buffer defense in blood and tisue 

A buffer defense in bone and oceans 
As aragonite or calcite in shells 

Joseph Priestley said it so well in his preface: 

As for myself, I find it absolutely impossible to produce 
a work. . . that shall be anything like complete. . . . In 
completing one discovery we never fail to get an imperfect 
knowIedge of others, of which we could have no idea 
before; so that we cannot solve one doubt without creating 
several new ones. 

Let us see what old doubts are solved and new 
ones created today. 



The Species of WO,1)’ Utilized in the Carboxylation 
of P-enolpyruvate and Pyruvate ‘9 

T. G. COOPER, T. T. TCHEN, H. G. WOOD, C. R. BENEDICT, AND D. L. FILnrEx 

Purdue Uiiiversity, Wayne State University,  Case Western Reserve Universi ty ,  
and Texas A&M University 

Previous studies with propionyl-Coh carboxylase and with P-enolpyruvate carboxylase 
using 180-labeled bicarbonate have indicated that bicarbonate is the reactive species in these 
fixations of “C02.”‘We have investigated t’ e species of “CO1” in reactions catalyzed by pyruvate 
carboxylase, P-enolpyruvate carboxykinase, and P-enolpvruvate carboxytransphosphorylase. 
Because propionyl-Coh carboxylase and pyruvate carboxylase arc biotin enzymes, they would 
be expect.ed to  have similar mechanisms. Likewise the reactions catalyzed by P-enolpyruvat? 
carboxykmase and carboxytransphosphorylase are in some respects similar to that of P-enol- 
pyruvate carboxylase, and it nas been suggeskd that bicarbonate might be the reactant in each 
case. By means af radiochemical and spectrophotometric techniques, we have obtained evidence 
that the active species in the carboxykinase and carboxytransphosphorylase reactions is  COZ BR 
not bicarbonate. Bicarbonate hppears b be the active species in the pyruvate carboxylase re- 
action, in conformity with the results obtained with propionyl-CoA carboxyhse. 

It is important in considerations of the mecha- 
nism of COZ fixation or decarboxylation to k w w  
whether or not the reactant is COz or H C 0 3  
(or H2C03). Two methods have been used to 
obtain such information. The first involves the 
use of carboilic anhydrase as exemplified by the 
studies of Krebs and Itoughtor. (1948). They 
presented evidence that C02 is the poduct of- 
decarboxylation of pyruvate as catalyzed by py- 
ruvate decarboxylase (EC 4.1.1.1). The evidence 
consisted of the demonstration, by manometric 
methods, of m “ovcrshoot” in C02 pressure during 
the decarboxylation which was eliminated in the 
presence of carbonic anhydrase. This observat.im 
could be explained if COz is the product and if the 
rate of hydration of COZ is limiting. The. C02 
under these conditions escapes into the gas phase; 

I This study was assistcd by grants CA-08669, AM- 
05384, AEC contract AT-(30-1)-1320, PHS grant 
FR06013-02, and NSF grants GB-2766 and GB-2599. 

*This paper is modified from that published by T. G .  
Cooper, T. T. Tchen, H. C. Wood, and C. R. Benedict, 
J .  B X .  C h m . ,  213: 3857-3863,1968. 

but a.s the substrate becomes limiting and the 
rate of the reaction decreases, the C02 is reab- 
sorbed to attqin the equilibrium shown below: 

C02 (g) + HzWC02 (aq) +HzOSHzCC3 
*Hco3- +€If (1) 

In the presence of carbonit anhydrase, the hy- 
dratiori >f COz is so rapid that quilibrium is 
maintained throughout the decarboxylation. In 
contrast, if bicarbonate were the initial product, 
the evolution of C02 into the gas phase would 
be faster in the presence of carbonic anhydrase 
thm in its absence and there would be no “over- 
shoot” of C02 pressure. Hans1 and Waygood 
(1952), by use of this method and a heavy sus- 
pemion of disintegrated cells of Chlorella, or ex- 
tracts from plants, presonted evidence that C02 
is the primary product of decarboxylation of 
pyruvate, oxalacetate, glutamate, and or-keto- 
glutarate. 

Tne second method of determining COz species 
has involved the use of ‘*O-bicarbonate. Kaziro, 
Paw, Boyer, and Ochoa (1962), and M:ruyuma, 
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Esterday, Chang, and Lane (1966) have presented 
evidence that HC03- (or HzC03) is the reactant 
in certain COz fixations. They showed that all 
three oxygens of HC1803- were incorporated into 
the products, organic acids and phosphate, whereas 
if COz were the reactant, only two would be ex- 
pected to be utilized. Icaziro et al. (1962) used 
the biotin enzyme, propionyl-CoA carboxylase 
(EC 6.5.1.3) and found the equivalent of one l80 
in the orthophosphate and 2 in the 3-carboxyl of 
the methylmalonyl-CoA. The results are illus- 
trated in reaction (2). 

CH~--CH~-COSCOA+ HC1803--t.ATP* 

CH3-CH ( C'80180-)-COSC~A+Pi 

(containg an I8O) +ADP (containing 

no excess "0) (2) 

Maruyama et al. (1966) used P-enolpyruvate 
carboxylase (EC 4.1.1.31) and observed that I5O 
was incorporated into the orthophosphate and 
oxalacetate in a ratio of 1:2 which is in accord 
with reaction (3). 

P-enolpyr~v~te+HC~~03-+ 

-OOC-CO-CH2-C'BO''O~+Pi 

(cont,aining an Is@) (3) 

Although the l*O results appear unequivocal, 
the method dots involve one basic assumption. 
It is that OH- or water at the active site of the 
enzyme ie in equilibrium with the solvent watsr. 
The reaction could occur as illustrated in reaction 
(4), where E is the enzyme, P-Pyr is P-enol- 
pyruvate: OA is oxalscetate, and P-OA is P-enol.. 
uxalacetate. 

+COI +P-Pyr 
E+OH-+&OH*E&OHC@2- 

-+E+OA-I-Pi (4) 
/"" 

E /OHCO2 -+E 

P-OA 
\ 

P-Pyr 
\ 

The reactions were conducted at pH 8.0; and, 
therefore, practically all the C02 was in the form 
of bicarbonate. On reaching the site, HC180~- 
could conceivably be convertcd to C1*0z and 
ISOH-; and then the CZnOz could react to form 
P-enoloxalacetatr? which is subsequently cleaved 
to oxalacetate by thc reaction involving the OH-. 

If this occurred and the OH- at  the site were 
protein bound and equilibrated slowly with the 
solvent water, the bound OH- by turnover would 
acquire l80 equal to that of the bicarhonate. If 
the reaction were conducted at  pH 6 or lower, 
possibly not as much l80 would have been con- 
yerted to the phosphate. Icaziro et al. (1962) did 
conduct a control using Hz180 arid HCl603-. They 
found incorporation of '*O into the orthophosphate, 
but they a130 noted an exchange of l8O from the 
HZl8O with the HCi603-, and they estimated that 
all the '*O entered the phosphate via the resulting 
HClP03- and none via HPO. However, as noted 
above, if the '30 at  the site did not eqiiilibrate with 
the solvent water, a hydrolytic or hydroxyl cleav- 
age would not, necessarily zeflect the l8O of the sol- 
vent H2180 a.~ they assumed. 

In e e w  of t-hese considerations and became we 
had avail&le three highly purified enzymes that 
catalyzed COz fixations, it seemed worthwhile to 
inveztigate further the problem of COZ species. 
The euzymes studied were P-enohyruvate car- 
brxykimise (EC 4.1.1.32) catalyzing reaction ( 5 ) ,  
P-endpyrwate carboxytransphosphorylase (EC 
4.1.1 38) catalyzing reaction (6), and pyruvate 
carboxyl&$e (EC 6.5.1.1) catalyxing reaction (7). 

' 

iulo?+ 

I)-eno!pprt~-a.ie+COz+GDP~ 
oxalacetatef GTP (5) 

I$+ 
I-'-enolpyrilvate+C02+ Pi;= 

oxalacetate+PPi (6) 

b!n'+ 

Pyruvate + HCOa-+ ATP--" 
oxalacetate+ADP+Pi (7) 

Reactions (5) and (6) rwenible reaction (3) ex- 
cept that, instead of cleavage of the phosphate 
group of P-enolpyruvate to  inorganic phospkate, 
the high-energy phosphoryl group is preserved in 
GTP or PPi. Because of this similarity, Chang, 
Mariiyama, Miller, and Lane (1966) and Maru- 
yama etm al. (1966) have considered that KCOs- 
mtqr be the functional species in reactions (5) 
m d  (6) as well as in reaction (3). Lilwwise 
following the studies by Kaziro et al. (1962), it 
has geuerally been considered that all fixations 
of "COZ" by biotin enzymes occur with HCOa-. 
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It \vas therefore of interest to investigatc a second 
biotin enzyme, pyruvate carboxylase. 

This report presents tvio types of experiments 
that were used to determine the species of COZ 
utilized in the reactions. The results indicate that 
COZ is the reactive species in reactions (5) and 
(6) and HC03- (or HzC03), in reaction (7).  

THEORETICAL AND EXPERIMENTAL 
RESULTS 

The details of .methodology employed In the 
following experiments have recently appearcd in 
the literature (Cooper, Tchen, Wood, and Bene- 
dict, 1968), and, therefore, vi11 not be discussed 
here. 

Spectrophotometric Assays 

The eqdlibrium between C02, HCO3-, and 
H2C03 may be represented as follows: 

hl 

h e  
’ H C O ~ - - + H +  

k3? 11 h 3  (8) 

SECONDS 

FrsunE l.-ia) Estinded ride of change of co-.zcdralian of 
CQ~after uddilionof 2 .GXlO-3  M GO2. (b) Thevarialion 
of the eoncc filraiions oj Con a d  HC&- following ad- 
di‘ion of 1 .6~10-3  M COP. (c )  The vale of chanps of 
concatrution of HC&- ajtw nrldition of 1.6%1Ws 
HCOs-. (d) Variution OJ the concentrutwm of HCQn- 
and Con after addition of 1.6XlO-a M HGOa-. Calceu- 
lalwns were i n d c  using the conslaitla of Gibbons and 
Edsall (1905’) and Ho  and Blurteuanl (190.3) for a 
spknr ut 26 C, p H  7.0 and low iozie slrenglh. 

The rate of hydrittion of COZ may be written: 

where 

k23 
12811 = k31+ k32 and kid = ICrs i - 

KH2CO.t 

To calculate the concentration of COS and 
HCOa- at  any given time, it is necessary to solve 
the above differential equation (9). If one assumes 
at t = O  

[CS~]~~~+[I~CO~-~~~O=[COS]~+[HCO~-]~ 
(10) 

and by defii&ion 

k13” = [H+]kl;’ A = [COS] and B = [HCOa-] 

then the solution of thc equation is 

The variation in concentration of H C 0 3  may 
then be determined by substitution of this value 
into equztion (10). Using values for the constants 
(k3: = 0.0375 sec-1, k13) = 5.3 X lo4 1 i - ’  sec-l) that 
hav’e been determined by Gibbons and Edsall 
(1963) and Ho and Sturtemnt (1963), one can 
crtlcuhte the hydfation rate of 2.5X10-3 M COZ 
or the rate of dehydration of 2.5X10-3 M HCO3- 
with respect to time (fig. l (a)  and l(c)) .  From 
t.hese rates, the variationsaf COZ and HCOa can 
be determined (fig. 1 ( b )  and 1 (d) ) . 

Whan these considerations d e  applied to the 
enzymatic reactiom, the theoretical rates of for- 
mation of oxalacetate may be calculated by as- 
sunling that th6 rate of fixation is directly pro- 
portional t.0 the concentration of the active species 
of “Cot,” This assumption is valid if the concen- 
trations of the “COZ” species are below the K ,  
values. The K ,  for HC03- plus C02 with carboxy- 
transphosphorylase is 9.5 mM at pH 7.8 and 4.0 
mM at  pH 6.5 (Lochmuller, Wood, and Davis, 
1966), that of P-enolpyruvtite carboxykinase is 
20 mAf at  pH 7.5 (Cooper and Benedi$t, 1968), 



and that of pyruvate carboxylase 1 mM at pH 
7.4 (Keech and Utter, 1963). Thus if the K,,, is 
calculated on the basis of either species, it is 
2 mM or above except for pyruvate cahoxylase. 
The fact that the concentration of the added 
species was, in fact, greater than that of the K,,, 
with pyruvate carboxylase does not invalidate the 
procedure. The results will in general he the same, 
but the inflection of the CUNW, and thus the 
sensitivity of the method, will be somewhat less. 

The GUN= of figure 2(a) have been derived 
for the situation when Cot is the species utilized 
and those of figure 2(b)  for when HCOa (or 
HzCOa) is the active ~pecies.~ In each figure the 
curve designated C02 or HCOa- represents the 
case when the reaction is initiated with this 
species, and the curve labeled CAI the case when 
carbonic anhydrase is present. In  the absence of 
carbonic anhydrase, if C02 is the active species, 
the reaction proceeds with a high initial rate upon 
addition of COz and at a low initial rate when 
HCO3- b added (fig. 2(a ) ) .  After approximately 
50 seconds, when equilibrium between the three 
species of C02 is reached (reaction (8) ) , the rate 
becr tmes linear and identical regardless of the 
specie3 of C02 added. At that time the rate is 
the same m that observed in the presence of 
carbonic anhydrase, with which equilibrium is 
reached almost instantaneously. 

When HCOa- is the active species, the situation 
is reversed (fig. 2 ( b ) ) ;  the initial rate is more 
rapid when HC03- is added and slower when 
C02 is added. In figures 2(a) and 2 ( b ) ,  the rate 
observed when carbonic anhydrase is present is 
greater when the reaction is initiated with C02 
than when initiated with HCOa--. This occurs 
because there is a much greater change in concen- 
tration of both the GO2 and HC03- when COz 
is added (fig. l ( b ) )  than when HC03- is added 
(fig. l ( d ) ) .  Thus initiation of the reaction with 
COZ provides the best indicator regardless of 
whether GO2 or HCOa- is the reactive species. 

It should be mentioned thdt the curves of figure 
1 were obtained wi'h rate constants for 25 C 
and low ionic strength and assumed a direct 

a .'ilthough these c u n x  were obtainc d by approximating 
the solution of equation (9) , they closcly agree (the error 
is below the resolution of the graph) wl:h CUPW obtained 
from the exact solution (11). 

FIGURE 2.-Estimuted theordbl formdion of omlacetale 
for the spedrophotometric assay: (a) If the active species 
used in the jkutiim is COz, and (b) if it is HCOs-. 
The lines desigmted GO$ represent the sSdion  when 
COS is the inithlly Odcled species, those designated 
HCOa-, w h  S is HCOa-, and those designaled CA, 
when either COZ OT HCOa- is added in the presence of 
mrbmk anhydrase. The culculalions have been made rn 
the basis that the rate r(Jktion is diredly proportional 
to the eoncentration of the active gpeeies using the values 
shown i n h r e  1. OAA equals omlacetic a d .  Absoluie 
values are not given far the m a l r a l i o n  of OAA, bmuae 
the amount is proportional to the m a t r a t i o n  of the 
d i v e  species hi not necessarily equal to it. 

Fir URE ;. -Theordim1 jotmalion of oxalaeetale at various 
temperature ;or the spedmphalomelric aseay: Figure 
S (a), (b), if the d i v e  species used in the firation is 
Cot and jigurr 3 (c) ,  (d), if it is EZCOa-. Figure S(a) 
and (c) repraeni th st'iualwth when 8.6XI0-a M of 
*(Cot is the inilially added species and k u r e  S(b) and 
(d), the altwnde siluation when I.&X10-* M HWOa-  
is :!*e initially added species. 
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proportionality between the rate of oxalacetate 
formation and the concentration of the active 
species of "COp." The experiments actually were 
performed at 10 C, which would slow down the 
attainment of equilibrium between C02 and 
HC03-, and at  higher ionic strength, which would 
speed up the attainment of this equilibrium. Al- 
though Cooper and Filmer (1968) have con- 
structed the theoretically predicted behavior of 
enzyme systems utilizing C02 (figs. 3(n) ,  (b) and 
4(a) ,  (b)) and HCO3- (figs. 3(c ) ,  (d) and 4(c), 
( d ) )  at  various temperatures and pE's, their 
calculations were also based upon rate constants 
obtained at low ionic strength. Figures 3 and 4 
have been included so that the effect of temper- 
ature and pH may be visualized. The temperature 
and pH, however, were constant in the present 
experiments. Until it is possible to assess quanti- 
tatively the effect of ionic strength on the C02 
hydration: dehydration reactions, no exact theo- 
retical curves can be drawn for these reactions. 
Nevertheless, the curves in figures 1 and 2 should 
qualitatively resemble the exact theoretical curves 

and may serve as models for examining the experi- 
mental results. 

The experimental results obtained with P-enol- 
pyruvate carboxykinase and P-enolpyruvate car- 
boxytranxphosphorylase by the spectrophoto- 
metric method are shown in figures 5 and 6. This 
method was not used with pyruvate carboxylase. 
It is a biotin engyme and it seemed likely that 
the active species would be HCOa-. The radio- 
chemical assay (to be described later) was con- 
sidered to be the most reliable one for the HC03- 
species. With P-enolpyruvate carboxykinase, a 
constant and identical rate was obtained when 
HCO, was used to initiate the reaction whether 
or not the mixture contained carbonic anhydrase 
(fig. 5 ) .  The same rate was also observed when 
COZ was used to initiate the reaction in the 
presence of carbonic anhydrase. When C02 was 

SECOMSXl61 

FIQURE 4.-Threlical formalion of ozalaeelale al various 
hydrogen hn cotlcenlralianS for the radiochemical assay: 
(a), (b), if the d i v e  species used in thefizalim 6 COZ, 
and (c ) ,  (d), i j it is HCOs-. (a) and (c )  rcrpresd the 
situalhn when 2.6X10-d M of W"z is the initially 
added species, and (b) and (d) represen4 the allernate 
situalim when 6.6X10-a M HI4CO3- is the initially 
&xi species. 

SECONDS 
FIGURE 5. -Spmtropho~tr ic  w a y  of P - e n o l ~ r u ~  

earbbzykinase adilrily when either COP (-.-e-) or HCOa- 
(-O-o-) is added initially. Complete readion mixtures 
contained in a volume of 1.39 ml: l . & X l O - ~  M tris- 
buffer, pH '7.60; S.6XlO-a M GSH; 6.06x10-a M GDP; 

l . & X 1 0 3  M MnCh; 1 . 8 X l P a  M Hcos- 01 1.8XlWa 

&Sired species); io0 micrograms of malate dehydrogenase; 
and 1.6 mg of ccr.rhylciwe preparation. Temperature 
was 10 C. The same experintenls were done in the presence 
of 100 micrograms of carbonic anhydrase (CO&CA 
- * s w  HCOa-fCA. -O-O-). Intheseeqerimenls, and 
in the experiment of figure 6, the progress of the readions 
was recorded wiut the Briatol rewrder and smooth mme8 
(or linea) were obtained. The values were.tahm from h e  
curves and repbtted. 

6.06X1Wa M P - e n ~ l p ~ n ~ ~ a t e ;  6.6XlO-' M NADH; 

M HCOa- plus 1.8X10-' M Ilcl ( W h  COS WO.S the 
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MINUTES 

FIQURE 6.--Spectrophotmet& assay of P-enolpyruvate 
carbozytransphosphorgrylase aetivity when either C02 
(-0-0-1 01 HC03-- (-0-0-) is added initially. The 
complete mixture contained in a volume of 1.86 nJ: 
2 . 4 ~ 1 0 - 2  M tris-bufler, pH 7.60; 1 .6Xl i r2  M Mock; 
1 . 9 ~ 1 0 - 2  M phosyhale bui%r, pH 7.60; 4.OxlO-a M 

plus 2 .0~10-3  M HC1 (when COP was the desired species); 
9.6X10-4 M NADH; 76 micrograms of malale dehydro- 
genase; and 0.10 mg of carbozytran@hosphorylase prqa-  
ration. Temperalure was 10 C .  The same e x p & w t a  
were &ne in the presence of 100 micrograms of carbonic 
anhydrase (CO2+CA -E)) or (HCOa-+CA. -O-O-). 

P - ~ l p y m v a l e ;  2.0X10-a M HCOa- 01 8.0X10-3 HCOa 

used to initiate the reaction in the absence of 
carbonic anhydrase, the initial rate was higher 
than in the other experiments, and after about 
9il seconds, the rate decreased to that observed 
when carbonic anhydrase was present. Thus the 
experimental curves are similar to the theoretical 
curves produced when COz is the active species 
(fig. 2(a)) ,  except that the expected initial slow 
rate was not observed when HC03- was the initi- 
ating species. However, the experimental curves 
are more similar to those of figure 2(a) than they 
are to those of figure 2(b )  and indicate that CO, 
is the active species for P-enolpyruvate carboxy- 
kinase. The cause of the deviation from the theo- 
retical curve when HCOa was the initiating 
species is not known. The concentration of the 
species added was 1.8XlW3 M instead of the 
2.5X M used for thc calculations, but this 
does not alter the relative shapes of the curves to 
be expected. 

The experimental results with P-enolpyruvate 

carboxy transphosphorylwe are shown in figure 6. 
Here again the initial rate was high, but it de- 
creased when C02 was the species used to initiate 
the reaction. With HC03- there was an indication 
that the initial reaction ~ v w  slower and then 
increased, but the results were the same whether 
carbonic anhydrase was present or not. Again the 
results are more similar to the theoretical curves 
of figure 2(a)  than to those of figure 2 ( b ) ,  and 
they indicate that C02 is the active species for 
carboxy transphosphorylase. 

Radiochemical Assay 

Another approach to determine the active spe- 
cies is to use a mixture of C02 and HCOa- with 
only one of the pair containing I4C. The addition 
of the nonradioactive species of ( 2 0 2  assures that 
prior to isotopic equilibrium, one member of the 
pair will have a higher specific activity than the 
other. The I4C incorporated into oxalacetate is 
converted to malate with malate dehydrogenase. 

The theoretical results arc shown in figures 7 
and 8. The changes in the concentration of COZ 
and HCOa- are shown in figure 7 ( a )  and have 
been calculated using the constants of Edsall and 
Sturtevant and equation (11). In addition, by 
making the assumption that the initial specific 
activity of one of the species was 1 and the other 
0 and by use of equation (9), the amount of 14C 
transferred from one pool to the other in a given 
interval hm hem estimated. The change in the 
specific activity of the C02 and HCOa- with time 
was then calculated. The change when C02 is the 
irlitially labeled species is shown in figure 7 ( b )  , 
and when it is HCW, in figure 7 ( c )  . 

When these vaiues are applied to the enzymatic 
reactions, the theoretical incorporation ,f “C into 
oxalacetate (malate) may be calculated, assuming 
that C02 is the active species as shown in figure 
S(a) and assuming that KCOa- is the active 
species in figure S ( b ) .  For the calculations of 
figure S(a) ,  it was assumed that the fixation is 
directly proportional to the C02 concentration 
shown in figure 7(a) and that the C02 at  any 
given time had the specific activity shown in 
figure 7 ( b )  or 7(c).  The C02 line of figure 8(a)  
represents the situation in which CO2 is the source 
of the label and the IICOa- line, when HCO8- is 
the source. The specific activities of COn of figurc 
7 ( b )  were used for the former calculations, and 
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those of the C02 of figure 7(c), for the latter. 
Line CA of figure 8(a) is for the case when car- 
bonic anhydrase is present and either species is 
labeled. The results are the same with either 
labeled species, because isotopic equifibrium is 

m 
9 
3 

attained almost instantly in the presence of car- 
bonic anhydrase. Similar calculations were made 
for figure 8 ( b )  where HC03- is the active species 
by use of the HCOs- concentrations of figure 7 (a) 
and the specific activities of the HCO3- of figure 
7 ( b )  and (c) , respectively. 

When COZ is the active species and COZ is the 
source of W, the incorporation of 14C into the 
oxdacetate proceeds rapidly during the first 50 
seconds and then levels off to a rate similar to 
that when carbonic anhydrase is present (CA 
of fig. 8(a)) .  When HCOa- is added (Hco3- of 
fig. 8 ( a ) ) ,  the rate of 14C incorporation is slower 
for about 30 seconds than it is with carbonic 
anhydrase present, but the difference is not as 
great as when COz is the source of the label. 
Figure 8(b )  shows the results when HCOa is the 
active species, The rate of I4C incorporation is 
faster whm H14C03- is the initial labeled species 
than when the initial labeled species is C02 and 
carbonic anhydrase is present. In  both figure 8(a) 
and 8(b)  the difference from that with carbonic 
anhydrase is greater with COZ as the labeled 
species than with HCOa-; thus, labeled COZ is 
theoretically the best indicator, no matter whicn 
species is utilized in the reaction. 

Experimentally, the three enzymes--?-enol- 
pyrwrate carboxykinase, carboxytranophosphoryl- 
ase, and pyruvate carboxylase--behaved differ- 

9- 

20 40 60 80 100 20 40 60 BO 

1: 100 

SECONDS 

FIQURE 8.-EsLl,iiQled lhwrdical rudioaclivil~ of oxalacetale 
joi- the radiochemical assay: (a) If the active species used 
in the fiatio,, is COZ and (b) i j  il i s  HCOa-. ?'he lines 
desiggnaled COe repres& the ailwrlwn when the added 
GO1 is radioaclive and the HCOa- is unlabeled, those 
designated CA, whcn ailher mewher is radioactive and 
the olhpr, rLnhbeled, and carbonic anhydrase is presml. 
The calculations huve been made on the basis thal the 
rale of faation is directly proportional lo the w e n -  
tralthr of the d i v e  species and wilh the specific aclivilies 
shown i n  figure 7. 



ently. With the first two enzymes (figs. 9 and 10) , 
a high initial rate of formation of oxalacets,te-W 
was observed when H'2COa- and 14C02 were added. 
In contrast, with pyruvate carboxylase (fig. 11) , 
a high initial rate of formation of oxalac3tate-l4C 
was observed when Hi4COa- and l2C02 were added. 
The latter results indicate HCO3- is the reactant 
(compare figs. 11 an.d 8 ( b ) ) .  These results are in 
agreement with the conclusions of Kaziro et al. 
(1962) from their studies with l80 and the biotin- 
containing enzyme propionyl-CoA carboxylase. 
Thus there are two lines of evidence that HC03- 
is the active species for the enzymes of CO2 
fixation that contain biotin. Note that the equili- 
bration time of the pyruI?ate carboxylase system 
was approximately 4.5 times shorter than that 
observed in the case of the P-enolpyruvate car- 
boxykinase and carboxytransphosphorylase. This 
is clos~ to the predicted behavior, because the 
cold lability of the avian enzyme preparation 

MINUTES 
FrouRE O.-Radwchemical assay of P-enolpyruvale earboxy- 

kinase activity when either H'zCOa- plus '4COZ (-@-e-) 
or H"COa- plus 12C0~ (-O-O-) were a&ed initially. 
The m p l e l e  mkturcs in a volume of 8.06 ml conlained: 
9.76X10-2 M tris-bufler, pH 7.60; %.4.$X10-3 M GSH; 
J.2?6X10-a M P-aolpyruvale; Y.56XlO-4 hl NADH; 
9.Y6X10-4 M MnClt; 8.44X10-a M HCOa- plus 8&X 
1 0 - 8  M HC1 (for the COZ species) or 8.44X10-a M 
HCOJ- (the indiealed radioactive species conlained 80 
pC per p m l e ) ;  100 microgram malale &hydrogenase; 
and 8.0 mg of carboxykinase preparation. Temperalure 
was 10 C. The reaclion was initialed as described in lhe 
text. The same exprrimcxts were done in the presence of 
100 micrograms of carbonic anhydrase along with i4C02 
plus H'2COa- or .'COZ plus H'4COa- and arc indicated 
as +CA. 

necrssitated that the analysis be carried out a t  
25 C rather than 10 C. Esxperiments with carbonic 
anhydrase were not done with pyruvate car- 
boxylase because of the limited amount of py- 
ruvate carboxylase available a t  that time. 

With P-enolpyruvate carboxykinase (fig. 9) and 
carboxytransphosphorylase (fig. lo), the high 
initial rate of incorporation of I4C into oxalaeetate 
occurred when 14C02 was the labeled species, indi- 
cating that GOz is the active species for these two 
enzymes. The results are in agreement with thoae 
of the spectrophotometric assay described in the 
preceding section. However, there was some dis- 
crepancy from the theoretical curves of figure 
8(a) .  With P-enolpyruvate carboxykinase (fig. 
9), the rate of I4C incorporation with 1114c03- 
was linear from time 0, whereas it was expected 
to be slow at  first and then increase to a constant 
rate. However, with carboxytransphosphorylase 
(fig. 10) the slow initial rate was observed in 

I I i 

MINUTES 
FIQISRE IO.-Radto&mical assay of P-emlpyruvate car- 

boxytrans-phosphorglciae activitiy when either HWOa- plus 
14Con (-@-e-) or HWoa- plus W O Z  (-O-o-) were 
added initially. The m p l e t e  mklures in a volume of 
1.88 ml contained: 1 . 8 ~ 1 O - ~  M tris-buffer, QH Y.60; 
1.06XlO-2 M MgCla; 8 .0~10-3  M phosphale buffer, pH 

COP and HC02- as described in jigwe 9 with a specific 
aclivlty of thP labeled compound of 80 pC/pmole; w6 micro- 
grams of malate dehydrogenuse; 100 micrograms of car- 
boxylrmtphosphoryle preparation. Temperalure was 
10 C. The reaction was initialed cia desdbed in the text. 
The swne experiments were drme in the presence of 100 
mierogrant~ of carbonic anhydrase and are Pndiealed cia 
+CA. 

7.6Ol8.67X1O-aM P-enolpldruvale;B,6X10-a M NADH; 
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accordance with expectations. A partial expla- 
nation of the discrepancy may be that HCOa- 
was always added prior to the COS. This fact 
may mask the expected slow rate with H14cOa-, 
because highly active ~'COZ would be formed from 
the H%O3 prior to the addition of the '*COZ; 
time about 6 seconds. A further discrepancy is 
noted with carbonic anhydrase. The initial value 
in both figures 9 and 10 was somewhat greater 
than the subsequent constant rate. Again the 
reason for this divergence from the theoretical 
curves of figure 8(a)  is not known. 

DISCUSSION 

The present results indicate that C02 rather 
than HCOa- (or H2C03) is the active species of 
the reactions catalyzed by P-enolpyruvate car- 
boxykinase and by P-enolpyruvate carboxytrans- 
phosphorylase. Apparently the mechanisms of 
these fixation reactions differ significantly from 
those catalyzed by P-enolpyruvate carboxyIase 

FIGURE ll.-RadiochemicuZ assay of pyruvate carbozylase 
actidly when either HlVOa- plus 14C02 (-e-.-) or 
H"COa- plus I C 0 2  (-0-0-1 were added innilially. The 
complete mixtures in a volume of 1.98 ml eonlained: 
1 .O4 x10-1 M tris-buffer, pH 7.60; 6.8 x 1 0 - 3  M pyruvate; 
8.6X10-8 M NADH; 4 . 0 ~ 1 0 - 6  M a~etyl  COA; % . 6 X l P  
M ATP; 6.9XlO-a M MgCh; GO2 and HCOa- as de- 
scribed in j igwe 9 with one of the two labeled; 100 micro- 
grama of malale dehydrogenase; and 100 micrograms of 
pyruvate arbmylase preparation. 

which, according to the labeling observed by 
Maruyama et al. (1966), involve HC03- (or 
H&oa) as a reactant. It would be interesting to 
check the carboxykinase and carboxytransphos- 
phorylase reactions by the method and the 
carboxylase by the spectrophotometric and radio- 
chemical procedures. It is conceivable that. the 
latter two methods are not a reflection of the 
mechanism per se, but rather a reflection of the 
rate of binding at  the active site. For example, 
the charged HC03- might be hindered from ap- 
proaching the active site and C02 might more 
readiry approach the site. .At the active site, COZ 
might react with HzO to form H&03 and in this 
form undergo the actual chemical reaction. I n  
this case, only two would enter the products 
from HC1803-, but from H2W should enter 
the product very effectively. 

It is ako possibIe that either form, Le., COZ or 
HC03-, binds to the enzyme as shown in reaction 
(13) : 

C02+Enzym~Enz-CO~ 

HCOa-+ Enzy meSEnz-HCOa- 
Ti ?l (13) 

This binding would probably be followed by the 
reaction of only one of the enzyme-"COS" mm- 
plexes with bound P-enolpyruvate to yield oxal- 
acetate. In this case, it would be difficult to predict 
the results of the above experiments except for 
the situation in which both forTs of CO, have 
the same binding constants and the interconver- 
sion of COz and HCOa- is not limiting. Such 
limitations would lead to a linear reaction re- 
gardless of the species of C02 initially presented to 
the system. 

Neither the '80 studies nor the spectrophoto- 
metric and radiochemical assays provide con- 
clusive evidence that the species involved is COP 
or HCOa. If, however, both approaches are em- 
ployed, it is possible to obtain a strong indication 
as to which species is active. With P-enolpyruvate 
earboxytransphosphorylase, there were indications 
prior to the present studies that bicarbonate per se 
need not be involved in a nuc1eo;hilic attack on 
the enolphosphoryl-phosphorus atom, thus leading 
to cleavage of the P-0 bond as proposed by 
Maruyama et al. (1966) and Chang et al. (1966). 
hchmuller et al. (1966) have shown that car- 
boxytransphosphorylase catalyzes cleavage of the 



enolphosphoryl bond in the absence of Cot  as 
indicated in reaction (14). 

P-enolpy ruvate+Pi+ H++pyruvate+ + PPi 
(14) 

Thus COZ is required neither for the cleavage of 
the bond nor for the combination of the phosphate 
with the orthophosphate to form inorganic pyro- 
phosphate. 

With the bid& enzyme, pyruvate carboxylase, 
the iesdts from our experiments are in agreement 
with those of Kaziro et al. (1962) and indicate 
that HC03- (or H&o3) is in general the reactant 
in COZ fixation by biotin enzymes. This confir- 
mation is significant, because our methods did 
not involve the same assumption as did those of 
the experiments of IiaZiro et al. (1962) using 
I9O. Although we have noted that the results of 
the methods cannot be considered coxdusive, it 
is reasonable to asunie that agreement between 
the methods is fairly strong evidence that HCO3- 
(or H2C03j is the reactant with the biotin en- 
zymes. 

It is tn SE noted that the manometric method 
of Krebs and Roughton (1945) gives only an 
“overshootJ’ if C02 is the reactant. If HCG3- 
(or H2C03) is the reactant, carbonic anhydrase 
\vi11 have little effect in the manometric measure- 
ment, whereas in the spectrophotometric or radio- 
chemical assay, carbonic anhydrase has an effect 
no matt.er which species is involved. 
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DISCUSSION 

ROSSI-BERNARDI: It has been proposed t c b  

study the @mi of CO2-bicarbonate by an 
infrared stop-flow machine. If you dissolve your 
enzynie in aerated water, you can then mix it 
with CU2 and you can, by using the proper wave- 
leng$hs, know the concentration of dissolved CO? 
and bicarbonate, at any time. That I think would 
be a good confirination of your point- 

COOPER: I agree. Another thing that would 
be inter&ing would be to repeat the lSO experi- 
ments on the PEP-carboxykinase and PEP-car- 
boxytrmsphosphorylase. We have data from both 
approaches on the biotin-containing enzyme. It 
would be interesting to have it from both ap- 
proaches on the PEP-carboxylating enzyme. 

HASTINGS: I expect t.hat Dr. Lane's paper 
will have something on that. 

LANE: The K,,, for bicarbonate is so low for 
the PEP-carboxylase-it is about 0.2 n d f ;  I ani 
not. sure this technique would get you down that, 
far. If you start with 2.5 mw, can you pick it. up 
if the K ,  for bicarbonate is 0.2 nM? 

COOPER: Yes; these just happen to be the 
concentrations I selected. The same thing will 
apply regardless. 

LANE: The problem is, it is difficult to reduce 
the concentration of COZ and bicarbonate in 
your niedij. much below titat level, in a buffered 
system. 

COOPER: You would have to work in an inert 
at niosphere. 

LANE: We did this kind of experiment when 
we were determining the K ,  for that. enzyme. We 

found that, the lowest we could get, wit.hin our 
capabilities, was about 0.2 iiN; that is, about at 
theh',,. It. is a tough problem. 

HASTINGS: That is for total COZ or for bicar- 
bonate? 

LANE: In this case it is primarily bicarbonate, 
because the reactions were around pH 8. 

COOPER: There is a way to get around this 
probleni. You cannot use the spectrophotometric 
assay, if what you say is true, but. you could use 
the radiochemical assay niet.hod. If the total 
amount of cold CO, in various fornu in the solution 
is small and if you have high specific-activity 
radioactive C02 or bicarbonate, the concentration 
of the cold species will not make much difierence. 
In the experiments I just reported, we used both 
WOz plus cold bicarbonate, or cold COz plus 
HI4C03. We computerized the analysis so we 
could also calculate the resultsif we used only the 
radioactive species and eliminated the cold species. 
The results are identical to those employing one 
radioactive and one nonradioactive species. We 
still had to do two sets of experiments: one with 
W 0 2  and one with HW03. 

HASTINGS: Ochoa was delighted when our 
CO, effect on long-chain fatty-acid production 
from acetate by the liver was identified as being 
caused by bicarbonate inn. He had done this 
before. 

However, we were unable to determine whether 
it tias the effect of COz molecules or bicarbonate 
ions on carbohydrate metaholism. 



Comparison 

During the past two 

of Enzymatic Carboxylation Mechanisms' 
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decades an impressive 
number and variety of enzymatic carboxylation 
reactions have been discovered (Calvin and Pon, 
1959; Ochoa and Kaziro, 1965). These carbox- 
ylase-catalyzed reactions serve diverse metabolic 
functions ranging from photosynthesis (Calvin, 
1962; Hatch and Black, 1966; Hatch, Slack, and 
Johnson, 1967), amino acid catabolism (Knappe, 
Schlegel, and Lynen, 1961a; Rilling and Coon, 
1960), and urea formation (Grisolia and Cohen, 
1952; Jones, Spector, and Lipmann, 1955) to the 
energy coupling role of malonyl CoA formation 
(Wakil, 1958; Formica and Brady, 1959) in fatty 
acid biosynthesis (Lynen, Kessel, and Eggerer, 
1964).2 Despite these differences in metabolic 
function, there are basic chemical similarit.ies 
among the enzymatic carboxylations. In several 
instances, namely, the carboxylations of biotin 
and PEP,a it is evident that the evolution of n 
productive enzymatic system in nature was 
followed by further refinement and hybridization 
to accomplish specific metabolic tasks. 

The objectives of this paper are to review the 
basic chemical problem of carboxylation, to 
compare the different types of enzymatic carbox- 

1 This work was supported by research grants from the 
National 1nstit.utes of Health, U.S. Public Health Service 
(AM-09116 and 09117), the American Heart Association, 
Inc., and USPHS Research Career Award K3-AM-118487. 

*The carboxylation of acetyl CoA at the expense of 1 
mole of ATP leads to the formation of malonyl CoA. The 
subsequent condensation of malonyl CoA with the fatty 
acyl CoA being elongated is energetically favored by the 
simultaneous decarboxylation of malonyl CoA. 

a Abbreviations: PEP, phosphoenolpyruvate; RuDP, 
D-ribulose-l,5-~diphosphate; Me*+, divalent metal cation; 
PEPC, PEP carboxylase; PEPCK, PEP carhoxykinase; 
and PEPCT, PEP car1)oxytransphosphorylaae. 

ylation, and finally to consider in more detail the 
mechanisms of carboxylation of biotin and PEP. 

The Basic Chemical Problem 

The fundamental chemical problem in auy 
carboxylation reaction is the activation of the, 
relatively stable carbon dioxide molecule or its 
hydration products, the activation of the acceptor 
molecule, or both. The few examples of purely 
chemical carboxylation reactions suggest two 
modes of activation (Kosower, 1962) : electrophilic 
activation of CO2, in which the electrophilic 
character of the carbon atom is enhanced by a 
Lewis acid, thereby increasing its susceptibility to 
nucleophilic attack and nucleophilic activation 
of the COZ acceptor. The ease with which a C-C 
or C-N bond is formed bctween COZ arid an 
acceptor molecule would be expected to depend 
upon the strength of the nucleophile. When the 
attacking nucleophile is a carbanion, its stabiliza- 
tion (hence nucleophilicity) may be promoted by 
the presence of a strong Lewis acid or of an 
adjacent electron-withdrawing substituent such 
as a keto or thioester carbonyl group. 

htost nonenzymatic carboxylation reactions 
probably involve both attack by a moderately 
strong nucleophile and concomitant electrophilic 
activation (Stiles, 1960; Kosower, 1962). This 
point is illustrated in figure 1 with two chemical 
carboxylations; i.e., the carboxylation of an 
al!ryl magnesium halide (Fieser and Fieser, 1962; 
Hine, 1962) and a nitroalkane (Stiles, 1860; Finlc- 
beiner and Stiles, 1963). In the first example 
(fig. l(aj), prior reaction of an alkane or alkyl 
halide to form its alkyl magnesium halide pro- 
duces a strongly nucleophilic species which is 



A. Carboxylation of an omanometal (Grlgnard reagent) 

0 
0- I1 Ht, H 0 R-COZS. 

R Mg+X r- Mg(0H)X 
-A R-C-0-MgX 4 t 

B. Garboxylatlon of a nlkwlkane (Stlles, 1960) 

0 
II (CH30I2Mg t O=C=O CH30-C-OMg0CH3 

PIQURE l.-Two noncnzymalic carboxylulion rraclions. 

readily carboxylated. Secondary electrophilic ac- 
tivation of COZ is presumably involved in the 
transition &ate. In t!ie second example (fig. l(b)), 
the prior reaction of COz with magnesium nieth- 
oxide gives rise t t >  as electrophilic carboxylating 
species, methyl magnesium carbonate, which 
reacts easily with nitromet.hane. In this reaction, 
chelation is also an important factor in stabilizing 
the nitro acid product of the nucleophilic addition. 

A large number of enzyn&ic carboxylation 
reactions appear to proceed by enolate (carbanion) 
mechanisms. This is predicted from the chemical 
nature of the common substrates such as CoA 
thioesters, a-keto acids, and enol phosphates. It is 
evident that the enzyme, particularly a metallo- 
enzyme, can play an important role in the stabili- 
zation of the carbanion. Recent evidence obtained 
by Mildvan and Scrutton (1967) strongly suggests 
that the t,ightly bound manganese of pyruvate 
carboxylase causes a weakening of the a-carbon- 
hydrogen bonds of pyruvate. On the other hand, 
virtually nothing is known regarding the electro- 
philic activation of CO, in enzymatic carboxylx- 
tion reactions. 

COMPARISON OF ENZYMATIC 
CARBOXYLATION REACTIONS 

The formation of :L new carbon-carbon or 
carbon-nitrogen bond with COz or HC03- requires 
an input of free energy and, therefore, must be 
coupled to an energy-yielding process if it is t,o 
occur to a significant extent. Consideration of f,he 
mcans by which this energy requirement i R  niet, 

has served (Calvin and Poll, 1959; Ochoa and 
Kaziro, 1965) as the basis for classifying enzy- 
matic carboxylation reactions and their ccrre- 
sponding carboxylases. Energy coupling in these 
reactions is usually associated with bond cleavage 
involving substituents with relativcly high group 
or electron transfer potentials (NPO~~-, Hf; 
Klots, 1967). Accordingly, the grouping of car- 
boxylation reactions for comparative purposes in 
this paper will be based on the type of bond 
cleaved which is associated with the carboxyla- 
t.ion event. In so doing it is recognized that. bond 
rupture per se is not t,he sole energy coupling 
factor in driving the formation of the new C-C 
or C--N bond. The mdjor groups include: 0-P 
bond cleavage in ATP and YEP in the reactions 
catalyzed by the biotin-dependent carboxylases 
and PEP carboxylating enzymes, respect,ively ; 
C-H bond c!cahvage in NADH and NADPH 
in the reductive carboxylatidns catalyzed by 
malic enzyme and isocitric dehydrogenase; and 
C-C bond cleavage in RuDP in the reaction 
catalyzed by RuDP carboxylase. 

Carboxylation Coupled to 0-P Bond 
Cleavage 

Two types of carboxylation reactions are known 
in which there is P-0 bond scission involving 
phosphoryl groups with high t.ransfer potential. 
The phosphoryl group donors implicated are ATP 
and PEP. 

Carboxylation Coupled to ATP-y-PIiosphoryl Group 
Cleavage (Biotin-Containing Carboxylases) 

The only enzymes known to cat.alyze ATP- 
dependent, carboxylations contain a tiotinyl 
prost,hetic group that functions as a C02 carrier. 
These reactions involve a common step in which 
ATP is utilized to form a carboxylated (l’-N- 
carboxy-) biot.in-enzyme intermediat.e and a 
second step, unique to each carboxylase, in which 
the carboxyl group is transferred to the ap- 
propriate acceptor substrate (fig. 2). This is 
illustrated for each of the three types ’Jf carbox- 
ylases. Thc acyl Coil (or typo I) carboxylases 
include acetyl CoA and propionyl CoA carbox- 
ylase, which catalyze carboxyl t.rrmsfer to the 
a-position of t,he thioester, and 0-met.hylcrotony1 
CoA .carboxylase, which cataiyzes carboxyl trans- 
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0 0 

I t  
+ Enz-Biotin 

0 
II 

,c-co, 
‘GO, 

R-CH + Enz-Biotin 

ADP 
ATP Pi 

HCO; + 
(Type 11 , metal) 

+ glutamine glutamate 

(Type 111) 

ADP 

Type I = acyl CoA carboxylases 
Type I1 = o( -keto acid carboxylases 
Type 111 = carbamyl phosphate synthetase II 

H2N-C-OP 

FIQURE 2.-Carboxyla!ions coiipled lo ATP-y-pliosphorUl group cleavage (biotin-containing carboxylases). 

fer shifted t,o the y-position hecause of a double 
bond a t  the CY+ position. 

The type I1 carboxylases, of which pyruvate 
carboxylase is the only known example, catalyze 
an analogous carboxylation at  tlhe site of a- 
hydrogen ?divation. Unlike the type I acyl CoA 
carboxylases, pyruvate carboxylase is a manganese 
metalloeiizyme (Scrutton, Utter, and Mildvan , 
1966). The role of the metal in the reaction mech- 
anism will be discussed by Dr. Scrutt,on (Scrutton 
and Mildvan, 1968). 

A third type (type 111) of biotin-dependent 
carboxylase t.hat utilizes amide nitrogen or 
anunonia as the ultimate carboxyl acceptor was 
recently recognized. Wellner, Santos, and Meister 
(1968) have demonstrated that carbanlyl phos- 
phate synthetase from E. coli is a biotin enzyme. 
As illustrated in figure 2, the reaction catalyzed 
is more complex than those of the other biotin 
enzymes in that an additional step is involved 
which requires t,he expenditure of a second nlole 
of ATP (Anderson and Meister, 1965). With the 
exception of the second step of the carbamyl 
phosphat,e sy nt zed react! on (Ander- 
son and Meister, 196G), all other steps in the reac- 
tions shown are reversible. The active species of 
“CO;’ involved in the carboxylation mechanism is 
apparently bicarbonate (Jones and Spector, 1960). 

There is another type of biotin enzyme found in 
Propionibacteria which is a hybrid of the type I 
and type I1 carboxylases minus their initid ATP. 
dependent steps. This enzyme, methylmalonyl 
CoA-pyruvate transcarboxylase is incapable of 
CO, fixation (Stjernholm and Wood, 1961; Wood, 
Allen, Stjernholm, and Jacobson, 1963), but has 
the ability to catalyze reversible carboxyl transfer 
from methylmalonyl CoA to pyruvate through 
:I carboxy biotinyl enzyme intermediate (fig. 3(a)).  

A. Methylmalonyl COR-pyruvate transcarhowlase 

0 
II 

- o , c - c t i 2 - c - c o ,  

Oxaloacetate Methylmalonyl COR Enz-Blotln 

PyNvate Proplonyl CoA 

B. Proplonyl CoA carboxylase 

Methylmalonyl COR x Enz-Elotln - r l o n Y l  COR 

Proplonyl COR Enz-Blotln-COZ Butyryl COR 

Froum 3.-Y’ranscarboxyIions daluzed bu niclhylvialonyl 
CoA-pynivdc transcarboxylase and by propion$ CoA 
carboxulase. 



Like the type I1 carboxylases that have a-keto 
acid substrates, transcarboxylase is a cobalt- and 
zinc-containing metalloenzyme (Northrop and 
Wood, 1967; Scrutton and Mildvan, 1968). It is 
interesting to note that the type I acyl CoA 
carboxylases catalyze transcarboxylation in addi- 
tion to C02 fixation within the limits of their sub- 
strate specificities (Lane and Halenz, 1960; Halenz 
and Lane, 1961a, b) as illustrated in figure 3(b). 

C a r b o x y ~ n s  Coupled to PEP Phosphoryl Croup 

Carboxylation of PEP to yield oxalacetate may 
occur with or without phosphoryl group transfer. 
In both cases, the initial product has been shown 
to be the keto- and not the enol- form of oxal- 
acetate (Tchen, Loewus, and Vennesland, 1955; 
Graves, Vennesland, Utter, and Pennington, 
1956). Carboxylation without phosphoryl group 
transfer (type 1) is catalyzed by PEP carbox- 
ylase. Because of the high group transfer po- 
tential of PEP (A8””=12.6 kcal mole-l; Klotz, 
1967) and the fact that this energy is not trapped, 
the reaction is essentially irreversible. Bicar- 
bonate has been shown to be the active species in 
the PEP carboxylase-catalyzed reaction (Maru- 
y a m ,  Esterday, Chang, and Lane, 1966). 

Carboxylation with phosphoryl group transfer 
(type 11, fig. 4) to a nucleoside diphosphate 
acceptor is catalyzed by PEP carboxykinaso and 
with phosphoryl group transfer to orthophosphate 
by PEP transphosphorylase (Siu and Wood, 1962). 
Because the high group transfer potential of the 
phosphoryl group of PEP is preserved in the 
formation of pyrophosphate bonds in nucleoside 
triphosphate or inorganic pyrophosphate, these re- 
actions are freely reversible (LP’~~.,~ = - 1.2 and 
-3.7 kcal mole-’ at 5 mM Mg2+ and 90 mM K+, 
respectively (Wood, Davis, and Lochmiiller, 
1966). C02 is apparently the active carboxylating 
species in the latter two reactions (Cooper, 
Tchen, Wood, and Bmedict, 1968; Miller and 
Lane, 1968). 

Ch- 

Carboxylation Coupled to C-C Bond 
Cleavage 

The carboxylation of ribulose-l15-diphosphate 
to yield two molea of 3-phosphoglycerate as shown 
in figure 5(a) is the only example of carboxylation 

HCOj t C-0-P C=O t Pi 
I PER‘  I 
co; COZ 

Oxaloacetate PEP 

CO2 t PEP t IDP Oxaloacetate t ITP 

or GTP 

01 ADP (plants) or ATP 

Me2+ 

*PEW = PEP carbowlase, P E R K  = PEP carbowklnase, PEWT = 
PEP carboxytransphoaPholase. 

FIQURE 4.4arboxglolions coupled to PEP phosphoryl group 
cleavage. 

A. Carboxylation of RuDP 

0 CHZ-OP 

8 &-OH 

8 !-OH ---j 
-KI 

I 
I 

HC--OH 

CHZ--OP 

(enediol fom) r-F] I +HZO, -5 

HC-OH 

CH2-OP 

CHz-OP 
I 

-O~C-CH-OH 

poi 
HC-OH 

I 
CHZ-OP 

6. Reductlve carboxylatlon of an #-keto aold 

0 0 

I -  
coz 

FXQURE ii.-Carboxylalion coupled to C-C bond cleavage (a) 
and lo C-H bond cleavage (b) . 

coupled to the cleavage of a carbon-carbon bond 
(Calvin and Pon, 1959; Ochoa and Kaziro, 1965). 
The reaction involves dismutation, “COn” addi- 
tion at carbon 2, and cleavage of the bond between 
carbons 2 and 3. From the chemical standpoint, 
it is evident that RuDP must undergo an initial 
reaction to alter the character of carbon 2 from 
electrophilic to nucleophilic prior to C02 addition. 
While the formation of an enediol RuDP inter- 
mediate as suggested by Calvin would satisfy this 
chemical requirement, experimental support for 
this hypothesis is still lacking. Because t,here is 
little information relevant to the carboxylation 
mechanism, further speculation on this subject 
does not seem warranted, 



COMPARISON OF ENZYMATIC CARBOXYtATlON MECHANISMS 199 

Carboxylation Taupled to C-H Bond 
Cleavage (Reductive Carboxylation) 

The reductive carboxylases, which include 
malic enzyme and isocitric dehydrogenase (Calvin 
and Pon, 1959; Ochoa and Kaziro, 1965), utilize 
the high electron transfer potential of NADH or 
NADPH to drive their respective carboxylation 
reactions. These carboxylation reactions can be 
visualized (Boyer, 1960) m hydride ion transfers 
from NADH or NADPH (C-H bond cleavage) 
to  the enolate form of the substrate as illustrated 
for malic enzyme in figure 5(b). The a-keto acid 
substrate is presumably bound to the enzyme by 
chelation to  the metal (Hsu, Lardy, and Cleland, 
1967). This would promote enolization of the a- 
keto acid and facilitate simultaneous hydrogena- 
t.ion and carboxylation. 

Having discussed the distinguishing character- 
istics of the various types of enzymatic carboxyla- 
tion, I would like to  consider in more detail: the 
carboxylation of biotin, i.e., the initial step 
common to all biotin-containing carboxylases, 
and the carboxylation of phosphoenolpyruvate. 
Dr. Scrutton, in the following paper, discusses 
in detail the second, or carboxyl transfir step, 
carried out by the biotin-containing carboxylases. 

THE ENZYMATIC CARBOXYLATION 
OF BIOTIN 

By 1958, compelling evidence had accumulated 
which implicated biotin in the enzymatic car- 
boxylation of pyruvate, propionyl CoA, and 
acetyl CoA (Kaziro and Ochoa, 1964). It wm dem- 
onstrated shortly thereafter that several highly 
purified acyl CoA carboxylases contained tightly 
bound biotin and that this prosthetic group was 
covalently bound in amide linkage to a lysyl 
eai.4no group on the apoenzyme (Kosow and 
Lane, 1962; Kosow, Huang, and Lane, 1962). The 
available experimental evidence indicates that the 
enzymatic carboxylations of acetyl CoA, propionyl 
CoA, P-methylcrotonyl CoA, and pyruvate pro- 
ceed by the two partial reactions shown in figure 
6. A!t.hough the propionyl CoA carboxylase- 
catalyzed reaction has been used for illustrative 
purposes, the same basic reaction sequence applies 
for the other carboxylases. The evidence that. 
supports the component steps of the reaction is 
also indicated in figure 6. The occurrence of step 

0 
0 II II C-GCoA 

(2 )  Enz&Oi i CH.J-CH~-C-SCCA + Enr + CH3-CCt0; 

Roplonyl CoA Methylmalonyl CoA 

FIQIJRE 6.-iuinimal reaclion sequence for the propiOnyl 
CoA curbozylase-catalyzed readion. 

Evidence supporting step (1) : 
a, ATP-aPi exchange dependent on ADP, Msf+, and 

b. ATP-1%-ADP exchange dependent on Pi, Me+, 

c. Enz-*COZ- decarboxylation dependent on ADP, 

HCOs' 

and HCOa- 

Pi, and MKJ+ 
Evidence supporting step (2) : 

a. Methylmalonyl C~A-~~C-propionyl CoA exchange 
independent of ATP, ADP, Pi, Mg2+, or HCOs- 

b. Carboxyl transfer from Enz-*C02- to propionyl 
CoA 

1 is supported by the finding (Kaziro, Leone, and 
Ochoa, 1960; Lynen, Knappe, Lorch, Jutting, 
Ringelmann, and Lachance, 1961) that the 
carboxylase catalyzes ATP-a2Pi exchange and 
that the maximal rate of exchange is achieved 
onIy in the presence of ADP, Mg2+ and bicar- 
bonate. Furthermore, the reciprocal ATPJ4C- 
ADP exchange exhibits a requirement for Pi, 
Mg2+, and bicarbonate. Neither exchange reaction 
is dependent upon the presence of propionyl CoA. 
The simplest interpretation of these results is the 
concerted partial reaction shown as step 1. Strong 
support for the second partial reaction (step 2) 
was provided by the observa,tion (Ralenz and 
Lane, 1961b: Halenz, Feng, Hegre, and Lane, 
1962) that propionyl CoA carboxylase catalyzes 
a rapid methylmalonyl CoAJ4C-propionyl CoA 
exchange reaction which is independent of ATP, 
ADP, Mg2+, or Pi. Under similar conditions, a 
methylmalonyl CoA-W-bicarbonate exchange 
reaction does not occur (Halenz and Lane, 1961a). 
Collectively, these results suggested the par- 
ticipation of a carboxylated enzyme intermediate 
(enzyme-CG2-). Kaziro and Ochoa (1961) suc- 
cessfully isolated the carboxylated enzyme inter- 
mediate (enzyme-CO,-) following an incubation 
of the carboxylase with bicarbonate, ATP, and 
Mg2+. They were then able to demonstrate 
stoichiometric carboxyl transfer from enzyme 
-C02- to propionyl CoA to form methylmalonyl 
CoA (step 2) independently of ATP, Mg", or Pi 
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awl t,he rapid decarboxylation of enzynie-COz- 
(reversal of step 1) dependent upon ADP, Mg2+, 
and Pi. The fact that all of the above-mentioned 
reactions were inhibited by avidin, the specific 
biotin-binding protein from egg white, indicates 
that the biotin prosthetic group participates 
in the partial reactions. 

The first insight into the chemical role of 
biotin in the carboxylation mechanism per se 
was provided by Lynen and his colleagues in 1959 
(Lynen, Knappe, Lorch, Jutting, and Ringel- 
mann, 1959) in their studies on a microbial p- 
methylcrotonyl CoA carboxylase. They made the 
rather startling observation that. the carboxylation 
of free (+)-biotin was catalyzed by the enzyine 
(Lynen et al., 1961). The carboxylase-catalyzed 
reaction with p-niethylcrotonyl CoA as substrate 
is shown in figure 7(a). Substitution of free (+)- 
biotin for the acyl CoA derivative led to the 
formation cf an unstable carboxylated biotin 
derivative. This carboxylation product, after 
st,abilization by conversion to its dimethyl 
eater, was identified as 1’-N-carboxy-( +)-biotin 
(fig. 7(b) )  (Knappe, Ringelmann, and Lynen, 1961). 
On the basis of the results of these and of exchange 
experiments analogous to those cited earlier, it 
was proposed that the biotin prosthetic grciip of 
the enzyme is similarly Carboxylated in the ‘nitial 
step of bhe overall carboxylation reaction. Final 
proof that the site of carboxylation on the biotinyl 
prosthetic group is the same as it is on free biotin 
was subsequently obtained with several acyl CoA 
carboxylases (Knappe, Wenger, and Wiegand, 
1963; Lane and Lynen, 1963; Numa, Ringelmsnn, 
and Lynen, 1964) and with transcarboxylase 
(Wood, Lochmuller, Riepertinger, and Lynen, 
1963). The structure of the cahxylated active 
site is shown in figure 8. Although it is commonly 
believed that the carboxylation of free biotin is a 
unique property of the microbial 0-methylcrotonyl 
CoA carboxylase, it was recently demonstrated 
in our laboratory (Stoll, Ryder, Edwards, and 
Lane, 1968) that liver acetyl CoA cwboxylase 
catalyzes a similar reaction. This carboxylation 
reaction exhibits a high degree of structural and 
stereocheniical specificity; the effects of certain 
alterations of the biotin molecule on carboxylation 
rate are shown in table I. This high degree of 
specificity, as well as the high K ,  value for free 
(+)-biotin (k-.-,=40 d), support8 the view that 

A. 
M t P +  ib-!oi 

ATP+!&34 CH~-~CH-!-SCOA eCH,,- =CH-CO-SCOA+AoP 
Pi 

@--MI*CROTONVL CoA @--Ma.GLUTACONYL COA 

FIQUNE 7.-The enzymatic wrboxulalion of D-mdhylcrohnyt 
CoA (a) and free (+)-biotin, (b) catalyzed by fl-methyl- 
crotonyl CoA carboxylase. 

0 

H 

FIQUIIE 8.--The slrudure of the mrboxylaled adive si le  
(~-N-(l’-N-mrboxy-(+)-bWtinyl)-lysyl-enzyme) of acyl 
CoA carboxylases and transmrboxylase. 

free biotin and certain of its derivatives bind and 
are carboxylated at the site normally occupied 
by the bicyclic ring of the biotinyl prosthetic 
group. 

Further insight into the mechanism of carboxy- 
biotin formation was gained by an investigation 
of the active species of “CO2)’ involved and the 
fate of its oxygen atoms. It was demonstrated 
(Kaziro, Hass, Boyer, and Ochoa, 1962) in 
experiments with ’*O-labeled bicarbonat,e that in 
the course of propionyl CoA carboxylation, one 
bicarbonate oxygen atom was incorporated into 
orthophosphate for every two bicarbonate oxygen 
at,onls incorporated into the carboxyl group of 
inethylnwlonyl CoA. Similar experiments with 
carbaniyl phosphate synthetase, a type 111 biotin 
enzyme, also showed that bicarbonate oxygen was 
incorporated into orthophosphate during the 
course of t,hc overall reaction (Jones and Spector, 
1960). The simplest interpret.ation of these results 
is t,hat bicarbonate is the active species of “COZ” 
in these carboxylations. I t  is interesting to note 
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mal 
____- 

20 
20 
20 
20 
20 
40 
40 

20-100 

TABLE I.-T!z Spaijicity of i%e Carbom2ation of Free Biotin bu Liver Acetyl CoA Curboxglase 

&biotin, percent 

100 
0 

121 
36 
33 
29 
0 
0 

I Derivative 8 

a In  these d- and Z-compounds, the configuration differs about the 2 position (point of juncture of the side chain to 
the t.hiophanc ring) or its equivalent. 

that the same conclusion was reached for still 
anot.her biotin enzyme, Le.. pyruvate carboxylase, 
using an indepeildent method (Cooper, Tchen, 
Wood, and Benedict, 1968; Cocper, Tchen, 
Wood, Benedict, and FiInler, 1968). In view 
of t.hese results and the ATP-32Pi and ATPJ4C- 
ADP exchange data discussed earlier that sug- 
gested a concerted reaction between enzynie- 
bound biotin, HC03-, and the y-phosphoryl 
group of ATP (step 1, fig. 6), the mechanism 
shown in figure 9(u) was proposed (Icaziro et. 
al., 1962). The bicarbonate anion is visualized 
as a nucleophilic reagent that attacks the y- 
phosphoryl phosphorus atom displacing ADP 
in concert with the nucleophilic attack on bi- 
carbonate by the 1'-nitrogen of biotin. A parallel 
to this mechanism exists in the PEP carboxylase- 
catalyzed carboxylation reaction as illustrated 
in figure 9(b) (Maruyama et al., 1966). In the 
latter reaction, which will be discussed in more 
detail later, the phosphoryl phosphorus atom of 
PEP undergoes nucleophilic attack by bicar- 
bonate. 

Although a concerted reaction between ATP, 
HCOa-, and the biotinyl prosthetic group (fig. 
9(aj) is the simplest interpretation of most of 
the experimental facts, a stepwise mechanism has 
not. been ruled out. The observation by Scrutton 
and Utter (1965) that, pyruvate carboxylase, 
un1il.t: propionyl CoA and 0-methylcrotonyl CoA 
carboxylases, catalyzes a slow Pi and bicar- 
bonate independent ATP-IT-ADP exchange re- 
action is difficult to reconcile in terms of the 
concerted mechanism shown above. Because 

A. 
ATP+HCO< +ENZ-BIOTIN 

8. 

I 
Cbi I Co; 

BICARBONATE - ORTHOPHOSPHATE + + 
P-ENOLPY RUVATE OXALACETATE 

FIQURE g.-Pofisible concerted mechnnisms for the car- 
boxylalion oj biotin (a) and phosphoenolpyruvale (b). 

this exchange reaction is not inhibited by avidin, 
the participation of the biotin prosthetic group 
in t.he exchange mechanism appears unlikely. 
These results indicate either n more complex 
carboxylation mechanism or 3n abortive pathwsy . 



A mechanism similar to one alternative suggested 
by Scrutton and Utter (1965) involving a phos- 
phorylated enzyme intermediate is shown in 
figure 10. Initial phosphorylation of t,he enzyme 
by ATP may be followed either by the release of 
ADP to form phosphoryl-enzyme via the upper 
abortive pathway or by reaction with bicarbonate 
tc form carboxyenzyme-(Pi) (ADP). The former 
route accounts for t,he observed ATP-W-ADP 
exchange independent of Pi or bicarbonate. The 
dependence of oxalacetate-Hl4COa- exchange upon 
ADP and Pi (Scrutton and Utter, 1965) rules 
out the possible cmversion of the abortive 
product, phosphoryl-enzyme, to earboxy-enzyme 
except in the presence of ADP and bicarbonate. 
Further investigation will be required to determine 
whether a phosphorylated enzyme intermediate 
is involved in the carboxylation mechanisim of 
the biotin eneyiries. 

THE ENZYMATIC CARBOXYLATION 
OF PHOSPHOENOLPYRWATE 

The three distinctly different enzymatic PEP 
carboxylation reactions and the related pyruvate 
kinase-catalyzed reaction afford an excellent 
opportunity for mechanist.ic comparison. The 
four enzymes (PEP carboxylase, PEP carboxy- 
kinase, PEP carboxytransphorylase, and pyruvate 
kinase) t.hat catalyze these reactions exhibit 
absolute divalent cation requirements. One of the 
roles of the metal appears to be the enhancement 
of PEP binding to the enzyme. For example, 
PEP carboxykinase binds PEP only weakly; 
however, the presence of Mn2+ enhances its 
binding by nearly two orders of magnitude 
(Miller, Mildvan, Chang, Esterd:by, Maruyama, 
and Lane, 1968) and thereby facilit.ttes the forma- 
tion of the kinetically significant enzyme-Mn2+- 
PEP complex (Miller and Lane, 1968). There 
is also strong evidence that PEP carboxylase 
(Miller et al., 1968) and pyruvate kinase (Mildvan 
and Cohn, 1966), mechanistically related enzymes, 
form similar although not identical ternary com- 
plexes. The structures of the ternary complexes 
have been investigated by magnetic resonclncc 
methods (Miller et al., 1968; Mildvan and Cohn, 
1966). Figure 11 shows the proposed enzyme- 
metal-PEP bridge complexes for the three en- 
zymes. In the enxyme-manganese binary complex, 
manganese is visualized as being chelated by two 

/p 
1. ATP t E-blotln .-A E'LDP) + ADP + E - \blotln 'biotln 

tHCO; j/ 
ADP 

(P )E DP) e E-blotlnrCO; + 
~ b l o t l n * C O 2  PI  

2. E-btot inuC0~ + Acc,ptor Carboxylated t E-blotln 
Acceptor 

FIQURE lO.-Allernative stepurise mechanism jor the earboxy- 
laltim of biotin. 

ligands from the protein, leaving four waters in 
its hydration shell. In the ternary complex, PEP 
is envisaged as contributing two ligands to  the 
metal in the case of PEP carboxykinase and one 
ligand in the cases of PEP carboxylase and 
pyruvate kinase. Because the reactions catalyzed 
by these enzymes al€ appear to proceed by con- 
certed mechanisms (Maruyama et al., 1966; 
Miller and Lane, 1968; Reynard, Hass, Jacobsen, 
and Boyer, 1961) involving nucleophilic attack 
on the PEP phosphoryl phosphorus atom, it is 
reasonable to  assume that the phosphoryl group 
ligands to the metal increase the susceptibility 
of the phosphorus atom to nucleophilic attack. 
It is apparent that the attacking nucleophile in 

PEP 
CARBOXYKINA!X 

' PEP 
CARBOXYLASE 

FIQURE 11.-Possible enzyme-metcabPEP bridge wmnplexee 
for PEP carboxykinase, PEP carboqlase, and pmvale  
kinase. 
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PEP CARBOXYLASE: PEP CARBOXYTRANSPHOSPHORYLASE: 
COi 
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c=o f pi 
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PEP CARBOXYKINASE: PYRUVATE KINASE: 

CH2 
I 
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7% 
F"O +ITP 
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Me2+. - 

0 OXALOACETATE 

the case of the PEP carboxykinase- and pyruvate 
kinase-catalyzed reactions is a nucleoside diphos- 
phate (GDP or IDP in the former case, ADP in 
the latter). On the other hand, the nucleophile in 
the case of the PEP carboxylase-catalyzed reac- 
tion also a.ppears to be the carboxylat.ing elec- 
trophile; Le., bicarbonate. The latter point 
requires further explanation. The possibility 
that bicarbonate rather than COn is the active 
carboxylating species was investigated by using 
180-bicarbonate as substrate (Maruyama et al., 
1966). It was found that 1 atom of l80 from sub- 
strate 180-bicarbonate was incorporated into Pi 
for every 2 atoms of '*O incorporated into oxal- 
acetate. Nucleophilic attack by a bicarbonate 
oxygen on the enol phosphoryl phosphorus atom 
is visualized as initiating the cyclic concerted 
reaction shown in figure 9(b). Simultaneous dis- 
placements a t  the bicarbonate carbon and 
phosphoryl phosphorus atoms lead to the initial 
formation of the keto form of oxalacetate. This 
phenomenon is consistent with the finding of 
Tchen et al. (1955) that the keto and not the 
enol form of oxalacetate is the primary carbox- 
ylation product of this reaction. Note, however, 
t,hat this mechanism involving attack by bicar- 
bonate on a phosphoryl phosphorus atom is 
formally analogous to that already described for 

' 

the propionyl CoA carboxylase-catalyzed reaction 
(Kaziro et J., 1962). 

As discussed earlier, there is a striking simiIarity 
between the probable structures of the ternary 
enzyme-metal-PEP complexes of PEP carboxy- 
kinase and PEP carboxylase (Miller et al., 1968) 
and that proposed for pyruvate kinase (Mildvan 
and Cohn, 1966). This similarity in structure 
of the ternary complexes is not surprising, because 
the three enzymes catalyze homologous reactions 
of PEP. Although the nature of the complexes of 
PEP carboxytransphosphorylase (Siu and Wood, 
1962) with metal and substrate have not been 
described, this carboxylase would appear to fit 
into this category. As illustrated in figure 12, in 
the reactions catalyzed by each of these enzymes, 
PEP undergoes nucleophilic attack on its phos- 
phoryl group, tautomerizes and accepts a posi- 
tively charged group on its no. 3 carbon atom 
(the carbonium form of bicarbonate with PEP 
carboxylase, the carbonium form of COZ with 
PEP carboxykinxe and PEP carboxytransphos- 
phorylase, and a proton with pyruvate kinase). 
The essential difference in these reactions is the 
nature of the phosphoryl group acceptor and the 
electrophile which adds to PEP. The notion of 
homology of mechanisms (Miller et al., 1968) 
for pyruvate kinase and for the enzymes that 



carboxylate PEP is strongly supported by the 
presence of niechanistic features of both in the 
reactions catalyzed by PEP carboxyt,ransphos- 
phorylase. The latter enzynie catalyzes the trans- 
fer of a phosphoryl group from PEP to orthophos- 
phate (fig. 12) and, depending upon conditions, 
can either protonate or carboxylate carbon atom 
no. 3 of PEP (Davis and Wood, 1966). 

While our understanding of this and certain 
ot.her types of enzymatic carboxylations has im- 
proved markedly, we are still unable to write 
anything but tentative mechanisms. Nevertheless, 
it. has been possible to compare the carboxylation 
reactions t henuelves and to denionstrate coninion 
mechanistic features both within and between the 
major groups. Within the next, few years we can 
expect better definit.ion of the indivdual carbox- 
ylation mechanisms. 

REFERENCES 

ANDERSON, P. AI., AND A. MEISTER, Evidence for an 
Activated Form of Carbon Dioxide in the Reaction 
Catalyzed by Escherichia coli Carbamyl Phospbtz 
Synthet‘ase. Biochemistry, 4: 2803-2808, 1965. 

ANDERSON, P. hf., AND A. MEISTER, Bicarbonate-De- 
pendent Cleavage of Adenosine Triphosphate and Other 
Reactions Catalyzed by Escherichia coli Carbamyl Phos- 
phate Synthetase. Biochemistry, 5: 3157-3163, 1966. 

BOYER, P. D., Mechanism of Enzyme Action. Ann. 
Rev. Biochcm., 29: 15-44, 1960. 

CALVIN, XI., The Path of Carbon in Photosynthesis. 
Science, 135: 879-889, 1962. 

CALVIN, &I., AND N. G. PON, Carboxylations and De- 
carboxylations. J. Cell. Conzp. Physiol., 54: Suppl. l, 

COOPER, T. G., T. T. TCHEP;, H. G. WOOD, C. R. BENE- 
DICT, AND D. L. FILMER, The Carboxylation of Phos- 
phoenolpyruvate and Pyruvate. This symposium, 1968. 

COOPER, T. G., T. T. TCHEN, H. G. WOOD, AND C. R. 
BENEDICT, ThP Carboxylation of Phosphoenolpyruvate 
and Pyruvate. I. The Active Species of “CO,” Utilized 
by Phosphoenolpyruvate Carboxykinase, Carboxytrans- 
phosphorylaye, and Pyruvate Carboxylase. J. Diol. 

I~AVIS,  J. J., AND H. G. WOOD, Inorganic Pyrophosphate 
and the Formation of P-enolpyruvate. Frclrraliun 
Proc., 25: 278, 1966. 

FIESER, L., AND At .  FIESER, Advanced Organic Chaiiislry. 
Iieinhold Pub. Corp., 1962, pp. 36.5-366. 

FINKBEINER, H. L., AND &I. STILES, Chelation as a Driving 
h r c e  in Organic Reactions. Iv. Synthesis of a-nitro 
Acids by Control of the Carboxylation-Decarboxylation 
Equilibrium. J. Am. Chrnz. SOC., 85: 616422, 1863. 

51-74, 1959. 

Chmi., 243: 3857-3863, 1968. 

FORMICA, J. V., AND R. 0. URADY, The Enzymatic Car- 
boxylation of Acetyl CoA. J. Am. Chem. SOC., 81: 752, 
1959. 

GRAVES, J. L., €3. VPNNESLAND, hl. F. UTTER, AND It. J. 
PENNINGTON, The Mechanism of the Reversible Car- 
boxylation of Phosphoenolpyruvate. J .  Biol. Chart., 

GRISOLIA, S., AND P. P. COHEN, The Catalytic Role of 
Carbamyl Glutamate in Citrulline Biosynthesis. J. 
Bwl. Cheni., 198: 561-571, 1952. 

HALENZ, D. R., J. Y. FENG, C. S. HEBRE, AND M. D. 
LANE, Some Enzymic Properties of Mitochondrial 
Propionyl Carboxylase. J. Bwl. Cheni., 237: 2140- 
2147, 1962. 

HALENZ, D. R., AND 31.13. LANE, Net Synthesis of Met.hy1- 
malonyl CoA by ADP-, ATP-, and Mg-Independent 
Transcarboxylation Catalyzed by Propionyl Carboxyl- 
ase. Biociteni. Biophys. Res. Cmmuns., 5: 27-29, 
1961a. 

HALENZ, D. It., AND M. D. LANE, Further Studies on the 
Mechanism of the Enzymic Carboxylation of Propionyl 
CoA. Biochinz. Biophys. Acta, 48: 426-427, 1961b. 

HATCH, 31. D., AND C. R. SLACK, Photosynthesis by 
Sugarcane Leaves: A New Carboxylation Reaction and 
the Pathway of Sugar Formation. Biochem. J., 101: 
103-111, 1966. 

HATCH, AI. D., C. R. SLACK, AND H. S. JOHNSON, Further 
Studies on a New Pathway of Photosynthetic Carbon 
Dioxide Fwation in Sugarcane and Its Occurrence in 
Other Plant Species. Bioehem. J., 102: 417-422, 1967. 

HINE, J., Physical Organic Chemislry. hlcGraw-Ilill 
Book Co., Inc., 1962, pp. 302-312. 

HSU, R. Y., H. A. LARDY, ANn W. W. CLELAND, Pigeon 
Liver Malic Enzyme. V. Kinetic Studies. J. Biol. 
Chem., 242: 531,55322, 1967. 

JONES, Al .  E., AND L. SPECTOR, The Pathway of Carbonate 
in the Biosynthesis of Carbamyl Phosphate. J. Biol. 

JONES, 31. E., L. SPECTOR, AND F. LIPMANN, Carbamyl 
Phosphate, the Carbamyl Donor in Enzymatic Citrul- 
line Synthesis. J. Am. Cheni. SOC., 77: 819-820, 1955. 

KAZIRO, Y., L. F. Hass, P. D. BOYER, AND S. OCHOA, 
Mechanism of the Propionyl Carboxylase Reaction. 
11. Isotopic Exchange and Tracer Experiments. J .  
Biol. Cheni., 237: 1460-1468, 1962. 

KAZIRO, Y., E. LEONE, AND S. OCHOA, Biotin and Pro- 
pionyl Carboxylase. Proc. Nat. Acad. Sei., US., 46: 

KAZIRO, Y., AND 8. OciioA, Mechanism of the Propionyl 
Carboxylase Reaction. I. Carboxylaticn and De- 
carboxylation of the Enzyme. J .  Bioi. Chan., 236: 

KAZIRO, Y., AND S. OCHOA, The 3Ietabolism of Propionic 
Advances in Enzymology (F. F. Nord, ed.), vol. 

KLOTZ, I. AI., Energy Changes in Biochemical Reactions. 

KNAPPE, J., E. RINQELMANN, AND P. LYNEN, Zur bio- 
111. Die chemische 

223: 551-556, 1956. 

ChC))t., 235: 2897-2901, 1960. 

1319-1327, 1960. 

3131-3136, 1961. 

Acid. 
26, pp. 283-334. John Wiley &, Sons, Inc., 1964. 

.4cademic Press, Inc., pp. 52-71, 1967. 

chemischen Funktion des Biotins. 



COMPARISON OF ENZYMATIC CARBOXYLATION MECHANISMS 205 

Konxtitution des eiuyniatisch Gebildeten Carboxy- 
biotins. Biochem. Z., 335: 168-179, 1961. 

KNAPPE, J., H. G. SCHLEQEL, AND F. LYNEN, Zur bio- 
chemischen Funktiori des Biotins. I. lXe Beteiligung 
der 8-methyl-crotonyl-carboxylase an der Bildung von 
8-hydroxy-p-methyl-glutaryl-CoA aus @-hydroxy-iso- 
valeryl-CoA. Biochem. Z., 335: 101-122, 1961. 

KNAPPE, J., B. WENQER, AND U. WIEQAND, Zur Konstitu- 
tion der Carboxylierten p-methyl-crotonyl-carboxylase 
(COpbiotinenzyme) . Biochm. Z., 337: 232-246, 1963. 

KOSOW, D. P., S. C. HUAKG, AND hl. D. LANE, Propionyl 
Holocarboxylase Synthesis. Preparation and ProperGes 
of the System. J. Biol. Chm. ,  237: 3633-3639, 1962. 

KOSOW, D. P., AND hI. D. LANE, Propionyl Holocarboxyl- 
ase Formation: Covalent Bonding of Biot,in to Apo- 
carboxylsse Lysyl +Amino Groups. Biochmn. Biophys. 
Res. Comnwnu., 7 :  439-443, 1962. 

KOSOWER, E. At., Molecular Biochemistry. McGraw- 
Hill Book Co., Inc., pp. 67-71, 1962. 

LANE, M. D., AND D. R. HALENZ, Transcarboxylation 
and COz Exchange Catalyzed by Purified Propionyl 
Carboxylase. Biochem. Biophys. Res. Comm7ins., 2: 
436-439, 1960. 

LANE, M. D., AND F. LYNEN, The Biochcmical Function 
of Biotin. VI. Chemical Structure of the Carboxylated 
Active Site of Propionyl Carboxylase. Proc. Nall. 
Acad. Sei., US., 49: 379-385, 1963. 

LYNEN, F., I. H. KESSEL, AND 11. EQQERER, Zur Biosyn- 
these der Fettsauren. 111. Die Fettsliuresynthetase der 
Hefe und die 3ildung enxymgehndener Acetessig- 
saure. 

LYNEN, F., J. KNAPPE, E. LORCH, G. JUTTINO, AND E. 
RINQELMANN, Die biochemiache Funktion des Biotins. 
Angew. Chent., 71: 481-486, 195% 

LYNEN, F., J. KNAPPE, E. LORCH, G. JUTTINO, E. RINQEL 
h m w ,  AND J. P. LACHANCE, Zur biochemischen Funk- 
tion des Biotins. 11. Reinigung und Wirkungsweise der 
0-methyl-crotonyl-carboxylase. Biochem. Z. ,  335: 123- 
167, 1961. 

MARUYAMA, H., R. L. ESTERDAY, H. C. CHANQ, AND 
M. D. LANE, The Enzymatic Carboxylat,ion of Phospho- 
enolpyruvate. I. Purification and Properties of Phos- 
phoenolpyruvate carboxylase. J .  Bwl. Chem., 241: 
2405-2412, 1966. 

MILDVAN, A. S., AND M. COHN, Kinetic and blagnetic 
Resonaiice Stcdies of the Pyruvate Kinase Reaction. 
11. Complexes of Enzyme, Metal, and Substrato. 

MILDVAN, A. S., AYD M. C. SCRU~TON, Pyruvate Car- 
boxylase. X. The Demonstration of Direct Coordi- 
nation of Pyruvate and a-ketobutyrate by the Bound 
MLIz,ganese and the Formation of Enzyme-Metal-Sub- 
strate Bridge Complexes. Biocheviislry, 6: 29784994, 
1967. 

MILLEH, 11. S., AND &I. D. LANE, The Enzymatic Car- 
boxylation of Phosphoenolpyruvate. V. Kinetic and 
1 8 0  Studies on Liver Mitochondrial Phosphoenolpyruvate 
Carboxykinwe. J .  Riol. Chem., in prws, 1968. 

?VIILLEB, 11. R., A. S. MILDVAN, H. C. CHANQ, It. ESTER- 

Biocheni. Z., 340: 95-124, 1964. 

J .  Biol. Chem., 241: 1178-1193, 1966. 

DAY, 11. &fARUYAMA, ANI, hi. 1). LANE, The ~Ilz~mttfiC 

Carboxylatioii of Phosphoenolpyruvate. IV. The Binding 
of Manganese and Substrates by Phosphoenolpyruvate 
Carboxykinase and Phosphoenolpyruvate Carboxylase. 

NORTHROP, D., AND H. G. WOOD, Presence of Cobalt in 
Oxalacetate Transcarboxylase. Federation Proc., 26: 
343, 1967. 

NUMA, S., E. RINGELMANN, AND F. LYNEN, Zur biochem- 
ischen Funktion des Biotins. VIII. Die Bindung der 
Kohlensaure in der carboxylierten acetyl-Cobcar- 
boxylase. Biochem. Z., 340: 228-242, 1964. 

OCHOA, S., AND Y. KAZIRO, Carboxylases and the Role of 
Biotin. Comprehensive Biochemistry (M. Florkin and 
E. H. Stotz, eds.), vol. 16, pp. 210-249. Amsterdam, 
Elsevier Publishing Co., 1965. 

REYNARD, A. M., L. F. HASS, D. D. JACOBSEN, AND P. D. 
BOYER, The Correlation of Reaction Kinetics and 
Substrate Binding With the Mechanism of Pyruvate 
Kinase. J. Biol. Chem., 236: 2277-2283, 1961. 

KILLINO, H. C., AND M. J. COON, The Enzymatic Isom- 
arization of 6-methylvinylacetyl Coenzyme A and 
the Specificit;. of a Bacterial 8-methylcrotonyl Co- 
enzyme A Carboxylase. J .  Biol. Chem., 235: 3087- 
3092, 1960. 

SCRUTTON, hl. C., AND A. 8. MILDVAN, The Role of Bound 
Metal Ions in COn Fixation by the Biotin Carboxylases. 
This symposium, 1968. 

SCRUTTON, M. C., AND M. F. UTTER: Pyruvate Carboxyl- 
ase. V. Interaction of the Enzyme With Adenosine 
Triphosphate. J .  Biol. Chm.,  240: 3714-3723, 1965. 

SCRUTTON, M. C., M. F. UTTER, AND A. S. MILDVAN, 
Pyruvate Carboxylase. VI. Tne Presence of Tightly 
Bound Manganese. J .  Biol. Chem., 241: 3480-3487, 
1966. 

SIU, P. M. L., AND II. G. WOOD, Phosphoenolpyruvate 
Carboxytransphosphorylase, a CO2 Fixation Enzyme 
From Propionic Acid Bacteria. J .  Biol. Chem., 237: 

STILES, M., Participation of Chelating Metals in Car- 
boxylation Reactions. Ann. Neur York Acad. Sci., 81): 

STJERNHOLM, R., AND €1. WOOD, Transcarboxylase. 11. 
Purification and Properties of Methylmalonyl-Oxalo- 
acetic Transcarboxylase. Proc. Nall. Acad. Sci., U.S., 

STOLL, E., E. RYDER, J. B. EDWARDS, AND hl.  D. LANE, 
Liver Acetyl CoA Carboxylase: Activation of Model 
Partial Reactions by Tricarboxylic Acids. Proc. N d l .  
Acad. Sci., U.S., 60: 986-991, 1968. 

TCHEN, T. T., F. A. LOEWUS, AND U; VENNESLAND, The 
Mechanism of Enzymatic Carbon Dioxide Fixation 
Into Oxalacetate. 

WAKII,, S. J., A Malonic Acid Ilerivative as an Inter- 
mediate in Fatty Acid Synthesis. J. Am. C h m .  SOC., 
80: 6465, 1958. 

WELLNER, V. P., J. I. SANTOS, AND A. MEISTER, Carbamyl 
Phosphate Synthetase. Biochemistry, in press, 1968. 

WOOD, H. G., S. H. G. ALLEN, R. STJERNHOLM, AND B. 
JACOBSON, Transcarboxylase. 111. Parificat.ion and 

J .  B i d .  Chent., 243: 6030-6040, 1968. 

3044-3051, 1962. 

332-340, 1960. 

47: 289-303, 1961. 

J .  Biol. Chnn., 213: 547-535, 1955. 



Properties of Methylrnalonyloxaloacetic Transcarboxyl- 
ase Containing Tritiated Biotin. J .  BWZ. Chem., 238: 
547-556,1963. 

WOOD, H. G., J. J. DAVIS, AND H. LOCHMULLEX, The 
Equilibria of Reactions Catalyzed by Carboxytrans- 
phosphorylase, Carboxykinase, and Pyruvate Car- Enzyme. Biocha. %., 337: 247-266, 1963. 

boxylase and the Synthesis of Phosphoenolpyruvate. 
J.  BioZ. C h a . ,  241: 5692-5704, 1966. 

WOOD, H. G., H. LOCHMULLER, C. RIEPERTINQER, AND 
F. LYNEN, Transcarboxylase. IV. Function of Biotin 
and the Structiire and Properties of the Carboxylated 



The Role of Bound Metal Ions in CO, Fixation by the 
Biotin Carboxylases' 

M. C. SCRUTTON 
Rutgers Medical School 

AND 

A. S. MILDVAN 
University of Pennsylvania 

The studies discussed by Dr. Lane in the pre- 
ceding presentation have resulted in the formu- 
lation of a general minimal mechanism to describe 
the reactions catalyzed by most biotin carboxyl- 
ases (reactions (1)-(2)) :* 

M2+ 
Ebiotin+ATP-t HC0s-e 

E-biotinNCOz+ADP+Pi (1) 

E-biotin+acceptor-COO- (2) 
&biotin-COt + acceptor$ 

Sum : 
ni2+ 

ATP +HCOa-+acceptorS 

%. 

acceptor-COO-+ADP+Pi (3) 

The major differences between these enzymes 
are observed with respect to (1) their require- 
ments for activation by metabolic effectors, and 
(2) the nature of the substrate tshat acts as the 
carboxyl acceptor. This latter difference provides 
a basis for classification of the biotin carboxylases 
(see fig. 2 of Lane's paper, this symposium). 

1 The data presented were obtained from research s u p  
ported in part by contract AT(l1-1)1242 of the Atomic 
Energy Commission; U.S. Public Health Service grants 
AM-09657, AM-09760, AM-1 1712, and GM-08320; and 
National Science Foundation grant G-23384. 

* The mechanism of carbamyl phosphate synthetase 
purified from Escherichia coZi is not adequately described 
by reactions (1)-(2) because an additional partial reaction 
is involved (Anderson snd Meister, 1965). 

Because the only example of a type I11 carbox- 
ylase has been described very recently (Wellner, 
Santos, and Meister, 1968), I will be concerned 
here with types I and 11. Examination of acceptor 
specificity for both of these types of biotin car- 
boxylase has indicated that even minor modifi- 
cation of acceptor structure causes greatly de- 
creased catalytic act.ivity (Hegre and Lane, 1966; 
Stoll, Ryder, Edwards, and Lane, 1968; D. S. 
Kerr and M. F. Utter, urtpublished observations 
quoted in Mildvan, Scrutton, and Utter, 1066). 
This specificity may be reflected both in the 
differing extents of activation of adjacent carbon- 
bound protons (p. 216) and in the differing spatial 
requirements for the acceptor site in the two 
carboxylase types. The latter consideration implies 
that the environment of the biotin ring which is 
adjacent to the acceptor site may also differ in 
type I and I1 carboxylases. A difference in the 
environment of the biotin ring is suggested also 
by a comparison of properties of acetyl-coA car- 
boxylase (type I) and pyruvate carboxylase (type 
11) which indicates that the biotin residue of 
acetyl CoA carboxylase (type I) is more exposed 
to interaction with solvent or avidin than are the 
corresponding residues in pyruvate carboxylase 
(type 11) (cf. Scrutton and Mildvan, 1968). The 
suggested difference is in the direction expected 
from a consideration of the relative size of the 
acceptors for these two ensymes. 

Our studies have been concerned with the 
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mechanism of thc second partial reaction (reaction 
(2)) in pyruvate carboxylase, the only known 
example of a type I1 carboxylase. These studies 
were initiated as an attempt to elucidate the role 
of the freely dissociable divalent metal ion in the 
first partial reaction (reaction (1)), using the 
nuclear magnetic resonance techniques developed 
by Dr. Mildred Cohn and her coworkers (cf. 
Cohn, 1963). However, the initial examination of 
pyruvate carboxylase purified from chicken liver 
revealed the presence of a nondissociable para- 
magnetic component in the enzyme preparation 
that we presumed to be a metal ion. The para- 
magnetic species was not removed by treatment 
of the enzyme preparation with 10 mM EDTA 
and had properties consistent with its partici- 
pation in catalysis. Our subsequent studies on 
this aspect of reaction (2) have proved so in- 
formative that we have not yst returned to the 
original objective of these studies. 

IDEIVTIFICATION OF THE BOUND METAL 
ION AS MANGANESE 

Following the initial observations, manganese 
has been detected as a constituent of pyruvate 
carboxylase purified from chicken liver by several 
methods including emission, atomic absorption, 
and electron paramagnetic resonance spectros- 
copy; and neutron activation and wet chemical 
analysis. The EPR spectrum of a perchloric acid 
extract of pyruvate carboxylase (fig. 1) provides 
the most convinciug qualitative demonstration of 
the presence of significant amounts of manganese, 
because this spectrum is highly characteristic of 
Mn(I1). Iron is also present in purified prepa- 
rations of pyruvate carboxylase at  a concentration 
approaching 1 g atom/mole enzyme (0.25 g atom/ 
mole biotin), but other metal ions are absent. 
Although it is paramagnetic, the iron present 
cannot account for the effects observed in the 
NRIR experiments. 

Several lines of evidence support our conclusion 
that the bound manganese detected in pyruvate 
carboxylase purified from chicken liver is a consti- 

8 The abbreviat.ions used are PItIt, proton relaxation 
rate (1/2'1) ; EPR, electron paramRgneticiesonance; NMR, 
nuclear magnetic relaxation. 

10% HClOq Extract Of Standard ' 

~ x I O - ~ M  Mn Pyruvate Carboxylase 
In 10% HC104 (lO.Irng/rnl) 

FIGURE l.-EPR speclra of standard Mn2+ and a perchloric 
acid extrael of pgruvale carboxylase. Pyruvate carboxylase 
(10.1 mg/ml: specijic acliinlg 19.0) was extracted with 
10 percent perchloric a d  and lhe denatured protein was 
removed by centrifugation. EPR spectra were taken on 
this extrael and the slumhrd MnZc s o l u l h  in a Varian 
V-@80A EPR speelromeler al 95x108 hertz as de- 
scribed preuwuslp (Mildvan a d  Cohn, 1969). 

tutive component of this enzyme (Scrutton, Utter, 
and Miidvan, 1966) : 

(1) The 20-30 preparations of pyruvate car- 
boxylase that have been assayed for manganese 
have all contained significant concentrations of 
this metal ion. No active or inactive preparation 
that is devoid of manganese has been obtained. 

(2) Administration of 54h/In to chickens in vivo 
results in incorporation of radioactivity into py- 
ruvate carboxylase. Both the radioactivity and 
total manganese purify in approximately constant 
ratio with the enzymic activity during the final 
stages of the isolation procedure. 

(3) Quantitative analysis of purified prepa- 
rations by five methods has indicated manganese 
contents in the range of 2.54.3 g-atoms/mole 
enzyme as compared with a biotin content of 
3-4 moles/mole enzyme (Scrutton and Utter, 
1965a). Assay for both of these cofactors in the 
same preparation has given a mean manganese: 
biotin ratio of 0.91 (Scrutton and Mildvan, 1968). 

These data indicate that pyruvate carboxylase 
is R manganese mctallobiotin enzyme, The pres- 
ence and role of bound metal ions in other biotin 
enzymes will be discussed below. Howevei , py- 
ruvate carboxylase is also the only mangancse 
metalloprotein described thus far. Although 
Mn(I1) can be exchanged into the active sites of 
such enzymes as carboxypeptidase and carbonic 
anhydrase (Coleman and Vallee, 1960; Coleman, 
1967), these enzymes are isolated a,q zinc metallo- 
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proteins. Exchange of RIn(I1) for Zn(I1) at the 
active site causes either altered catalytic properties 
(carboxypeptidase) or loss of catalytic activity 
(carbonic anhydrase) (Coleman and Vallee, 1961; 
Coleman, 1967). 

The constitutive manganese of pyruvate car- 
boxylase is tightly bound to the protein (Scrutton 
et al., 1966) and is therefore clearly distinguished 
from the freely dissociable divalent metal ion, 
e.g., Mg(1I) or Mn(II), w&ch is required for 
activation of all kinases and synthetases (cf. Cohn, 
1963). The first partial reaction of the biotin 
carboxylases (reaction (1)) is a synthetase re- 
action and requires such activation. Hence py- 
ruvate carboxylase both requires activation by a 
dissociable divalent metal ion and also contains 
bound manganese. These two metal ions have, 
however, entirely different roles in catalysis. 

THE ENHANCEMENT PHENOMENON 

Measurement of the longitudinal nuclear mag- 
netic relaxation (NRIR) rate (1/T1) of the pro- 
tons of water (PRR)3 in solutions of pyruvate 
Carboxylase indicates that the bound manganese 
has an enhanced effect on this relaxation rate as 
compared with the effect of Mn ( HZO);' (table I).  

TABLE 1.-The Enhanced Efleect of the Bound 
Manganese of Pgruvate Carboxyhe on the PRR 

Cystem 1 PRR (~ec-1)~ 

Buffer (lds-Cl+I<Cl) _ _ _ _ _ _  - - - - 
Pyruvate carboxylase (9.04 mg/ 

ml) - - - - - - - - - - - - - - - - - - - - - - - - - 
Pyruvate carboxylase (9.04 mg / 

ml) f 14% perchloric acid-- - - - - 

0.35-0.42 

1.9% 

0.68 

From Scrutton et  al., 1966. 
hFrom these data, t b  may be calculated as 4.2, using 

eq. (4). 

This enhancement phenomenon, which was dis- 
covered for proteins by Cohn and Leigh (1962) 
and for nucleic acids by Eisinger, Shulman, and 
Szymanski (1962), is considered here briefly be- 
cause it is fundamental to our studies on the role 
of the bound manganese in catalysis. The en- 

hancement factor (e*) is defined by 

1 1  
Ti* Ti" e*.=: ~ 

1 1  

--- 
(4) 

--- 
Ti TI" 

where l/Tl* is the PRR of a solution of the coin- 
plexed metal ion; l/Ti, the PRR of a solution 
coritaining an equivalent concentration of the 
metal ion in the uncomplexed state (as provided 
in table I by extraction of the pyruvate carbox- 
ylase preparation with perchloric acid) ; and l/T?, 
the PRR of the buffer system. Since, for pyruvate 
carboxylase, free manganese is absent, e* is equal 
to €I,, the enhancement Jf the complexed metal. 

In solutions containing a complex of a para- 
magnetic ion, the PRR, and hence e* (eq. (4)), 
is directly proportional to the number of water 
molecules in the coordination sphere p* and to a 
correlation time rC*, if the exchange of water 
molecules into the hydration sphere of the metal 
ion 1 / ~ ~  is rapid. For ions with a slow electron 
spin relaxation time, T ~ *  is dominated by rr*, a 
correlation time describing the rotation of the ion 
relative to  its hydration sphere. A slow electron 
spin relaxation time is characteristic only of 
l ln(II) ,  Cu(II), and Cr(IX1) among the ions of 
the first transition series elements (Eisinger et al., 
1962; Cohn and Leigh, 1962). If the exchange 
rate 1 / ~ ~  is slow as compared wit,h the relaxation 
rate of coordinated water molecules, then the 
PRR-and hence €*-is proportional to p* ani1 
to 1 / ~ ~  (Luz and Rleiboom, 1964). 

In complexes involving small molecules as lip 
ands, the primary effect on the PRR resulti 
from a reduction in the number of coordinate1 
water molecules, because the rate of water ex 
change is rapid and the effects on moleculai 
rotation times rr are small. Hence for these corn., 
plexes, e* either approximates 1.0 (the enhance. 
ment of R4n(HzO)02+) or decreases below this 
value. However, in a complex involving a macro- 
molecule, the relative rotation time (Tr*) may be 
greatly increased and may contribute to e* for 
ions for which T~ is dominated by 7,; e.g., Mn(I1). 
Thus, if this increase in T ~ *  outweighs the decrease 
in tho number of coordinated water molecules 
p*, an increase in e* will resalt. This effect prob- 
ably results from hindrance of the rotation of the 



hydration sphere by the surrounding structure of 
the macromolecule (Cohn, 1’363). The observation 
of an enhanced effect on the PRR is clearly de- 
pendent on measurement of a proporty of the 
bulk water. Hence, exchange of H2O on the com- 
plexd metal ion must occur at a rate that averages 
the contributions from the coordinated and non- 
coordinated states. Hence, if e* exceeds 1.0, the 
site containing the metal ion must be accessible 
to solvent, and therefore, potentially, to the sub- 
strates. 

Examination of the effect of substrates and in- 
hibitors on the PRR (expressed as e*) provides a 
sensitive probe for interaction of these ligands 
with the metal ion or modification of its immediate 
environment dw to complex formation, because 
the paramagnetic effect decreases as the sixth 
power of the ddtance and therefore is very weak 
beyond the first coordination sphere (Cohn, 1963). 
If ligands, e.g., substrates, interact with a metal 
ion complexed to a macromolecule, e* will decrease 
a8 additional water molecules are displaced from 
the coordination sphere. The enhancement eo af 
the metal ion in the macromolecule-ligand complex 
and the dissociation constant Ka of this complex 
may then be obtained by measurement of the 
decrease in e* as a function of ligand concentration 
(Mildvan and Cohn, 1963, 1965, 1966). From 
the above discussion it is apparent that the en- 
hancement factor may contain contributions from 
the rate of exchange of coordinated water mole- 
cules and the relative rotation rate, as well as from 
the number of coordinated water molecules. The 
ratio of enhancement factors observed for different 
complexes cannot therefore be used to determine 
relative solvation numbers for these complexes 
unless these other contributions are also evaluated. 

THE LOCUS OF ACTION OF THE BOUND 
MANGANESE IN THE PYRWATE 

CARBOXYLASE REACTION 

For the pyruvate carboxylase reaction, com- 
ponents and inhibitors that provide ligands to the 
bound manganese may therefore be tentatively 
identified by examining their effects on e* (table 
11). With the exception of HCOa- (cf. table 11, 
footnote b), the components of the first partial 
reaction (reaction (l)), added either singly or in 
combination, have no significant effect. Marked 

TABLE 11.-The Egect of Substrata, Cojactm, 
and Inhibitors on the Enhancement of the 
Bound Manganese 

€* 

4.2 

4.0-4.2 
3.9 
1.8 
2.6 

.4 

4.1 

1.8 
1.8 
.6 

-- 

Modified from Mildvan et ai., 1966. 
b Further examination shows that HCOa- interacts with 

the bound manganese forming a complex (Kd==0.46 M, 
e. = 1.4) that. appears to have no catalytic significance. 

0 Addition of oxalacetate in the presence or absence of 
other reaction components cnwes a rapid decrease in e* 
followed by n slower return toward the original value. 
The vnlues for e* given here are extrapolated to zero time. 

decreases in e*, however, are observed on addition 
of the substrates and inhibitors of reaction (2) 
(table IIB). The relationship of these effects to 
events at the catalytic site is established by com- 
parison of dissociation constants obtained by ti- 
tration measuring the decrease in e* with (I) 
kinetic constants (Kr, apparent Km) obtained 
from initial rate studies of the overall reaction; 
and (2) dissociation constants obtained from the 
effect of these substrates and inhibitors on the 
rate of inactivation of pyruvate carboxylase by 
avidin. Inactivation by avidin results from inter- 
action of this protein with the biotin residues of 
pyruvate carboxylase. Thus alterations in the in- 
activation rate induced by reaction components or 
inhibitors reflect binding of these ligands at the 
catalytic site. For the inhibitors of reaction (2), 
all three constants agree reasonably well (table 
IIIB). For the substrates the dissociation con- 
stants obtained by the avidin inactivation and 
PRR methods are in agreement but differ by one 
to two orders of magnitude from the apparent Km 
determined in the overall or second partial re- 
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Avidin 
inactivat,ion 

TABLE III.-Cmparison of Kinetic and Dissociation Conslccnts for Substrates a& InhXtors of the 
Seumd Partial Reaction of Pgmvate Carbox&se 

PRR 

I 

Initial rate studies 
Substrate (A) or 

inhibitor (B) 

Km (app.), K i ,  hf 
--.- I 

- - - -_---__---_-.  
_______-___-___.  

12.5 X 
1.7 X lo-' 
2. ti x 10-4 
2.1 x 10-3 
g.lXlo- '  
6.5 X 

8 Modified from Mildvan et. al., 1966. 

4.8 X 
2.4 X 
8.9 X 
1.3 X lo-' 
4.0X lo-' 
1 .5X10-a 
5.0X 
2.3 X 10-8 

I 4.5X10-a 
j O.9~1O-a 

2.9 X 
2.3 X 
5.3 X lo-' 

0.96 X 10-a 
6.9 X lo-' 
3 .OX 

1.7 
1.9 
< .3 
< .3 
<.14 
< .31 
< -28 

.32 

actions (table IIIA; and Scrutton, Keech, and 
Utter, 1965). 

In  a multisubstrate reaction, the apparent K ,  
for a substrate is, however, seldom equal to its 
dissociation constant, and the discrepancy noted 
in table IIIA is therefore not surprising. 

STRUCTURES PROPOSED FOR THE 

INHIBITOR COMPLEXES 

A model may then be proposed to describe the 
interaction of substrates and inhibitors of reaction 
(2) with the bound manganese which is consistent 
with most of the data presented in tables I1 and 
111. In this model the metal ion receives three cis 
ligands from the protein and has therefare three 
additional eis ligand positions which are accessible 
to solvent. These accessible ligand positions are 
proposed to have defined specificities for inter- 
action with substrates and inhibitors of reaction 

ENZYME-SUBSTRATE AND ENZYME- 

P 

P R 0 T ?r][ 
! t 
N 

FIGURE 2.-Propoaed a~ructures for the complexes oj  pyruvde 
(PYR) ,  oxahelale (QAA) and oxalale with lhe bound 
manganese of p p v a l e  carboxylase. 

(2) as a consequence of their dhtribution in space. 
This distribution results in differing environments 
with respect to the surrounding tertiary structure 
of the protein. If the accessible ligand positions 
are numbered 1, 2, and 3, the interactions pro- 
posed are pyruvate at 1; oxalacetate a t  1 and 2; 
and the inhibitors, e.g., oxalate, a i  1 and 3 (fig. 
2). These assignments represent the simplest ex- 
planation that is consistent with our data and do 
not exclude more complex explanations. The evi- 
dence that supports the proposed interactions is 
summarized below. 

THE ENZYME-INHIBITOR COMPLEX 

The effect of the bound manganese on the PRR 
is profoundly deenhanced in the enzyme-inhibitor 
complex (t,<0.14-0.32) (table IIIB). This obser- 
vation indicates that the inhibitors displace water 
molecules from the coordination sphere of the 
bound metal because a decrease in rr resulting, 
for example, from a change in the conformation 
of the protein, can reduce this enhancement only 
to a vdue approximating 1.0. Because many of 
the inhibitors examined can provide at most two 
ligands to the bound manganese, the effect on e* 
may result, in part, from the displacement of two 
coordinated water molecules. Although the effect 
of the enzyme-inhibitor complex on the PRR is 
weak, residual cooi'dinated water molecules must 
be present on the bound manganese in this com- 
plex because l/!Plp is not equal to l/Tzp, and an 



exchange-limited region is observed when 1/Tlp is 
measured as a function of temperature (cf. Lus 
and JZeibooni, 1969). The enhancement observed 
fur the enzyme-inhibitor complex is similar to that 
found for the Jln(I1)-EDTA complex (King and 
Davidson, 1958). Because crystallographic studies 
indicate the presence of a single coordinated water 
molecule in t.he lIn(I1)-EDTA compiex (Honrd, 
Pederson, Richards, and Silverton, l961), \\-e pro- 
pose that one water molecule also remains in the 
coordination sphere of the bound manganese on 
formation of the enzyme-inhihitor complex. These 
comparisons also suppork the suggestion that the 
protein provides three ligands to the bound man- 
ganese. 

The relationship of the ligand positions used by 
the inhibitors with that used by pyruvate is es- 
tablished by the denionstration of a simple com- 
petitive relationship between these ligands (Jlild- 
van and Scrutton, 1967; Scrutton and Miidvan, 
1968), indicating that one of the positions used 
by the inhibitors is identical with that used by 
pyruvate (1 in fig. 2). Studies with the pyruvate 
carboxylase-avidin corr.plex iodicate that the other 
position (3) is used only by the inhibitors 
(Scrutton and JI idvm, 1963). 

THE ENZYME-Pk RWATE COMPLEX 

The enhancement observed for the enzyme- 
pyruvate complex (ec= t.7) (table IiIA) is con- 
sistent with that expected for a complex involving 
a monodentate ligand, but does not prove direct. 
coordination of this substrate because the decrease 
in the enhancement could result from a decrease 
in t, . Evidence for direct coordination, however, 
is provided by analysis of the effect of pyruvate 
carboxylase on the methyl resonance in the NMR 
spectrum of pyruvate (fig. 3). Addition of either 
>InCI2 or manganese bound to pyruvate ear- 
boxylase causes marked increases in the radio- 
frequency power required to saturate the reso- 
nance and the line width at half-line height (fig. 
3). These parameters may be used, respectively, 
to calcuIate l/Tlp and 1/T2,, the paramagnetic 
contribations to the longitudinal and transverse 
relaxation rates of the pyruvate methyl protons. 
Such studieti indicate that, in the presence of 26 
mllf pyruvate, the effect of the bound manganese 
is enhanced approximately twentyfold on  TI and 

25 mM Trir Pyruvaie 

+ImM UnCI, 

RF POWER AT ONSET 
OF SAYURATION 

(mlcrowafir~ I Jb 0.50 

31.4 

FIGURE 3.-Effecl of MsC& and ofpyruvate carboxylase on 
the .methyl resonance in the nuclear magnetic resmame 
.speclmm of pyrztaate. The solvenl was 9 6 p e r W  D20 con- 
laiititig 0.1 M tris-DCl(pD = 8.4) and 0.27 M KCE in a 
total volume of 0.6 ml: temperature, 28 C. (Reproduced 
from Mildvan and Sc+Ullon (1967) by permission of the 
ectitot of Biochemistty.) 

hundredfold on 1/T2 as compared with the effect 
of JIn** (Mildvan and Scrutten, 1967). 

Because binding of small molecule ligands to  
proteins in the presence or absence of diamagnetic 
ions causes much smaller increases in the relax- 
ation rates of iigand protons (Jardetsky, 1964; 
Xildvan and Scrutton, 1967), the enhanced effects 
observed for  TI and ~ / T z  OS pyruvate methyl 
protons on addition of pyruvate carboxylase are 
consistent ~vi'.h formation of ti pyruvate carbox- 
ylase-manganese-pyruvate bridge complex. This 
conclusion is supported by calculation of T ,  the 
distance between the bound manganese and the 
methyl protons of pyruvate, to be 3.5f1.0 A from 
these data as compared with measuremmnts of r 
in Dreiding molecular models of the Mn(1I)- 
pyruvate complexes involving 8 carbtriyl ( r  = 
3 . 7 f l . l  A) or a carboxyl (r=4.0&1.7 A) ligand. 
Calculation of the hyperfine coupling constant, 
which measures the int,eraction operating through 
chemical bonds, gives R value more consistent 
with coordination involving a carbonyl ligand 
(Mildvan and Scrutton, 1967). 
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Parameter 

- -- 

Two lines of evidence support the postulate 
that the observed complex participates in cataly- 
sis. First, addition of oxalate abolishes the effects 
of pyruvate carboxylase on the NMR spectrum 
of pyruvate (fig. 3 ( d ) ) .  A linear relationship is 
observed between the line ,vidth and reciprocal 
oxalate concentration; and the Kd for oxalate 
calculated from these data (5.4 NM) agrees with 
other rneasuremeiiftr; of this constant (2.9-12.5 
NM) (table IIIB) . Second, the exchange rates for 
pyruvate in this complex are two to four orders 
of magnitude faster than the maximal turnover 
number for COZ fixation on pyruvate (table IV). 
Hence, the complex forms and dissociates at a 
rate consistent with catalytic function (Mildvan 
and Scrutton, 1967). 

Units Observed 
value 
-- 

TABLE IV.-Sm Properties of the Pyrcvate 
Carboqlase-Mavzganese-Ppvute Complex a 

PGMn-Pyruvate S PGNn(aq) +Pyruvate 
k0f f 

ka u 

k,,b __-_  _ _ _ _ _ _  _ _ _ _ _  _ _ _ _ _ _  _ _  
kef$ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
Maximal turnover number 

per biotin residue (Cot 
fination).d 

bH (pyruvate exchange)b- - - 
As (pyruvate erchauge)b- - - - 
r, (Mn, methyl distance)O---- 

M-i sw-1 

sec-' 
sec-1 

Kcal /mole 
tu 
ti 

4.5 X lo6 
2.1X10' 
0.9-1.OX10~ 

2.5 
-30.3 
3 . 5 f l . O  

From MiIdvan and Scrutton (1867). 
bFrom which is dominated b~ exchange of 

pyruvate on the bomd manganese over the temperature 
range examined (2 C-40 C) (Mildvan and Scrutton, 
1967). 

c From I/pTl,, which is dominated by relaxation of co- 
ordinated pyruvate methyl protons over the temperature 
range examined (7. C-40 C) (Mildvan and Scrutton, 
1967). 

d Scrutt,on and Utter (1966a). 

The exchangc rates for both HzO and pyruvate, 
which may be equated with koff for these ligands 
(table IV, Scrutton and Mildvan, 1968), are two 
orders of magnitude slower than the exchange 
rate for HzQ on hIn(H2Q)6z+ (Swift and Connick, 
1962). Furthcrmore, the kinetic barrier to the 
departure of €320 and pyruvate from the coordi- 

nation sphere of the bound manganese is primarily 
entropic (Mildvan and Scrutton, 1967; Scrutton 
and Mildvan, 1968) in contrast to the primarily 
enthalpic barrier observed for departure of H20 
from Mn(Hz0)62+ (Swift and Connick, 1962). 
From these comparisons, we may tentatively con- 
clude that departure of both these ligands from 
the coordination sphere of the bound manganese 
is restricted as a corlsequence of shielding by the 
surrounding tertiary structure of the protein. 
Formation of the pyruvate carboxylase-manga- 
nese-pyruvate complex appears to occur by the 
mechanism proposed by Eigen and Tamm (1962), 
because the rate of binding of pyruvate is limited 
by the rate of departure of a coordinated water 
molecule (Midvan and Scrutton, 1967). 

THE ENZYME-OXALACETATE COMPLEX 

The proposed bidentate structure for the en- 
zyme-oxalacetate complex hay, until recently, re- 
ceived little support from our experimental obser- 
vations, although it is a required feature of the 
mechanism proposed for the catalytic role of the 
bound manganese (Mildvan et al., 1966) (fig. 5). 
The enhancement observed for this complex (ec = 
1.9) is similar to that observed for the enzyme- 
pyruvate complex (ec=1.7) and might be ex- 
pected for a monodentate ligand. Although py- 
ruvate carboxylase reacts with oxnlacetate, as 
shown in reaction ( t i ) ,  

(A ) (B) 
E+Oxalacetates%Oxalacetat~ 

(C ) 
EmC02+EwC02 (5) + 

Pyruvate 
I 

Pyruvate 

the suggestion that this apparent anomaly results 
from the contribution of other complexes is not 
supported by the observation of a similar en- 
hancement ( ec = 2.0) fw the avidin-pyruvate car- 
boxylase-oxalacetate complex in which reaction 
( 5 )  is blocked at  step (B) (Scrutton and Mildvan, 
1968). 

Some support for the bidentate structure pro- 
posed for the enzyme-oxalacetate complex is pro- 
vided by the finding that the enhancement of the 
bound manganese in the avidin-pyruvate car- 
boxylase-oxalacetate complex (ec = 2.0) is con- 
sistently lower than the enhancement in the 
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avidin-pyruvate carboxylase-pyruvate complex 
(ee=2.3) (Scrutton and Mildvan, 1968). Although 
this difference is small, it is consistent with the 
proposed bidentate structure, if the avidin-py- 
ruvate carboxylase-oxalacetate structure differs 
from the structure of the bidentate enzyme- 
inhibitor complex ( ~ ~ 5 0 . 3 )  (cf. fig. 3). 

Recently we have examined the effect of py- 
ruvate carboxylase on the NJIR spectrum of 
oxalacetate. These studies, which are analogous 
to those described for pyruvate (see preceding 
section) , are more readily interpreted than studies 
utilizing the relaxation rate of water protons, be- 
cause measurements made on resonance lines 
arising from substrate protons are specific for 
complexes of that substrate and do not contain 
contributions from other complexes. For example, 
the methylene resonance of oxalacetate is clearly 
separated from the methyl resonance of pyruvate, 
the product of reaction (5 ) .  Preliminary analysis 
of data obtained in studies on the methylene 
resonance of oxalacetate permits the following 
conclusions : 

(1) The effect of the bound manganese of 
pyruvate carboxylase on l/Tl and 1/T2 of these 
methylene protons is enhanced as compared with 
the effect of A b 2 + .  

(2) The distance between the bound manganese 
and the methylene protons calculated from the 
NMR data is consistent with measurements of 
this distance obtained using Dreiding nidsi;ular 
models of both the mono- and bidentate complexes 
of Jln(I1) axalacetate. 

(3) The rate of departure of ligand (k,~) is 
slower for oxalacetate as compared with pyruvate, 
and AH2+ for oxalacetate exchange is approxi- 
mately fivefold greater than for pyruvate ex- 
change (cf. table IV). 

The decreased exchange rate and increased AHZf 
are predicted for a bidentate ligand and support 
the structure proposed for the enzyme-oxalacetate 
complex (fig. 2). 

The enhancement observed for the enzyme- 
oxalacetate complex in the PRR studies (ec= 1.9) 
may be reconciled with the proposed bidentate 
structure, if binding of oxalacetate a t  positions 1 
and 2 causes the water molecule a t  position 3 to in- 
teract more strongly with the bound manganese. 
Such an effect would be analogous to that invoked 

to explain the increase in 0 that occurs on forma- 
tion of the pyruvate-carboxylase-avidin complex 
(Scrutton and Jlildvan, 1968), although the 
underlying mechanism may differ. An alteration 
in the properties of position 3 on formation of the 
enzyme-oxalacetate complex is suggested because, 
in contrast to the oxalate-pyruvate system pre- 
viously discussed, oxalacetate and oxalate do not 
exhibit a simple competitive relationship for inter- 
action with the bound manganese. Instead, addi- 
tion of oxalacetate causes an increase in the Kd 
for oxala.te which is several orders of magnitude 
greater than that predicted by simple competition; 
but the K d  for oxalacetate does not appear to be 
affected by addition of oxalate. This increase may 
be compared with the increase of four orders of 
magnitude in the K d  for oxalate on formation of 
the pyruvate-carboxylase-avidin complex (Scrut- 
ton and Jlildvan, 1968). The proposed difference 
in the effects of pyruvate and oxalacetate on the 
conformation of the protein is supported by the 
observation that these substrates have opposite 
effects on the rate of inactisation a t  2 C (J. J. 
Irias and 31. F. Utter, personal cominunication) . 

THE ROLE OF THE BOUND MANGANE§E 
IN CARBOXYL TRANSFER BY PYRUVATE 

CARBOXYLASE 

As indicated by Lane, the basic chemical prob- 
lem in any carboxylation reaction is the activation 
of either the relatively stable COZ molecule (or 
HCOa- ion) or the acceptor, or both. For the 
biotin carboxylases, this problem is partially 
solved by the formation of a C-N bond (as 
1‘-N-carboxybiotin) in the first partial reaction. 
Calculation of AF’” for decarboxylation of the 
1‘-N-carboxybiotinyl intermediate of methyl- 
malonyl-CoA-oxalacetate transcarboxylase, how- 
ever, gives a value of -4.74 kcal/mole (Wood, 
Lochmuller, Riepertinger, and Lynen, 1963b), 
which suggests that this intermediate is at the 
low end of the spectrum of “energy-rich” com- 
pounds. In addition, for type I1 carboxylases, the 
acceptor is a weak nucleophile. Before the dis- 
covery of bound manganese in pyruvate car- 
boxylase, metal-ion mtalysis of carboxylation and 
decarboxylation reactions related to the second 
partial reaction of a type I1 carboxylase had been 
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4 Nu ‘SA (CHzh . CO. NH PROTEIN 

8. 

FIGURE l.-Proposed role for metal ions in the catalysis of 
model catboxylath (demrtmqlatkm) reaclions inwZmng 
a-kelo acids (skinbetget and wesfheirnet, 1851) (a) or 
~‘-N-Carbozy&iolin (StiZes, 1960; Caploro, 1965) (b). 

examined in model systems, and several mecha- 
nisms had been proposed (fig. 4). 

Metal-ion catalysis of decarboxylation of keto- 
dicarboxylic acids \\;as first demonstrated for di- 
methyloxalacetate by Steinberger and Westheimer 
(1951) following the earlier spectrophotometric 
demonstration of complexes of divalent metal ions 
with these ligands by Kornberg, Ochoa, and 
Yehler (1948). Although trivalent ions, e.g., Ala+, 
are most effective it? the model decarboxylation 
reaction, the isolation of oxalacetate decarbox- 
ylases which were specifically activated by di- 
valent metal ions, e.g., MnZ+ (Plaut and Lardy, 
1949; Herbert, 1951), provided support for a 
biological role for divalent metal-ion catalysis. 
The mechanism proposed by Steinberger and 
Westheimer (1961) , illustrated for pyruvate and 
oxalacetate in figure 4(a) ,  requires formation of 
a chelate complex between the metal ion and the 
carbonyl and carboxyl groups of the a-keto acid. 
Decarboxylation then proceeds, leaving the enol 
form of the product. Two observations suggest, 
however, that the mechanism shown in figure 5(a)  
does not adequately describe the catalytic role of 
the bound tnanganese in the pyruvate carboxylase 
reaction. First, pyruvate appears to be a mono- 
dentate ligand for the bound manganese. Second, 
incubation of pyruvate carboxylase with tritiated 
pyruvate provides no evidence for a complex in.. 
volving an enol form of this substrate, because a 

F I G U R E ~ . - P ~ O ~ O S ~ ~  role for the bound manganese in 
carboxgl tramfm by pyruwie earbozylose. (a) E 4 O r  
pyucate; (b) E+mhetale. Modified from Mildmn el al. 
(2966) and Mildvan and S d m  (1967). 

significant rate of tritium release is only observed 
in the presence of the %biotin COS intermediate 
(Mildvan et al., 1966). Moreover, the NMR 
studies (cf. fig. 3) indicate a very slow rate of 
exchange of deuterons hto the methyl group of 
pyruvate in the pyruvate carboxylase-pyruvate 
zomplex. These data are, however, not, conclusive 
cridence against the presence of an enol complex 
because the proton released on enolate formation 
may be retained by the enzyme. The phenomenon 
of “proton retention” has been demonstrated for 
several enzymic reactions; e.g. , phosphoglucose 
isomerase (O’Connell and Rose, 1961). 

Alternatively, catalysis by the metal ion might 
involve interaction with the carboxybiotin residue 



rather than the a-keto acid. FormiLtion of a chelate 
complex between the metal ion, and the ureido 
carbonyl and 1‘-X-carboxyl grotips of carboxy- 
biotin (fig. 4(b)) should activate the I’X-car- 
boxyl group to nucleophdic attack (Stiles, 1960). 
This effect has been demonst.rated by Caplow 
(1965) in model stsdies on esters of I\-carboxy-2- 
imidazolone, an analog of the ureido ring of biotin. 
The rate of reaction of these esters with nucleo- 
philes, (e.g., hydroxylatninej a t  alkaline pIf is 
accelerated up to fortyfold by addition of 0.S hl 
CaC12, whereas CaCh seems to have little effect 
on t.he rate of reaction of acetate esters under 
sinlilar conditions (Caplow, 1965). Additionally 
the rate of decarboxylation of S-carboxy-2- 
imidazolone is markedly decreased by addition of 
divalent metal ions; e.g., JInz+, Cut+ (Caplow 
and Yager, 1967). If decarboxylation of K-car- 
boxy-2-imidazolone is truly unimolecular as sug- 
gested by Caplow\- (1965) , such stabilization by 
divalent xet.al ions might provide ;bn additional 
driving force for bimolecular carboxyl transfer. 
This mechanism is, however, also an inadequate 
esplanatioti of the catalytic role of the bound 
mangalme, because formation of catalytically 
significant pyruvate carboxylase-manganese-py- 
ruvate and -oxalacetate complexes has been dem- 
onstrated. In addition, the 1’-N-carboxybiotinyl 
residue does not interact 1vit.h the bound man- 
ganese when it is formed from ATP and HC03- 
in reaction (1) (table IIC) . 

Our data are satisfied by a mechanism (fig. 5 )  
which combines features from both those shown 
in figure 4 and iyhich provides a dual roIe for the 
bound manganese. Formation of the Ebiotin- 
CO, intermediate from ATP and HC03- occurs 
at a site that is not adjacent to the metal ion. 
The subsequent binding of pyruvate causes an 
alteration of the conformation of the protein, 
which brings the 1‘-N-carboxyl group to the metal, 
forming the E-CO-rpyruvate complex (fig. 5ia)) .  
Carboxyl transfer from the lr-1\T-carbosybiotii~~1 
residue to the methyl group of pyruvate then 
occurs simulta,neously with departure of a proton; 
the Eoxalacetate complex results (fig. ij(b)). In 
this mechanism the electrophilic charttcter of the 
metal ion facilitates the departure of a proton 
from the methyl group of pyruvate and assists 
incipient carbonium ion formation from 1’4- 
carboxybiotin. The structures of the enzyme-sub- 

strate complexes required by this mechanism are 
supported by the evidence summarized in the 
foregoing sections: “The Enzyme-Pyruvate Com- 
plex” and “The Enzyme-Oxalacetate Complex.” 

Although we still lack proof that the mechanism 
shown in figure 5 adequately describes the role 
of the bound manganese in catalysis, the proposed 
alteration in protein conformation resulting from 
the binding of pyruvate is supported by the 
differing effects of various reaction components on 
the rate of inactivation of pyruvate carboxylase 
by avidin. This rate is decreased in the presence 
of ATP (Scrutton and Utter, 1965b), but is in- 
creased by addition of pyruvate or oxalacetate 
(Mildvan et al. , 1966). The biotin residues may 
therefore exist in at least two environments that 
differ in their accessibility to avidin. If these 
environments represent spatially separated parts 
of the catalytic site, movemex$ between them 
may be facilitated by the 14 A flexible arm on 
which the biotin residue is mounted in the biotin 
carboxylases (Green, 1963). Interaction of in- 
hibitors (e.g., oxalate) with the bound manganese 
does not appear to cause movement of the 1” N- 
carboxybiotinyl residue into the vicinity of the 
metal ion because both & and e, for the enzyme 
oxalate complex are unaffected by formation of 
E-biotin-C02 from ATP and HC03- (table 
IIC) . 

THE PRESENCE AND POSSIBLE ROLE OF 
BOUND METAL IONS IN OTHER BIOTIN 

ENZYMES 

Following the discovery of bound manganese 
in pyruvate carboxylase purified from chicken 
liver, both pyruvate carboxylases purified from 
other sources and other biotin enzymes have been 
examined for bound metal ions. All pyruvate 
carboxylases described thus far are inhibited by 
low concentration of oxalate (less than 0.1 mM) 
(Ruiz-Amil, de Torrontegui, Palacian, Catalina, 
and hsada, 1965; Seubert and Weicker, 1969; 
11. C. Scrutton, unpublished observations), sug- 
gesting that bound metal ions may be present. 
Bound manganese has been detected in purified 
preparations of pyruvate carboxylases from turkey 
and calf liver a t  levels similar to those observed 
for chicken liver (Utter, Scrutton, Young, Tolbert, 
Wallace, Irias, and Valentine, 1967). However, 
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pyruviitc curboxylwe purified from baker’s yeast 
does not contain significant concontrations of 
maiigaiiese, twd thc metal prescut in this enzyme, 
if any, has not bcen identified (Young, Tolbert, 
Valentine, Wallace, and Utter, 1968). 

Although other mechanisms, e.g., formation of 
;L Schiff’s base intermediate, could provide thc 
required activation of the methyl group of py- 
ruviite, rccent observations on mcthylmalonyl- 
CoA-oxalacctate transcarboxylnse support the pro- 
p o d  that bound metal ions provide the activtttion 
required for carboxyl transfer to this a-kcto acid. 
This latter cnzymc which catalyzes reaction (6) 
(Swick and Wood, 1960; Wood, Allen, Stjern- 
holm, and Jacobson, 1963) 

Methylmalonyl-CoA+Pyruvatce 
Propionyl-CoA+Oxalacetate (0) 

is inhibited by oxalate ( K i =  1.8 pM) and contains 
bound cobalt and zinc. The combined content of 
these two metals approximates the biotin content 
of thc purified enzyme (Northrop and Wood, 
1967; Wood, Jacobson, Gerwin, and Northrop, 
1969). In preliminary studies analogous to those 
described for pyruvate carboxyiase (fig. 3), ad- 
dition of methylmahiyl-CoA-oxalncetate trans- 
carboxylase broadens the methyl resonance in thc 
NRlR spectrum of pyruvatc. This effect is re- 
versed by addition of oxalatc (Northrop, 1969). 
An enzy mc-cobalt-pyruvate bridge complex may 
therefore be formed with a role in the reaction 
catalyzed by methylmalonyl-CoA-oxdacetate 
trgatiscarboxylase which resembles th:bt proposed 
for the pyruvate carboxylase-mangatiese-pyruvate 
complex (fig. 5). 

Studies on type I carboxylases havc thus far 
bcen more limited in scope. However, significant 
cotxetitrations of manganese, cobalt, or zinc itre 
iiot present in purified preparations of acetyl-coA 
carboxyltmc from chicken liver iuid propiony 1-CoA 
ctwboxyltmc from pig heart (A. S. Mildvan, C. 
Gregolin, M. D. Lme, D. I’rescott, :Lnd J. Rabino- 
witz; unpublished observations quoted in MiIdvttIl 

the prcsence of another bound metal ion. It is 
$so possible that bound metal might not be re- 
quired, for example, if the adjacent thioester pro- 
vidcs the rcquircd itclctivittioa of the methyl (or 

itlid Scrutton (1967) ) . These data do llot exclude 

methylcne) group on which fixation of CO, occurs. 
In dcrivtttivcs of acetoacetic acid, the iiitroduct.ion 
of u thioestcr group reduccs thc pK, of the protom 
on the vicinid cttrbon by approximately 2 pH 
units (Lynen, 1953; Lierihard and Jencks, 1965). 
Howevcr, tho effectiveness of uctivation of d -  
jaccnt cwbon-bound protons by a thioester m 
opposcd to an a-keto acid group does not appear 
to hiwc been compared directly. 

CONCLUSION 

The studies described here confirm in some 
measure earlier speculation based on theoretical 
consider:ttions and model studies that metal ions 
may play an important role in enzymic carboxyl- 
ation arid decarboxylation reactions. The recog- 
nition of mangganesc as the metal ion involved in 
carboxylation of pyruvate in avian liver has been 
of special interest because it has provided the 
first example of manganese metalloprotein and, 
by virtue of the puramagnetic properties of this 
metal ion, has permitted us to use nuclear mag- 
netic resonance techniques in our studies of its 
role in catalysis. We haw devoted most of our 
effort thus far to this latter end, but it is apparent 
that other directions of investigation may prove 
fruitful. For example, pyruvate carboxylase is 
suggested as a key enzyme in gluconeogenesis 
from three-carbon precursors; e.g., lactatc (Vtter, 
1963). If a sufficiently severe manganese defi- 
ciency can be induced, a direct tcst of the role of 
pyruvate carboxylase in gluconeogenesis should 
be feasible. It may also be possible to test the 
postulate thttt the gluconcogenic flux from lactate 
is limited by the capacity of this enzyme azid to 
gain some understanding of the metabolic roles 
of nondialyzablc manganese iji avian liver. 
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POCKER: Do you know of any examples of 
chemical reactions in which bicarbonate is a car- 
boxylating agent? According to chemical models, 
I know that enzymes are wonderful things which 
we are all trying to analyze. H C 0 3  has one 
saturated double bond and is a good molecule to 
be attacked by a nucleophile. You can write 
bicarbonate with one double bond an? one single 
bond, but if you are honest, it is rather stable and 
requires a terrific amount of energy for activation. 
There should be some such reactions that are 
biochemical; then it would be easier for chemists 
to accept the fact that bicarbonate is involved. 
Otherwise, they say COZ is involved; the enzymes 
carboxylate it, and you never know it. 

LANE: I really know of no chemical reaction 
other than enzymic, where bicarbonate is in- 
volved. I have been discussing this with Dr. 
Caplow. There is even some question whether 
methylmagnesium carbonate is the active species 
in the carboxylation described by Stiles (1960). 
It was reported as such, but in a footnote, Stiles 
said he had not, strictly ruled out COZ as the 
carboxylating species, so I really cannot throw 
any light on that; perhaps Dr. Caplow can. 

HASTINGS : Do not photosynthetic people 
really think it is bicarbonate? 

POCKER: They do, but I do not see any 
mechanisms written down, except ADP, ATP, 
and those arrows. 

LANE: I do not think it has been established 
what the active species is in the case of the ribulose 
diphosphate carboxylation. I think that enzyme 
should be very susceptible to Dr. Cooper’s 
approach; carbonic anh :rdrase, part.icularly, be- 
cause it has such a veiy high K ,  for bicarbonate 
or COZ. In fact, the K ,  is unphysiologically high 
unless the chloroplast has the ability to con- 
centrate GOz. 

POCKER: A question to Dr. Scrutton. I was 
very interested in the pyruvate-enzyme complex. 
We are concerned about it from another point 
of view. What is the real evidence that manganese 
hinds pyruvate a t  one place rather than at  two 
places? I am delighted you do activate the 
carbonyl, because you do have to do something 
with the hydrogen of the -CHa; but why do you 
not also bind the COO-? 

SCRUTTON: Our evidence for the structure 
of the enzyme-manganese-pyruvate complex con- 
sists of the relative enlxmcement values for the 
free enzyme and its various complexes obtained 
in the PRR studies and on measurement of the 
hyperfine coupling constant in the studies on the 
pyruvate methyl protons. This evidence is all 
somewhat equivocal and the proposed structure 
is a best fit to our data. However, we hope soon to  
study the enzyme-pyruvate complex further 
using either C13 or 017 resonance, and these studies 
should permit an unequivocal assignment of the 
strui:ture of this complex. 

BERGER: Do you f5el that the six-line EPR 
spectrum is influenced by its environment? 
We have been able to shift it all the way from one 
line to six. 

SCRUTTON: The EPR spectrum shown was 
taken on a perchloric acid extract of pyruvate 
carboxylase and is valid ’as widence for the 
presence of manganese, because a similar six-line 
spectrum is obtained for a solution of an Mn2+ 
salt in perchloric acid. Our EPR studies on the 
native enzyme have thus far been uninformative, 
in part because of technical difficulties in ob- 
taining reproducible results. Nothing significant 
appears a t  room temperature, but at about 100 
K we obtained a spectrum showing some structure. 
With the eye of faith, six “major” lines can be 
detected but as many as 10 or 12 lines are dis- 
cernible if one looks with care. We also think we 
can see differences in the 100 K spectrum given 
by the enzyme alone as compared with that given 
by the enzyme-oxalate complex. However, inter- 
pretation of manganese EPR spectra is very 
complzx, and because we have been able to get 
so much information from N MR, we have not yet 
tried very hard with EPR. 

HASTING§: There is a manganous porphyrin 
compound that Cotzias has gotten out of the 
red cell. It may be an enzyme seeking a substrate. 

SCRUTTON: That is interesting because our 
evidence from the in vivo studies with 64Mn 
indicates that there is incorporation into other 
proteins in chickei Aver mitochondria in addition 
to pyruvate carboxylase. Very preliminary studies 
suggest that 64Mn is present in a fraction that 
exhibits a heme-type spectrum, but we do not 

22 1 



222 

0 

Me 
FIGURE D-l.-Propaaedmechankm for the carboxylation of biotin. Abbrevialions are: Me, d i v W  metal; H-N:, l'-nilrogen 

of biotin; RO-POaO-, ATP; and 30-, ADP. 

know how many components this fraction cow 
tains. I am just about to start further studies on 
this problem. 
SCRUTTON and LANE (submitted later) : 

Kadro et al. (1962) have proposed that forma- 
tion of the carboxybiotin intermediate from ATP 
and bicarbonate in a biotin carboxylase reaction 
is a concerted process that involves the HC03- 
ion as the carboxylating species (cf. Lane, this 
symposium, p. 195). However, chemical considera- 
tions that are amply documented in the proceed- 
ings of this symposium indicate that C02 is a 
superior electrophile as compared with HC03- 
and hence a better carboxylating species. On the 
other hand, the bicarbonate anion is a more 
attractive ligand for interaction with an enzyme 
than the uncharged C02 molecule. We would 
therefore like to suggest an alternate mechanism 
for formation of the carboxybiotin intermediate 
in which HCOa initially bound io  the enzyme is 
converted to C02 by interaction with the dis- 
sociable divalent metal ion that is required for 
activation of the carboxylation reaction. This 
alternate mechanism, which is shown in figure 
D-1, represents an adaptation of the mechanism 
proposed by Wang for the carbonic anhydrase 

reaction (cf. Wang, this symposium, p. 101), and 
therefore invokes the participation of a Me-0- 
species. This alternate mechanism for the biotin 
carboxylases has two advantages over the con- 
certed process. First, although an E-HC03- 
complex is formed initially (step l ) ,  subsequent 
reaction with the metal ion leads to  formation of 
C02 as the true carboxylating species (step 2). 
Second, the participation of the Me-0- species 
provides a feasible mechanism for abstraction of a 
proton from the 1'-nitrogen of the ureido biotin, 
thereby increasing the nucleophilic character of 
this nitrogen atom. The studies of Caplow (1965) 
have indicated that biotin is a very weak nucle- 
ophile. 

The final step in the sc'.eme shown (step 4) 
involves attack of the metal-coordinated hydroxyl 
group on the 7-phosphoryl group of ATP. Al- 
though reversal of step 4 seems somewhat prob- 
lematical, i t  should be noted that Lowenstein 
(1958) has demonstrated metal ion catalysis of 
transphosphorylation in model systems. 

The mechanism proposed here is compatible 
with the studies of Cooper and his coworkers (cf. 
Cooper, this symposium, p. 183) and also with 
earlier Ol6 studies (af. Lane, this symposium, 
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p. 195) provided that the metal-boand hydroxyl ion 
generated in step 3 does not exchange ra.pidly 
with the solvent. Furthermore, unpublished 
studies indicate the formation of an E-Me2+ som- 
plex by pyruvate carboxylase which i, listinct 
from both the bound manganese prwent in this 
enzyme (cf. Scrutton and Mildvan, this sym- 
posium, p. 207) and the Me2+-ATP complex. 

The only other enzyme of CC), metabolism 
that has been reported thus far to utilize HC'J~- 
rather than COZ is PEP carboxylase. The meoh- 
anism proposed in figure D-1 is also applicable 
to the reaction catalyzed by PEP carboxylase if 

step 4 is omitted, and step8 2 and 3 involve the 
attack of Me-0- on the phosphoryl phosphorus of 
PEP. 
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Tntroduetcury Remarks 
A. B. 01:s 

University of .Floridn 

We turn now from the realm of more or 'less pure chemistry with its clearly 
defined problems and decisive solutions to the world of physiology where t.he 
questions are frequently fuzzy and the answers are often muddled. 

The problem that forms the theme of this afternoon's program can be traced 
back a century 6 thedays 08 Ludwig a d  Pfiiiger and the fir& attempts to memure 
gas tensions in arterial and venous blood. The cnnclusiun reached a t  that time was 
that in the lungs, C02 is given off and 02 is absorbed by siq!e diffus:on. 

In the intervening years, this point of view !?tis been challenged from time to 
time, most notaMy by Bohr and Haldane, who concluded that active secretion of 
these gases might occur. Krogh, howcver, coilfinned the earlier notion and for 
many years respiratory physiologisb haw generalIy considered that diffusion 
equilibrium of COP takes place in the lungs and have regarded P A C O ~  and P.co, to 
be identical. 

Recently, howover, reports from Joiies and Campbell in London and from 
Gurtner and Farhi in Buffalo would lead us to believe that under some conditions, 
appreciable differences may occur between the PCO, in pulmonary blood and that 
in the alveolai. gas. The first two pdpers cn the progrmn will prwide us wish first- 
hand information from the London and Buffalo laboratories. In the next pair of 
papers, Dr. Chinard and Dr. Dubois will tell us somethiiig abmt the barrier that 
existzi in the lung bet'ween the blood and gas phase. 

Fina!ly, Dr. Piiper and Dr. Forster will remind us tha$ the blood is itself H. 
two-phase system and that the rates of exchatige between cells and plasrne as well 
as those between blood and gas must be considered in the analysis of the F.-oblem 
at. hand. 

* 
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Alveolar-]Blood pcOz Differences h r h g  Rebreathingl 
N. L. JONES AND E. J. M. CAMPBELL 

Royal Postgraduate Medical School, London 

We have confirmed our previous finding of a difference in PCO, between alveolar gas and 
blood during rebreathing a t  rcst and on exercise under conditions of negligible net COZ movement. 
The difference is slightly reduced when net movement of OZ as well as COZ is avoided by re- 
breathing COZ in Nz, but remains as large as 10 mm Hg in heavy exercise. 

When mixtures of C02 in 0 2  are rebreathed 
from i ;.mall bag and the C02 concentration in 
the gas passing tc and fro between the lungs and 
bag is ,ne,asured rapidly, one of four patterns 
may be seen, depending on the initial concen- 
tration of C02 in the bag (fig. 1). In the first 
pattern, the C O z  in the bag is so low that C02 is 
added at once from the lungs; in the second, a 
transient equilibrium is achieved between the bag 
and lung gas, but addition of C 0 2  from venous 
blood leads to a rapid rise in (302; in the third, 
equilibrium between the bag, lungs, and venous 
blood is achieved, the PCO, is unchanged over 
several breaths, and the subsequent rise in C 0 2  
occurs after recirculation has raised the CO, in 
venous blood. In the last record the initial C02 
concentration is so high that equilibration is not 
achieved before recirculation. 

Consider the situation in the third record in 
which sustained equilibrium with no net move- 
ment of COz implies equilibration of PCO, betveen 
alveolar gm and pulmonary capiliary blood; the 
PcoZ should be that of oxygenated mixed venous 
blood. However, during our investigation of re- 
breathing during exercise, we found that the im- 
plied venous GO2 content calculated from the 
equilibrium PCO, and a standard dissociation curve 
was higher than that predicted from a knowledge 
of the cardiac output and the arterial COz (Jones, 

'This work was supported by the Medical Research 
Council. 

Campbell, McKardy, Higgs, and Clode, 1967). 
To look into this, we sampled arterial blood during 
rebreathing (fig. 2). The gas passing to and fro 
between the bag and lungs was rapidly analyzed, 
and after equilibrium was achieved, several sain- 
ples of blood were rapidly taken via a percutaneous 
catheter using a marlifold of taps. Each sample 
was taken over 3 seconds and analyzed within a 
few minutes by electrodes. The blood Pco4 ww 
related to the PcoZ of the gas 5 seconds previously 
(fig. 3). The assumption of 5 seconds for lung-to- 
arm circulation time is not critical, for the change 
in gas and blood PcOz during the procedure is 
small. The gas PCO, \vas higher than the Pco2 
in arterial blood. This \vas found consistently in 
exercise and the Gifterence increased with increas- 
ing workloads, being related to C02 obtput. We 
did not find any relation to the initial bag PCO, 
as long as equilibrium was ohtained, nor with 
time; the difference was still present up to 40 
seconds after the onset of rebreathing. 

We postuhted that the rapid oxygenation of 
hemoglobin releases C02 which cannot be excreted 
during rebredthing, so that the PcoZ in the pulmo- 
nary capillaries i s  transientIy higher than would 
be prcdicted from the in iiilro COZ dissociation 
curve; this suggestion implied that under these 
conditin- s, equilibration between the various 
forms or combined C02 in plasma and red cells 
occur3 only after the blood has left the lung. 
The remainder of this paper describes the testing 
of this hypothesis. If rapid oxygenation of hemo- 
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MASS SPECTROMETER] 

LUNGS 

The difference in PCO, was on the average 1.2 mm 
Hg (SDrt3-7, n=19) less during the low 0 2  

rebreathings, but an appreciable difference still 
remained (fig. 4). We have been unable to account 
for these findings on technical grounds. Moreover, 
there was no significant alveolar-arterial Pot differ- 
ence during the low 0 2  rebreathings, which sug- 
gests that neither failure to attain equilibrium 
because of shunts or ventilation: perfusion prob- 
lems nor a net uptake of COZ because of bag 

sponsible. 
shrinkage consequent upon 0 2  uptake are re- 

IP~SCUS§iON RAPID SAMPLIN 

Br. art 

FIOURE 2.-ExpetimmluI procedure. 

globin were an important cause, the gas-tu-blood 
difference should be abolished during rebreathing 
of mixtures containing no oxygen. The subjects 
exercised on a cycle ergometer; when steady-state 
conditions were achieved, expired gas wifs col- 
lected over a minute to give C02 output and O2 
intake; a mixture of GO2 in Os, previously shown 
to give an equilibrium pattern of C02, was rc- 
breathed and serial arterial blood samplefl rapidly 
taken. Thk procedure was followed by rebreathing 
a C02 in N t  mixture. CO2 and O2 in the gas were 
continuously analyzed with a mass spectromettcr. 

We do nGt know the extent to which the PcoS 
difference is present when C02 is allowed to leave 
the lung, but we would gum that it is less im- 
portant than in the rebreathing situation. How- 
ever, we should face the possibilits: that it  may 
exist during normal breathing in exercise, and 
we should consider the implications that it might 
have for gas exchange. A transient increase in 
PCO* of the blood passing through the lungs may 
facilitate the removal of C9, acting in a way 
similar to the Christiansen-Douglas-Haldane 
effect. 

Secondly, the end-tidal P C O ~  during exercise is 
almost invariably higher than arterial Peon; this 
fact has been explained previously by the magni- 
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fied oscillations in alveolar Cog because of the 
increase in Cot excretion, but it could be partly 
caused by this alveolar-to-blood difference. We 
have tried to investiga.t,e this with the technique 
used in the present studies, but the difficulties 
of prolonged expiration and sufficiently rapid 

data. Final1Ys if alVeOlar PCO, WWe higher than 
the arterial Pco,, the validity of certain calcu- 

lations that are b * .ed on the assumption that they 
are equal, such as that for physiological dead 
space, might need modification. 
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Alveolar to Mixed Venous Pco2 Difference Under 
Conditions of No Gas Exchange‘ 
G. H. GURTNER, S. H. SONG, AND L. E. FARHI 

. w  

State University of New York at Buffat? 

During prolonged breathholding or rebreathing, 
C02 transfer from the blood into the alveolar 
spaces diminishes and eventually ceases, the COZ 
content of end capillary blood becoming equal to 
that of the pulmonary artery. Because of the 
02-C02 interaction, if O2 uptake by the blood is 
maintained, the P C O ~  of capillary blood must rise 
above that of the mixed venous blood; and it has 
generally been accepted that the alveolar PCO, 
is then equal to the arterial and represents “oxy- 
genated mixed venous PCO;, (Collier, 1956; Fenn 
and Dejours, 1954; Butler, 1965). More recently, 
Campbell and coworkers noted that in human 
subjects rebreathing oxygen, the difference be- 
tween alveolar PCO, and that of mixed venous 
blood exceeded what could be explained on the 
basis of the Haldane effect (Jones, Campbell, 
McHardy, Higgs, and Clode, 1967). They found 
that during prolonged rebreathing of 100 percent 
0 2 ,   PA^^^ also exceeded arterial Pco,. One of the 
possible explanations presented by these authors 
was that equilibrium across the alveolar mem- 
brane was indeed achieved, but that some slow 
reactions involving the coupling between 02 and 
COS transport by hemoglobin were still taking 
place in the blood after it had left the lungs, 
lowering the Pco,. This “downstream effect,” as 
it \vas called by the Hammersmith group, left 
the concept of alveolar capillary C02 equilibrium 
uncb.allenged . 

Cerretelli, Cruz, Farhi, and Rahn (1966) hnve 
descr!bed a rebreathing technique in which proper 

1 Supported in part by National Heart Institute grant 
7-F2-HE-23, 8344lA1, and the U.S. Air Force, Air 
Force Systems Command, Aerospace Medical Division. 

selection of gas volume and composition resulted 
in a plateau for both alveohr 0 2  and COZ. This 
means that because there is no O2 uptake, there 
should be no 02-C02 effect and that the alveolar 
and arterial gas tensions should be equal and 
reflect “true mixed venous” pressure. We have 
found that this was true for ’02, but not for COZ 
(Gurtner, Song, and Farlii, 1967). The alveolar 
C02 tension exceeded mixed venous and arterial 
values. In  the following presentation we shall first 
review briefly our experimental results and Set 
forth a tentative explanation from our data. The 
second part of this paper will deal with additional 
evidence supporting our theory. 

CO2 DIFFERENCES ACROSS THE 
ALVEOLAR MEMBRANE 

Methods and Resulta 

All the experiments were performed on mongrel 
dogs anesthetized with pentobarbital. Some ani- 
mals were rebreathed manually, with a large 
syringe containing initially a C02-N2 gas mixture. 
If the proper volume and composition of gas were 
used, steady values for both P,iO2 and PdcOl 
(monitored continuously with a mass spectrom- 
eter) were encountered. Following this short pro- 
cedure, normal breathing was allowed to resume. 
To obtain longer lasting plateaus, a different type 
of experiment was performed in which a lobar 
bronchus was cannulated and used for rebreathing 
while ventilation was maintained in the rest of 
the lung. In this case, rebreathing was monitored 
for periods of 15 to 20 minutes. In  a similar ex- 
periment, the cannulated lobe was first rendered 
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air free, and ther, filled with a 10-percent sucrose 
solution which was used as the rebreathing me- 
dium. Experiments with fluid-filled lobes lasted 
for 4 to 5 hours. In  all of these experiments, 
alveolar PCO, was measured and compared to  
mixed venous PcO2 obtained by sampling blood 
from the pulmonary artery. The results were simi- 
lar in all types of experiments.  PA^^^ exceeded 
Pi;co2 in 51 of the 55 determinations in which 
blood pH was between 7.3 and 7.5. The mean 
value for A P c o ~  was 7.2, with a standard deviation 
of 3.3. 

Discussion 

Because in our experiments no Oz was exchanged 
at the alveolar membrane, a “downstream effect” 
for the lung could not explain our results. It has 
been suggested, however, that the equilibrium in 
terms of C02 is not achieved in the systemic 
circulation between the time the blood leaves the 
tissues and reaches the lung. If this were so, one 
would encounter an apparent gradient similar to 
that observed by Cain and Otis (1961) with 
carbonic anhydrase inhibition. However, the car- 
bonic-anhydrase-catalyzed reactions are so fast 
that it seems likely that under normal conditions 
distribution of COZ between plasma and red cells 
is complete by the time the blood reaches the lung. 
This contention is supported by the work of 
Chinard, Enns, and Nolan (1960), who found 
that the volume of distribution of I4C-labeled 
COZ and HCO, were similar when injected into 
the right heart. After carbonic anhydrase inhi- 
bition, tagged HC03- had a volume of distribution 
similar to that of a dye which did not leave the 
circulation. 

Because the gas in the lung is in contact with 
alveolar capillary membrane and not with the 
capillary blood itself, it follows that the gas in 
the lung might reflect the PCO, of the membrane 
rather than that of capillary blood. Our hypothesis 
is based on the fact that in biological systems, 
local COZ tension is affected by local H+ and 
HCOa- concentration as well as by the COZ tension 
of surrounding tissues. If for any reason the con- 
centration of H+ increases in the vicinity of the 
membrane or in the membrane itself, an increase 
in the association reaction would occur and C02 
tension would become higher than in the bulk 

phase of the blood. There are several possibilities 
for this increase in hydrogen-ion concentration. 

The source of this hydrogen ion might be in 
the membrane itself if acids were produced meta- 
bolically in lung tissue. It is known that lactic 
acid is generated by the lung (Glaviano, Shiun- 
tetsu, and Masters, 1967). The site of production 
within the lung is unknown, but if this were to  
be in the membrane and if this membrane had a 
high permeability to  HCOa-, it. is possible that 
a steady shift of bicarbonate to COZ could occur, 
resulting in the gradient that we have described. 

A more tempting hypothesis is one in which 
the source of hydrogen ion is the blood itself, a 
difference in hydrogen-ion concentration existing 
between the major part of the blood in the capil- 
laries and the outermost layer of this fluid. Most 
biological membranes appear to  carry negative 
surface charges (Weiss, 1967; Weiss and Wood- 
bridge, 1967) and blood vessels seem to carry a 
higher density of negative surface charges than 
other cells (Sawyer and Hummelfarb, 1965). It 
is well known that because of the electrostatic 
attraction of cations by the negatively charged 
groups, the pH near a negatively charged mem- 
brane is lower than that of the bulk phase of 
solution (Hartley and Roe, 1940; Danielli, 1934). 
If the HCOa- concentration near the charges is 
similar to that in the bulk phase, then for the 
equilibrium condition 

to be satisfied: 

The increase in hydrogen-ion concentration at 
the membrane level could be caused not only by 
attraction of the H+ normally present in the 
plasma but also by generation of additional H+. 
It is known that weak acids increase th4r dissoci- 
ation under the influence of electrical fields. This 
effect is known as the Wien effect (Hartley and 
Roe, 1940) and the magnitude of the effect is 
related to  diff erenaes between mobilities of central 
and counter ions (Onsager, 1934). Large syn- 
thetic polyelectrolyte ions show a marked Wien 
effect even with low field strengths (1-2 V/cm) 
(Wali, Terayama, and Techakumpuch, 1956). It 
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seems possible that protein molecules would also 
exhibit a large Wien effect. This might then in- 
crease the hydrogen-ion concentration almost in- 
stantaneously which in association with bicar- 
bonate could lead to the production of COz and 
explain our findings. Because one H+ ion is re- 
quired to associate with each HCOa- ion to form 
one HzCOa molecule, we feel that the major source 
of H+ is the dissociation of protein. 

a 

\ 

EVIDENCE SUPPORTING POSTULATED 
THEORY 

To test the validity of this explanation, a certain 
number of additional experiments was also per- 
formed. In  the first to be described below, we 
tried to alter the magnitude of APcoP by changing 
blood composition or by varying the rate of blood 
flow in the pulmonary capillaries. In a second 
type of experiment, the transport of other mole- 
cules which can be expected to behave like car- 
bonic acid was studied. Finally, we attempted to 
demonstrate the presence of a CO, gradient across 
a commercial negatively charged membrane. 

FACTORS AFFECTING APco, 

Levels of [H+ 1 and [HCOa- 1 
Equation (1) indicates that if our tentative 

explanation is correct, there should be a relation- 
ship between A P c o ~  and A[H+J. If the distri- 
bution of H+ around a negative charge can be 
described by Boltzmann’s distribution law (Hart- 
ley and Roe, 1940), then 

H, =: Hee+(Ff/Rr) (2) 

w indicates ionic concentration near capillary 

B indicates ionic concentration in bulk phase 
S indicates potentid difference between wall 

Because AH = He - H, = Hg ( 1 - AH+ 
at  constant 5 is a constant multiple of He, and 
therefore APcOZ should be related to blood pH. 
Figure l (a)  indicatw that there is a trend to 
higher values of APco2 when pH decreases, and 
that at any given pH the value of APco, is related 
to the HCOa concentrations predicted by equa- 
tion (2). In figure l@) we have plotted 

wall 

and bulk phase 

PH 

FIGURE 1.-(a) Relationship between APcol and Ihe pH of 
mixed venom blood. Three diflerent HCOS- contents are 
shown. 1.-(b) Relalionship between the normalized PCO, 
gradients (AP~~JHCO~-)  andmized venous pH. The solid 
line indicates the slope of the predicted relatbnship (see 
text). 

APcoJ[HCOa-J versus pH. The close grouping 
of the points indicates that our experimental data 
justify the concept that the PCO~ differences may 
t- attributed to attraction of hydrogen ions by 
the negative charges near the membrane. The 
slope of the solid line gives the slope of the pre- 
dicted relationship. 

Effect of Cardiac ‘Output 

If the increase in PCO, is indeed a result of an 
increased association of bicarbonate and hydrogen 
ion, the assumption is that the factors that lead 
to a rise in H+ do not affect the bicmbonate 
concentration in the opposite direction. Obviously, 



the electrostatic charges that attract hydrogen 
ion will repel bicarbonate until a t  equilibrium thc 
effect of the decrease in [HCOa-] would balance 
exactly that of the increase in [H+] and P C O ~  
would be the same throughout. We must therefore 
postulate that to obtain a APco~, it is necessary 
that contact time between blood and membrane 
be such that the average Pco2 of the membrane 
be higher than the Pcoa of the blood. This could 
occur if the rate of redistribution of HCO3- ion 
were slower than the rate of increase of H+ ions 
(because of the Wien effect) and if the redistri- 
bution of HC03- ions were not complete until the 
blood had spent a relatively large proportion of 
its transit time in the capillary. A theoretical 
analysis of these assumptions in light of what is 
known about the rates of COz reactions and 
diffusion in blood is given in the appendix. 

OL--.+-*-l--, ' *  I 
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FIGURE 2.-Relalionahip between APco2 and pulmonary 
blood flour role Q. 

To test this hypothesb, the cardiac output of 
five dogs was changed by hemorrhage and subse- 
quent reinfusion of the blood. Simultaneous mem- 
urements of A P G o ~  and cardiac output were ob- 
tained, and the relationship between these two 
values appears in figure 2 which clearly demon- 
strates that when cardiac output falls, APcO2 
starts to decrease and eventually disappears. 

ALVEOLAR-CAPILLARY DMO 
DIFFERENCES 

The mechanism presented above is not specific 
for COz. Any weak acid with a pK similar to the 
effective pK of carbonic acid should show simi- 
lar gradients. 5 , 5-dimethyl oxyozolidinedione 

(DMO) is a weak acid with a pK of 6.12 at 
37 C which is neither metabolized nor bound to 
protein, and has been widely used to investigate 
intracellular pH (Butler, 1953; Waddell and 
Butler, 1959). 

Using this material, we performed a number 
of experiments in which a single lobe was isolated 
with a cuffed catheter and filled with a 10-percent 
sucrose solution. After a control period, 0.5 to 
1.0 gram of DMO was infused into the animal's 
pulmonary artery and paired alveolar and mixed 
venous samples were withdrawn at  half-hour inter- 
vals. Total DMO was c:ldmically analyzed by the 
method of Butler (1953). Undissociated DMO 
was calculated from the measured pH dsing a 
p K  of 6.12. 

RESULTS 

DMO appears to move rapidly across the alve- 
olar capillary membrane, and a steady state waa 
apparent after 1 hour. In  most samples a gradient 
of undissociated DMO was present when a steady 
state had been reached. Figure 3 shows the 

c 
P 

i -  

7.1 7.2 7.3 7.4 7.5 7.6 

PH 

FIGURE 3.-Cancentration gradients of uwdissocialed weak 
acid (C02 or DMO) divided by the venms concentration 
of the dissociated form. As a function of ?nixed venous 
pH,  symbols ~ ~ l l n e ~ t e d  by lines indicate simullaneowrly 
taken samples (see text). 

ADMO AcOa 
Dotted lines indicate: >eo;- 

mhfo Acoz 
DMO- HCOa Solid lines indicate: - >--_ 

Open circles are previously measured COI gradienls. 
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normalized COZ and DMO gradients observed in 
four experiments plotted against mixed venous 
pH. The magnitude of the gradient in the undis- 
sociated weak acid (COz or DMO) is divided by 
the mixed venous concentration of the dissociated 
form of the weak acid (Hcoa- or DMO-). Be- 
cause both gradient and mixed venous content 
are expressed in the same units, the ratio is a 
dimensionless number. The magnitude of the pre- 
viously measured Pcol gradients is given by the 
open circles. The DMO gradients observed are of 
a magnitude similar to the C02, although no 
apparent relationship is seen between the value 
of the DMO gradients and the mixed venous pH. 

Demonstration of the steady-state gradient of 
DMO is not a proof tha t  our hypothesis is true, 
but shows, nevertheless, that whatever the mecha- 
nism may be, it is not specific for C02 and prob- 
ably involves a source of strong acid that shifts 
the ratio of dissociated to undissociated weak 
acid. It is important to mention here that if 
differences in COz and DMO exist across cell 
membranes, the measurements of intracellular pH 
by these methods must contain systematic errors. 
However, if the gradients of undissociated weak 
acid were of the same magnitude as the gradients 
across the alveola- capillary membrane (10-30 
percent of the venous concentration), the error 
would be small. As an example, at a pH of 7.0, 
this error would be approximately 0.1 to 0.2 pH 
units. 

side, the volume of which was 1.5 ml, the liquid 
could be drained by gravity, pumped up into a 
bag through which the gas used for preequili- 
bration was bubbled, defoamed by passage 
through a siliconed sponge, and returned to the 
chamber. All experiments were performed at room 
temperature (21 to 25 C) . 

When a cation-exchange membrane, made of 
.ulfonated copolymers of vinyl c.ompounds (mem- 
brane 61 AZL 183, Nepton CR, made by Tonics, 
Inc.), was used, if blood was caused to flow at a 
rate of 500 ml min-', a Ape,, of 10 to 15 mm was 
established within 1 hour (fig. 4). When the 
chamber was filled with' blood, but the pump 
stopped, no difference developed, presumably be- 
cause in this case movement of HCOa away from 
the membrane was allowed to occur. Similarly, 
when flowing blood was replaced by a flowing 
solution of NaHC03, the difference remained zero, 
a fact that we explain on the basis of the absence 
of large polyelectrolyte molecules having a marked 
Wien effect. 

Experiments were also performed on cation- 
exchange membranes (membrane 111 B2L 183, 
manufactured by Ionics, Inc.) , This membrane 
is packaged in a fluid of low pH-approximately 
1.5 to 2.0. In  this case, all flowing solutions con- 
taining bicarbonate gave rise to a P O O ~  difference; 
a fact we explain by the attraction of bicarbonate 

EXPERIMENTS WITH ARTIFICIAL 
MEMBRANES 

In order to differentiate between C02 differences 
caused by charged membranes and differences 
that could result from biological transport mecha- 
nisms, experiments were conducted on artificial 
membranes known to have a considerable charge 
density. Unfortunately these riiembranes are thick 
and have a low permeability, so that long experi- 
ments were required. 

The membranes were mounted in a frogskin 
chamher. The liquid on both sides of the mem- 
brane had been preequilibrated to an identical 
PcOl. The liquid on one side of the membrane 
was not stirred, and was only withdrawn peri- 
odically for measurement of Pco2. Following this, 
it w&s reinjected into the chamber. On the other 
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by the positive charges, a plentiful supply of 
hydrogen ions being available in the membranes. 

APPENDIX 

In this hypothetical model we will consider the 
rates of change of concentration of H+, HCOa-, 
and COz in a volume of blood that is passing 
through L pdmonary capillary under the influence 
of the charges on the wall. At time=O, the 
volume of blood enters the capillary and is acutely 
exposed to an electrical field. This last assumption 
is realistic because the surface to volume ratio 
of the capillary bed is much larger than that of 
the arterial bed and the probability is therefore 
small that the volume of blood we are considering 
\vm recently close to a charged vascular wall. 
The rate of chrmge of number of molecules in an 
arbitrary volume can be given by the following 
equat'w : 

(Katchalsky and Curran, 1965) 

where 

n represents number of molecules 
V represents volume 
u represents the surface area across which 

exchange is occurring 
i represents each differelit molecular spe- 

cies 
J E C ~  represents the flux across the surface 

caused by difference in electrodiemical 
potential 

JCHEM represents the rate of chemical change 
per unit volume 

If voluwe, area, and concentration within the 
volume are constant, the above equation reduces 

to 

dci a 
dt V --=- J E C ~ ~ J C H E M  

If the surface area-to-volume ratio is 1/1, such 
as with a cubical compartment exchanging matter 
on one side, the equation Is further simplified. 

In one dimension the flux for each molecular 
species exposed to an clectrical field is given by 
the Nernst-Planck equation 

JEC=-D [;; -+-- ;;:I (3) 

where 

JEC 

D is the diffusion coefficient 

- and - are the gradients of concentration 
dx dx and potential with respect to dis- 

dx from the charged surface 
2 

flux caused by electrochemical po- 
tential gradient 

dci d$ 

tance 

is the charge of the species 
F 

RT is a comtmt =38A volt-' at 37 C - 

Our representation of the flux of the chemical 
reaction using the law of mass action is as follows: 

JCHEI = KA[H+][ HCO3-] - [CO2]K(o 

The letters in brackets represent the concen- 
tration of molecular species. The valucs taken for 
K A  and KB, the forward and backward rate con- 
stants respectively, were calculated from the un- 
catalyzed rates given by Roughton (1964). 

BecPuse we are interested in the simultaneous 
rates of change of H+, Hcoa-, and C02, we 
need three simultaneous differential equations de- 
scribing the fluxes. 
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Although the above equations are not analyti- 
cally solvable, it can be been that a t  chemicd 
equilibriuni when the net fluxes of a!l chemical 
reactiok equal ecro and when 

&[HI d(HC03-I - dIC021 o, - -  - --= 
dt dt at 

that there will be a chemical gradient dC/dx for 
H+ and HC03- but not for COZ, because it is 
mt charged. We can calculate the eqtiilibriuni 
H+ and HCOa- concentrations from the equation 
inside the bracket of equaiion (3) (Nernst equa- 

It is our hypothesis that because of the diioci- 
ation of protein (plasma protein and protein of 
red cells) in blood (a mowmolwcular reaction) 
mder the influence of ths charge, H+ comw ta 
equilibrium almost irdantaneously, leaving an 
excess of HCOs- able to react with the H+ ion 
producing CO,. If the H+ ion reaches equilibrium 
in&sntaneomly, we can eliminate the first equa- 
tion and make [H+j in the other equations 8 

constant. 

tion j . 

The concentration gradient 
d[Hco3-] 

or -- d[COt] -- 
$3 dX 

is proportional to the thickness of the electrical 
double layer. This, by the Debye-Huckel theory, 
is inversely proportiond to the ionic stJtrength and 
directly proportional to the dielectric constant of 
the r.-.edium. Because little is known about the 
dielectric constant of water near charged groups 
of proteins and because the Debye-’Huckel theory 
does not hoId for high ionic strengths (such as 
plasma), thr: thickness of tbe doable layer is 
mirnown. 

We have looked on this layer as a &ell through 
which the Cod produced in the region in closeat 
proxinity to the charged wall as well as the 
HC03- must diffuse. COS is a!so probably pro- 
duced throughout tho. shell, as the largest dissoci- 
ation of polyelectrolytes ta.kes place at low fidd 
strengths (Wail et ai., 1956). 

We have substituted fo? the gradient8 the differ- 
ence in Goncentration between the find equi- 
librium state and the instantaneous COO or 33203-  
concentration. We take the perrizesbility of this 
shell to be equai to the dlffusion coefficient for 
CO, and HCOa- divideu by the thickness of the 

shefl. Beoause part of this shell may be made up 
of red-cell menlbmnw, the diff usivn coescient 
may be less than those already assumed. If we 
make a change of variable (Burton, 1939j from 
HCOa- and C02 to 

a= [EnCOa-] - (HCOa-. at equXirium) 

4 = fCO+ (COZ at, equilibrium) 

we get rid of all constant terms and we are left 
with two equations of the forin: 

With initial conditions 
&(@) =HCOs-buik(l-eXp ( -F&/RT))  

=0.0101 ml 
Xr(0) =o 

K,t = k, of Roughton (7) 
KB = ic,/Kt of Roughton 
KI, the true dissociation constant of carbonic 

acid, was calcu1ated wing the k, value of Riough- 
ton of 89 sec-1, and tsking the effective dissoci- 
ation comtant of carbonic acid to be equal to  

(H,) = equilibrium [H+] 

=0.13 second-’ 
= 163 660 second-’ 

Ic-6-12 

* [l%++jbulk exp +(F$/RT) = 10-7~’wmoIe/Iiter 
[H+]bulk= 1W7m4 mole/liter 

jHcoa-]~,~~k= 0.0276 mole/liter 
dx varied from 10-6 cm to 5X 10-8 em 

D = 1.5 X lW5 cmZ/sec 
$ = 0.0125 volt 

The solution for 32 (which is by definition the 
instantaneous APcoZ) 

a(1) = APco,(t) = Ae-x‘*-Ae-X*r 

X l ( 0 )  (KA) (Hes) A= 
AI - r.2 



It is clear that PcOz gradients predicted by this 
model are proportional to the bulk phase IX+ itid 

HCOa- concentration Lecausc the coefficient A 
is proportional to these concentrations. In this 
aspect the theory fits the experimental results 
well. The model also predicts that the PCO, 
gradients would be related to the blood-flow rate 
through the lungs, because blood-flow rate is in- 
versely related to the transit time of blood through 
the lungs. Solutions for the equations for two 
different thicknesses of the electrical double layer 
a.nd for different carbonic acid reaction rates, 
multiples of the uncatalyzed rates given by 
Roughton (1964), are plotted in figure 5. If the 

30- 500; lOOA 

10000 - -- 
100 - --- 

,o - --- 

I 1  I I l l  I I I 1  
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FIOURE 5.-Theosetical cunles of APc.0, in a small volume 
of blood exposed to an electrical $eld. DifTerent diffusion 
shdl thickness and reaction rates (multiples of uncatdyzed 
rde )  are shown (see tezt). 

net PCO, gradients are the time-averaged instan- 
taneous PCO, gradients, it is clear that the net 
PcoZ gradients would decrease as transit time was 
increased. In  this respect, the theory also agrees 
with the experimental results. The theory predicts 
that the carbonic acid reaction rates must be 
faster than the uncatalyzed rates for any gradients 
to exist. However, it seems possible that the 
reaction rates need not be as fast as the carbonic- 
anhydrase-catalyzed rates in blood for PCO, gra- 
dients to exist. 

IJsing the diffusion coefficients for COZ and 
HCO, in water (taken to be 1.5X1W5 cm2 
second-'), it seems that, according to this mecha- 
nism, significant gradients could exist only if the 
thickness of the double layer were from 100 to 
500 A. Although we have little idea whttt the 

thickness of the layer truly is, it seems that 100 
to 500 ia too thick. 

However, because the capillary diameter is ciose 
to the diameter of a red cell, it seems likely that 
part of this layer under the influence of the 
electric fields will be made up of red-cell mem- 
branes. Roughton (1959) has estimated that the 
diffusion coefficients for COZ in red-cell mem- 
branes is 1/10 to 1/100 of the diffusion coefficient 
of COS in water. If the diffusion coefficient of the 
layer was close $0 that of the red-cell membrane, 
the thickness of the double layer could approach 
that of simple salt solutions, 10 to 30 A (Robinson 
and Stokes, 1955). 
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LASZLO: The simplest preparation in which 
the absence of gas exchange can be guaranteed 
;s the excised lung or lung lobe ventilated with a 
constant gas nuxture through which blood is 
recirculated by means of a pump. Dr. Caldini, 
Mr. Bane, and I, working in Dr. Riley's depart- 
ment in Baltimore, have tpsted Dr. Gurtner's 
hypothesis using this preparation. We have 
failed to demonstrate any difference between the 
mean PCO, in the gas and the PcoS of the blood 
sanipled at  the same time from the pulmonary 
artery and vein (fig. D-I). There is some scatter, 
but the mean difference is zero, and the standard 
error of the mean is less than 1 m i  Hg. We have 
carefully controlled the temperature and have 
used physiological blood flows. Most of the ex- 
periments were carried out a t  PoI values near 
150 nun Ng, but hypoxia did not influence the 
result. Since Dr. Gurtner's model requires only 
blood flow and not gas exchange, these results are 
inconsistent with this hypothesis. 

We have been able tc, demonstrate alveolar- 
arterial PCO, differences during short-lived in vivo 
plateaus in anesthetized dogs rebreathing mix- 
tures of COz in nitrogen. Figure D-2 shows the 
blood-gas differences when blood was sampled 
during perfectly horizontal plateaus. There is a 
strong suggestion that gas-blood differences are 
largest when the plateau appears after a recir- 
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culation t.ime between 20 and 40 seconds following 
the onset of rebreathing. The plateau valuesof 
alveolar PCO, were in agreement with the PcOe 
of pulmonary arterial blood when the gas mix- 
ture chosen resulted in a plateau appearing before 
20 seconds in the anesthetized animals. Average 
values of PCO, and pH were the same in PA and 
aortic samples. 

It is possible that the hydrogen and bicar- 
bonate ions of red cells and pltxma are imper- 
fectly equilibrated when the blood enters the 
pulmonary capillaries so that PCO, continues to 
fall in the syringe after sampling. Such a mech- 
anism could account for both alveolar-arterial 
and alveolar-pulmonary artery Pco2 differences 
in vivo when there were. large differences among 
various components of mixed venous blood which 
would be absent in the isolated lung preparation. 
Alternatively there may be exchange of bicarbon- 
ate or hydrogen ion between plasma and lung 

P 
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o Pulmonary artery 

60 
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FIGURE D-2.-Blood gas Yco, differences during rebrealhing 
experiments in  vivo in  anesthetized dogs. The time scale 
refers lo the time at which the samples were dvawn after 
the exchange from normal respiration to rheathing. The 
blood a*& gas samples were drawn simultaneously whaz 
continuous rupid analysis showed no inspired-expired 
diflenme in. Yco~. 
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tissue, final equilibration taking place after the 
blood has left the lungs. This explanation, how- 
ever, requires a diff erencc iu acid-base state be- 
tween PA and arterial blood which we have not so 
far been able to demonstrate. 

GURTNER: I was not quite clew on the exper- 
imental conclusion of I)r. Laszlo. I could see that 
this sort of gradient could occur if there was not 
any sort of equilibrium with the COz produced 
in the tissue and if it did not come to  equilibrium 
between cells and plasma. Is that what you are 
proposing? 

LASZLO: Yes; I think that if you had blood 
coming up from various part.s of the body, of 
various acid-base compositions which were not 
fully equilibrated in respect to HCOJ-, COZ, and 
H+, the PCO, niight subsequentiy faJl. 

GURTNER: That i s  possible, but I certainly 
do not think it is likely. The experiments of E m s  
and Nolan indicate that the H+, COZ, and HCOS- 
have reached equilibrium in the time it takes blood 
to flow from the right ventricle to the pulmonary 
artery. 

GUYATT: I am the second refugee fiom Ham- 
mersmith, now in Florida, and we have just 
started to work on this problem. We also agree 
that we find this gradient. In our work with the 
Cain-Otis preparation, we t,ake one lung and 
continuously rebreathe it from a bag. We keep 
the animal rebreathing all day, so t.hat we have a 
continuous mixture of gas. We get this gradient 
(we have studied nearly 50 dogs) of from about 
2 to 8 millimeters, an average of 4. We find that 
when you raise the P c o ~ ,  the gradient increases. 
We have done this by letting the dog breathe a 
mixture with COz in it and keeping the mixture 
stable; we find, again, that the gradient increases. 
We looked very quickly at  the question of altering 
pH at  a constant Pco,. We do not have many 
data on this. It looks as though there might be a 
slight fall in gradient with decreasing pH. When 
we looked a t  Diamox again, we found considerable 
variation among four dogs, but in all, the gradient 
increased to some degree. In a study of why the 
blood does not come into equilihium, we divided 
the pulmonary artery by putting a tube into it, 
thus increasing its length, and thus increasing the 
transit time from th2 heart to the lungs. In this 
case we delayed the blood three-quarters of a min- 
ute from the heart to the lungs and we found the 

gradient ha,rdly altered; there is a very slight fall 
that I attribut.e to the fact that blood was slightly 
cooled. There is no real change in the gradient 
in these conditions. Therefore I would doubt 
very strongly if this is an effect of a lack in 
equilibrium. Using the same basic preparation, 
we alt.ered t,he flow rate, this time with a short 
bube altering the flow rate through the lung with 
a screw clamp, leriving the cardiac output more 
or less t-he same and, again, the gradient hardly 
altered. If we cut the flow rate completely, Le., 
leave the lung without ally pulmonary flow, the 
gradient rises. This must be an effect of bronchial 
circulation and lung metabolism. It is lye11 to bear 
in mind that there is a certain amount of COz 
being produced by the tissue. The final thing that 
we wondered was whether we could show thab the 
GOz was coning from the blood or was coming 
from the lung tissue itself. We tried this by 
altering the position of the dog, turning it over to 
increase the area of the blood/gas interface, but 
t.his did not seem to affect it. In summary, I will 
say that the only t.hing that seems to change the 
gradient is increasing the Pco2, which we are 
doing independent of exercise. I think that this 
may be an explanation for the results with exercise: 
you are simply increasing the P c o ~ .  If you increase 
the flow, you do not seem to change the gradient 
much, and if you increase the time it takes for the 
blood to get from mixing io passing into the lungs, 
again there. seems to be very little change. The 
bronchial circulation is a very slight complication; 
I do not think it is very important here. 

FORSTER: That delay you produced was not 
after the lung t.0 your electrode, but before the 
lung? 

GUYATT: The transit time through the lung 
itself is probably the same, but there is an imposed 
delay between the heart and the lung of about 
three-quarters of a minute. 

CAMPBELL: The idea is that the blood is 
mixed up in the right ventricle and then, by de- 
laying the time it  takes to get from the right 
ventricle to the lung, you are giving it more t,ime 
to mix and reach chemical equilibrium. 

KREUZER: We have rexjons to be interested 
in fluctuations of the PO,. We have not got to 
PCO, yet, but doubtless the same argument may 
hold in the pulmonary artery and in the right 
heart with respir?, tion and heartbeat. We have 
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found considerable fluctuations of Po2 with 
respiration and heartbeat. I t.hink t,he arguments 
of Afonso atid coworkers, who found that tem- 
perature diffeyences also fluctuated, could only 
explain less than 10 percent of this phenomenon 
(Afonso, Rowc, Castillo, and Crumpton, 1962; 
Afnnso, Herrick, Younmns, Rowe, and Crumpton, 
1962). Our interpretation is thzt the blood from 
the vena cava superior and inferior is mixed in dif- 
ferent proportions according to  respiration and 
heartbeat. I t.hink this argument nf delaying the 
time between the right heart- and the lung might 
not hold, because as long as t.he flow remains 
laminar in thc pulmonary artery, these various 
portiox might still be separated and night not 
mix even if the delay is quite considerable. 

GUYAlT: The blood would still not. be homo- 
geneous? 

KREUZER: Yes; that is what I mean. In  other 
words, st.reani lines would still be maintained. 

GUYA’M’: Our tube was narrow, becoming 
wider, and then narrowing again. 

KREUZER : You had turbulence? 
GUYAT”: The flow of blood in the external 

tube appeared t,o be laminar, but. we assumed 
that the b!ood was previously well mixed during 
its passage through the right heart. 

KREUZER: It might be interesting to cause 
turbulence in the tube by inserting a mesh or 
something. 

GUYATT: You could very easily do that. 
CAMPBELL: Could I just remind you that 

wliccn we rebreathed a COZ in N2 mixture, we 
found no difference for oxygen. I think that makes 
differences due to inhomogeneities in the blood le% 
likely. 

FOKSTER: If I could compare myself to Dr. 
Whitehead, which is presumptuous, my preju- 
dices have all been stated. I cat1 now rearrange 
them. First, I find this all very fascinating, and 
there must be some reasonable explanation. 
Second, there are probably several red herrings. 
Dr. Laszlo’s work, I think, demonstrates that 
there is exchange of COz going on; under most 
of the circumstances when you eliminate it, 
you eliminate the fact.or producing the gradient. 
Ry a delay in the blood, 1 mean a delay from the 
lung capillaries t.o where one memures Peon, not 
from the point of mixing. We have measured the 
rates of exchange between t.he plasma and the red 

cell, and they have half times froni 0.1 to 0.2 
second under very rapid condit.ions. Thus, there 
is a dela,y that, is proportional to  the tot.al aniount 
of Cot, t.he absolute value. In Dr. Campbell’s 
terms, his “error” was proportional to the total 
amount of COZ involved, and a rough qualitative 
check would niake nie suspect t.hat that is also 
true of Dr. Gurtner’s. If yod take the proportion 
of the “error” over t.he absolute P c ~ , ,  it is 
roughly constant.. Though we may not be able to 
explain it. completely, I do not see anything 
entirely inconipntible with the idea that you 
reach equilibrium for CO, in the lungs, and there 
is t-hen li readjustnient within the blood. I had 
not. appreciated how slow this could be until we 
were working wit.Ii Dr. Steen recently. You can 
get extraordinary delays depending on how you 
shift the balance. If you add acid to the external 
fluid, for example, things can be very slow, 
because the process then becomes limited by the 
rate of uncatalyzed dehydration of H2C03 from 
the plasma. The whole process-the shifts of 
hydroxyl ion then may be very slow-may take 
a number of seconds before completion. We may 
just have increased our accuracy in PCO, deter- 
mination enough so t.hat we are beginning to  pick 
this up. I do have one worry about your argument 
regarding the Donnan effect near the capillary 
wall. The [H+] would increase by preciseIy the 
same rat.io as the [HC03-] would decrease, 
giving you no [H2C03] gradient.. 

COLLIER: We tried to repeat Dr. Gurtner’s 
experiments this spring. Dr. Hackney has two 
slides. 

HACKNEY: Recent reports have suggested 
t,hat a positive PCO, arterial-mixed venous differ- 
ence (A-‘si) can exist during rebreathing. We have 
investigated this in a series of experiments on 
five dogs. 

The animals were anesthetized wit,h Nembutal 
and paralyded with Anectine. After a trache- 
ostomy and thoracotomy, a lobe was cannulated 
(usually the left lower lobe), tied securely, and 
tested for leaks. The cannulat.ed lobe, a pump, 
and a rebreathing bag formed a closed rebreathing 
circuit. The remainder of the lung was ventilated 
with a second pump at  various selected levels of 
ventilation and end-tidal COZ monitored with a 
rapid infrared analyzer. Mixed venous blood 
was sampled through a catheter in the right 
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FIGURE D-3.-(AlveoZar Pc0,-miZed venous Pco,) plotted 
against the pH of the blood for the one lobe of a dog's lung 
which was retreathilag. 

FIGURE D-4.--The same graph as for figure D-1 with the 
addition of the data of Gurtner and Farhi. 

vectricle or pulmonary artery. An arterial 
cannula served for sampling and pressure moni- 
toring. The metabolic state of the animals was 
changed by infusing HC1 or NaHC03. Blood 
was analyzed €or Pco,, PO,, and pH by a ther- 
mostated (37 C) electrode system. Gas froni the 
rebreathing bag was analyzed by the same 
electrodes or by an infrared analyzer, or by both 
methods. The same standard gases were used to 
calibrate both systems. In four runs in two 
animals, the isolated lobe was equilibrated with 
10 percent sucrose. Temperature corrections were 
not made for either air- or liquid-filled airways. 

The results are shown in figure D-3. A signifi- 
cant positive A-v P C O ~  gradient was not found. 
A consistent negative gradient was observed (thc 
three mogt negative points) in one animal that 

was in poor condition because of blood loss. In 
figure D 4  our data are plotted along with that of 
Gurtner and Farhi. The reasons for Lhe marked 
difference are not apparent. 

OTIS: It appears that not everybody can do 
the same thing in this type of experiment. 
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Perqaeability of the Alveolar-Capillary Barrier to Dissolved 
Carbon Dioxide and to Bicarbonate Ion' 
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The multiple indicator dilution technique has been applied to an investigation of the perme- 

ability of the alveolar-capillary barrier to H*'COa- and to dissolved l4c0z (COe disr) with T-1824 or 
"Na as vascular indicators and DHO or THO as indicators for the aqueous compartment. Under 
control conditions the outflow patterns of HCOa- and COZ diaa cannot be distinguished from each 
other; the mean transit times are equal to or larger than the mean transit times of simultaneously 
injected water, and there is invariably prolonged tailing. Recoveries in the blood are about 95 
percent for both species. These results are taken as indication of distribution of injected carbon 
dioxide into the gas phase and randomization of the labeled carbon dioxide among the several 
chemical species present. 

After inhibitionof carbonic anhydrase by acetazolamide, the curves for HCOa- and for COZ 4isa 
are very close to those for the vascular indicator; the mean transit times are essentially equal to 
those of the vascular indicators, but the recoveries of COZ diss are less than of HCOs- in blood 
and about three timas larger in expired gas. These facts are taken as evidence of restriction of 
HCOt- to a volume essentially the same as the vascular compartment,, in common with other 
anions such as Cl- and SCN- and with the cations Na+, K+, and Li+. They indicate also that 
COZ dim crosses the barrier readily. In another type of experiment, H"CO3- in distilled water 
with THO was introduced onto the gas-phase side of the barrier through a tracheostomy and a 
fine catheter. The l4C outflow pattern in blood is almost identical with that of TWO under control 
conditions but becomes intermediate to those of 8C1- and of THO after administration of 3CetaZOl- 
amide. Such results are compatible with the presence of carbonic anhydrase in lung tissue. The 
content of lung tissue with respect to this enzyme is  one-tenth to one-third that of kidney cortex. 
The multiple indicator-dilution technique has also been extended to provide in Vivo values for 
intact organ or tissue pH. For lunq tissue, with nicotine as the indicator (5,5'-dimethyl-2,4- 
oxazolidinedione or DMO is not satisfactory because it does not leave the vascular compartment), 
the pH value is about 6.7f0.1, a bit less than the 6.9f0.1 reported by Hyde, Puy, h u b ,  and 
Forster (1968). Wit.h tissue pH of 6.7, Pco2 of 45 mm Hg, and pK1' of 6.1, total carbon dioxide 
content of lung tissue from the Henderson-Hasselbalch relationship is 0.10 to 0.16 ml per ml tissue, 
again lower than the value of about 0.33 ml per ml tissue reported by Hyde et al. (1968). 

The determination of the permeability of a given 
biological barrier to given substances in vivo and 
in situ presents certain technical difficulties. It 

'These studies have been supported by the Life In- 
surance Medical Research Fund, U.S. Public Health Re- 
search grants HE42492 and HE-09499, by contract 
AT(30-1)-1394 between the U.S. Atomic Energy Com- 
mission and the Johns Hopkina University where many 
of the experiments were carried out, and by zrant U-1761 
of the Health Research Council of the City of New York. 
The later experiments on tissue pH were carried out in 
the Department of Medicine of the New York University 
School of Medicine, a t  Goldwater Memorial Hospital. 

would be highly desirable to obtain values for the 
permeability coefficient of the barrier for a perme- 
ating species in terms of the number of molecules 
crossing a unit surface of the barrier per unit 
time for a unit concentration difference of the 
species across the barrier. Unfortunately, in the 
lung, although both sides of the alveolar capillary 
are accessible to the investigator, the anatomical 
and physiological factors preclude obtaining values 
for such permeability coefficients in the normally 
perfused and ventilated lung. 

The multiple-indicator dilution experiments de- 
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scribed below provide qualitative information on 
the permeability of the alveolar-capillary barrier. 
Numerical values can be obtained but are not 
presented here. This is relatively unimportant be- 
cause nature has designed the system nearly on 
a yes-or-no basis. For most substances of biological 
significance so far examined, we have found that 
these either remain in the bloodstream or equili- 
brate in a volume equal to that accessible to 
water (or in a larger volume) in the transit time 
of blood through the pulmonary vasculature. 
Thus, we have evidence that ions such as sodium, 
chloride, short chain fatty acids, and bicarbonate 
are restricted, in effect, to the vascular compart- 
ment (Chinard, 1966a). In contrast, monohydric 
normal alcohols, inert gases and carbon dioxide, 
the higher amides, and the higher alkane diols all 
distribute themselves in volumes equal to or 
greater than the volumes available to labeled 
water (Chinard, 1966a, b; Chinard, Effros, Ped, 
and Silverman, 1967; and unpublished data). 
Complications enter into the interpretation of 
data involving some of these and of other sub- 
stances because of differences of pH between 
blood (plasma) and extravascular (cellular) com- 
partments (Effros and Chinard, 1968), because 
of lipid: water partition coefficients (Chinfird et al., 
1967), and because of distribution into the alve- 
olar gas phase and beyond (Chinard, Enns, and 
Nolan, 1961). 

GENERAL PRINCIPLES APPLIED IN 
THESE STUDIES 

As indicated above, the multiple-indicator di- 
lution, sudden-injection technique has been used 
in these studies. In brief, a known volume of a 
solution containing various indicators is injected 
into the input of an organ system, and timed 
samples are obtained from the outflow from the 
system. The concentration or recovery of each 
indicator is determined in each sample and is 
plotted on the ordinate (logarithmic scale) against 
time on the abscissa (linear scale) to establish a 
curve called an outflow pattern. It is assumed that 
the system is stationary, linear, conservative, and 
that the distribution of the several indicators is 
homogeneous in a constant infusion experiment. 
It is further assumed that appropriate corrections 
can be made for recirculation or recycling of an 

indicator in the system and that approlpriate cor- 
rections for catheter delay have be&r applied 
(see Chinard et al. (1967) for a disc..ussion of 

The flow of blood F through the syste i, can be 
these assumptions). 

calculated from the recovery-time curve! of any 
indicator that meets the conditions just inqicated. 
In addition, its volume of distribution V van be 
calculated from the product of its mean transit 
time f through the system and F. Thus, , 

V i = F * f i  (1) 

Let the submipt 1 denote a vascular indicator, 
that is, an indicator that is limited in its distri- 
bution to the vascular compartment, then VI is 
the volume of blood contained between the site 
of injection and the site of sa.mpling. For another 
indicator, for example, labeled water, use the 
subscript 2. Then, similarly, 

V2=F*& (2) 
where V Z  is the volume of distribution of water in 
the system Now we can obtain a value for the 
extravascular volume of distribution of water in 
the system by simple subtraction: 

V ~ - V I = A V Z , ~ = F *  (&-ti) =F*A&,i ( 3 )  

In  the case of the lungs, the site of injection is 
between the right jugular and the branching of 
the pulmonary artery, and the site of sampling 
is the carotid artery. The only intervening capil- 
lary bed in series is that of the pulmonary pa- 
renchyma. Thus, VZ,l is the extravascular volume 
of distribution of water in lung tissue. As indicated 
elsewhere, there is substantial rewon to believe 
that the volume of distribution of labeled water 
in the lung is indeed an anatomical volume sur- 
rounding perfused capillaries (Chinard, 1966%; 
Chinard et al., 1967). Obviously, unperfused 
pulmonary tissue is not seen or recognized in this 
kind of experiment. Thus, by comparing the vol- 
umes of distribution of various indicators with the 
volume of the vascular compartment, one ca12 
determine whether or not these indicators were 
distributed in a volume equal to or larger than the 
vascular compartment. In  the latter case, they 
must have crossed the blood-tissue barrier, because 
the barrier is permeable to such indicators. If the 
volume of distribution and the outflow pattern 
of a particular indicator are the same as those 
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for water, then we can reasonably conclude that 
it is distributed in the same anatomical volume 
as water. 

For substances that have transit times and 
outflow patterns intermediate to those of labeled 
water and of vascular indicators and substances 
that have longer mean transit times than water 
and outflow patterns delayed relative to its out- 
flow patterns, a somewhat more complicated ap- 
proach must be used. In  brief, such patterns are 
interpreted as indicating that, the distribution of 
these indicators may not be homogeneous: there 
may be accumulation in a lipid compartment; 
there may be distribution in a gas phase; there 
may be differences of distribution because of a 
Gibbs-Donnan-type equilibrium of an ioniaed 
species. In these circumstances additional infor- 
rration is required to permit calculation of the 
volume of distribution of the nonhomogeneously 
distributed indicator. Specifically, the partition 
coefficient is required. There are alternate ways of 
approaching the problem of nonhomogeneously 
distributed indicators. A particularly rruitful one 
indicated in Chinard et al. (1967) and developed 
by one of my associates, Dr. Richard M. Effros 
(Effros and Chinard, 1968), has permitted the 
calculation of the pH of the extravascular tissues 
of the lungs in vivo and in situ. 

The general principle for such calculations with 
nonhomogeneously distributed indicators is that, 
in a steady-state, continuous-infusion experiment, 
the distributions be homogeneous in each of the 
several compartments accessible to the indicator 
considered. Thus, we have for a single compart- 
ment 

M = I l  (4) 
where M is the mass of the indicator in the com- 
partment at equilibrium, I is the steady-state 
input flux, and l is the mean transit time of the 
indicator through the system, as obtained by 
whatever means are available (e.g., a sudden- 
injection experiment), If the indicator is dis- 
tributed homogeneously in the single compart- 
ment, we have: 

M = IE= C,V ( 5 )  

where C ,  is the concentration of the indicator at 
infinite time and V is its volume of distribution. 

If there is more than one compartment and if 

the indicator is distributed homogeneously in each 
of these compartments, then we must write 

M=Il=C,V1+CzV2$C*Va+ 9 * (6) 
Consider now the simple two-compartment sys- 
tem, with volumes VI, vascular, and Vz, extra- 
vascular. Our aim is to determine the value of 
Cz, which is the concentration of the indicator 
in the extravascular compartment. A single indi- 
cator dilution experiment is of no value because 
there are too mnny unknowns. But with multiple 
indicators in a given experiment, the problem 
becomes solvable. Thus, for the vascular com- 
partment V1 we use T-1824 or 22Na, and for the 
extravascular compartment VZ we use labeled 
water. The concentration ratio Cl/Cz of the non- 
homogeneously distributed indicator can then be 
calculated because l, V1, VZ, and I (or M) are 
!mown. Conversely, if the ratio C,/CZ is known 
from other considerations (for example, as an 
oil: water partition ccefficient), then V, could be 
calculated. 

EXPERIMENTAL METHODS AND 
PROCEDURES 

These have been described in detail previously 
(Chinard, Enns, and Nolan, 1960; Chinard, 
1966a). In  brief, mongrel dogs anesthetized with 
pentobarbital (initial dose, 25 to 30 mg/kg) were 
used as experimental subjects. A catheter was 
introduced into the right jugular, right strium, 
right ventricle, or into the pulmonary artery for 
injections, while another catheter was inserted 
into the left carotid artery to provide for sampling 
of arterial blood. In another group of experiments, 
the test substances were dissolved in distilled 
water and introduced into the left lower lobe by 
means of a fine polyethylene catheter introduced 
by way of a tracheostomy. Regulation of blood- 
sampling rate was accomplished by means of a 
peristaltic pump. Samples in che carbon dioxide 
studies were collected by means of an anaerobic 
collector (Enns, Chinard, Shepard, and Armant, 
1958) and in studies of nonvolatile indicators by 
means of a simple linear collector (Chinard, Vos- 
burgh, and Enns, 1955). In the earlier studies, the 
dogs were allowed to breathe spontaneously. In 
later studies, the dogs were paralyzed with 
succinylcholine and ventilated mechanically. Sup- 
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TABLE I .-Summrg of Results Obtained Following Intravenous hjectivn of Test szLbstuncesls 

Coiiditions Form uf 14C 
injected 

hlean transit time, sec 5’: rtctio:c., 
Flow, 1 m r y  

kg-* 
rnl sec-1 * 

vascular1 14c 1 1)HO 14c 
indicator 

_______I________ 

no. 

5.14 
4.43 
7.13 
8.74 
7.25 
7.85 
7.40 
9.04 

l a  
b 

2a 
b 

3a 
b 

4a 
b 

5a 
b 

7.37 
4.26 
8.12 
9.11 
9.68 
7.24 
8.05 
8.91 

-__ 

11.4 

9.5 

14.1 

16.4 

10.5 

Control- - - _ _  - - - - - - - HCOa- 2.52 7.06 9.08 8.49 1.08 
CA inhib _____. -.___ I HCOa- .98 1 1.84 1 7.22 I 6.6D I 8.77 i 

2.43 
2.05 
2.91 
2.56 
2.54 
2.41 
2.54 
1.91 

C, “CA inhib” indicates that the carbonic anhydrase in- 
hibitor had been administered. T-1824 was used as vascu- 
lar indicator in experiments 1 and 3, while eNa was used 

plementary doses or” succinylcholine were given as 
required, but were always preceded by a supple- 
mentary dose of anesthetic of about one-tenth the 
initial dose. In  general, two sample collections were 
made from each dog; in some, three were made. 
Mean arterial pressures were continuously moni- 
tored and generally ranged between 100 and 135 
mm Hg. Cardiac outputs, calculated from vascular 
indicator data (T-1824 or Z2Na), were between 
1.8 and 4.5 ml/sec.kg. At the completion of the 
experiment, the dogs were killed with a large 
dose of pentobarbital. 

Analytical procedures have been reported pre- 
viously (Chinard et al., 1960), except, for the 
specific points mentioned in the text. 

Acetazolamide, when used, was injected in doses 
of about 100 mg/kg. 

In the experiments in which test solutions were 
injected into the bloodstream, the volume injected 
was between 2 and 4 ml and was roughly related 
to the weight of the dog, but in the tracheal 
injection experiments, a volume of 5 ml was in- 
jected. 

RESULTS AND INTERPRETATNNS 

Results of representative experiments in which 
injectiuns of the teat materials indicated were 
made into the bloodstream are given in table I 

6.46 
5.90 
8.20 
10.48 
8.48 
9.46 
9.29 
11.37 

.96 

.93 

.91 

.89 

.97 

-- 
DHO 

0.94 
.98 
.95 
.94 
.90 

1.11 
.99 
1.03 

~ 

as vascular indicatcr in the other experinents. The data 
are from previously reported expe$rnents (Chinard et  al., 
1960). 

and are illustrated in figures 1 through 4. In  the 
control experiments, there is no feature that pro- 
vides a basis for separating the results obtained 
with bicarbonate from those obtained with dis- 
solved carbon dioxide. The mean transit times 
are always greater than those of the vascular 
indicators and in general are greater than those 

FIGURE l.--OutjZm patterns of T - l E ~ ,  DHO, and 1C02 
in artedal blood following sudden injection inlo pulmonary 
artery. Control conditions. 14C was injected as bicarbonate. 
Ordinates are fractional recoverics in each sample. Ab- 

9 s c ~ s a e  are times after injection. 

TIME, SEC 

Fioual.; 2.-St~me type of experiment as iUuslraled infigure 6 
1 , except lhat 14C was injrded a8 dissolved carbon dioxide. 
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of labeled water. The recoveries do not show any 
differences. Fur+?er, as shown in figures 1 and 5, 
the outflow pattcrns da not. appear to be different: 
1vit.h both forms of carbon dioxide, the peak time 
is the same or earlier than that of labeled water 
while the tail 3f the curve is aiways prolonged 
compared to the tail for the labeled-water curve. 
These results are to be expected in view of the 
rapid intercoxweision of the several forms of 
carbon dioxide in the presence of iictivo carbonic 
anhydrase and in view of the distribution of 
carbon dioxide into a larger volume oi distribution 
t h m  water in the gas phase of the lungs. 

These results are, of course, indicative of the 
permeability of thc alveolar-capillary barrier to 
carbon dioxide and s e  substantiated by experi- 
ments reported previousiy on the time course and 
on the recovery of labeled czrbon dioxide in the 
expired gas (Chinard et al., 1960). Holvever, 
there is no indication 2s to which (if not all) 
species of carbon dioxide crosses t.he barrier. To 
obtain information on this questicn, large amounts 
of acetazolamide were administered to lnhibit the 
carbonic anhydrase of the id cells and to limit 
fhe extent of the interconversion of the several 
forms of carbon dioxide. In  the control erperi- 
ments, carbon dioxide injfcted as dissolvcd CO, 
WOUK exist mainIy a5 bicarbonate ion because of 
the preponderance of this latter form. However, 
after blockage or" the carbonic anhydrase, we could 

FIGURE &-Same type of experimmt as illusisated iafigure 
1 ,  but after adminfslr.i!ion of acetazolamide. 

1hune: A! -Same type of experiment as illustraled infigure 4 
I, b?ct after acEminislratiun of w q'b. Jamide. 

hope that bicarbonate :vould be, as before; mainly 
restricted to the bicarbonatc pool, whereas dis- 
solved carbun dioxide wculd behme mare as that 
species. These expectations werc in large part 
realized. As shown in table I, t.he mean transit 
times 0. .he injected 14C nmv a,re cqual to or 
sfightly less than thc mean transit. tinies of the 
simultaneously injected vascular indicators. In  
addition, t.he 0utflw.v patterns nci longer show the 
peali disphcemeat and the prolonged tails., but 
are quite chse to the outflow patterm of the 
vmculrtr indicators (figs. 3 and 4). 

In  the case pf the bicarbonate injection, we h v e  
interpreted these results to inchate that t.he 
alveolar-capihry barrier was imperInea.ble to bi- 
carbonate i0.i as such atid that such passage as 
did occur under coiitrol coxliti, ns of W injected 
as bicarbonate was caused by its conversion to 
dissolved carbon dioxide. Why then did the carbon 
dioxide injected as dissolved carbon dioxide have 
patterns so similar to those of bicarbonate ion? 
In fact, although the patterns a r ~  similar, the 
recoveria of tLe dissoived carbon dioxide are in 
general less t h w  those of the bicarb0nat.e relative 
to the recovery of labcled water, an indication of 
irreversible loss. Thus ultder control conditions 
t h  air: water partitien of caxhon dioxide favors 
water (or b'rood) becnuse of the large bicarbonate 
pool. But after inhibition of carbonic anhydrase, 
the air :water partition of dissolved carbon dioxide 
is shifted toward air (or the gas phase) bemxse 
the hicnrbcmte pool is no longer accessible. This 
Interpretation is supported by results of experi- 
ments in which the expired gases were collected 
and analyzed for '4COZ after injsztion of bi- 
cnrbontitc ion and of dissolved carbon dioxide 
under controI conditions and after administration 
of the carbonic anhydrase inhibitor (table 11). 
Recovcries of expired 14C02 were similar for the 
tmu species under control conditions, but were 
considerably larger after injection of dissolved 
carbon dioxide following the administration of 
acetazolamide. Thus, a much ltirger contribution 
came €tom dissolved carbon dioxide than from 
bicarbonate ion relative to the concentrations 
present in blood at pH numbea between 7.30 
av: 7.45. 

These findings sipport the cctntention that the 
alveolar-capillary barrier is permeable to dissolved 
carbon dioxide but relatively impermeable to bi- 



TABLE II.-Expired Gas Retoveries of 14C02n 

Katio of 
recoveries 

Percentage recovery in expired gas 

Control experiments 

5.3 
3.9 
10.5 
: .2 

4.3 
4.2 
8.6 
3.6 

0.81 
1.08 
.76 
1.13 

Aftrr acetazolamide (10 to 100 mg/kg) 

7.0 
3.2 
7.6 
3.3 

16.4 
18.7 
14.2 
9.6 

2.16 
5.84 
1.87 
2.91 

and of bicarbonate wcr  creatinine was found in 
the urine. Following inhibition cf the renal car- 
bonic anhydrase with acetazolamide, precession of 
l4CO2 dhs was unchanged; but now the excretion 
pattern of Hi4C03- was symmetrical to that of 
creatinine. A diffusion bypass was available to 
dissolved carbon dioxide but not to  bicarbonate 
ion. 

To test further the hypothesis of the imperme- 
ability of the barrier to bicarbonate ion, experi- 
ments xere carried out in which H14CQ3- was 
intrcduced, dissolved in distilled water, by way 
of a cat!ieter threaded through a tracheostomy on 
the gas-phde side of the alveolar-capillary barrier 
(Chinard, Enns, and Nolan, 1962). With the bi- 
carbonate, there were inuluded labeled water, 
known now to have a flow limited distribution in 
the lung, and chloride ion, as sC1, known to cros  
the barrier very slowly and, indsed, only to a 
negIigible extent during a singie pass of blood 

I I - ___- 
Data irom Chinard et al., 19M. 

CarbGil&te ion. In this regard, one of the features 
of the outflow patterns illustrzted in figures 1 and 
2 is of knportana: thz precession of the 14C02 

cuwe over the labeled-water curve. This result k 
found consistent.ly in the control expwiments. 
It is, I beIiwc, a reflection of the fact t.bat we 
are dealing with zt i es t  two species of carbon 
dioxide, of whic5 w.e, the bicarbonate ion, is the 
most Bbundant and is restrictd to the vascular 
compartment. Since, in such control experiments, 
there is full earbonk anhydrase activity, distri- 
bution of the 1 4 C :  arimag its various forms in the 
several compartments must be qdasi-instantme- 
GUS. Tha.t, in these circumstances, there is sti!l 
precession of the ;4C02 over the labeled water 
implies a nonhomogeneous distribution of thhe '*C 
and, accordingly! a lower total ca.rbon dioxide 
concentration in the ext,ravas..c.,dar comyait.ment 
(tissue and gas phase) than in the vascular eom- 
patment. The selective permeability of the a.1- 
veolar-capillwy barrier to one species of carbon 
dioxide, dissolved C02, and the impermeability 
to bicarbonate ion S qllite similar to that reported 
earlier for the nephron in the dog (Chinard, 
Nolan, and Enns, 1964). In those studies, the 
indicator dilution technique was applied to the 
kidney, and precession of dissolved carbon dioxide 

MINUTES 
FIGURE 5.4ulflOw patterm in arkrial blood of 14C, THO, 

and W l  after introduction of 6 ml of SOhtiO71 contai%ing 
these substances on the gas-phase side of the alveolar- 
capiUary bam'er way of a cdheter in trachea. Control 
c o n d i t h .  R i s  the eoncentratian of the different sub- 
stances in the 02. $wing blood relative lo an arbitrary 
standard and plu1tc.d on a logarilhmie scale. 
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Tissue 

thro2gb the lungs. The results were surprising 
(see fig. 5) in that the curve for the recovered 
W02 \vas almost identical to that for water. This 
n i d e  RO sense unless there was carbnr& snhydrase 
in the lung tissue. As a first check on this, we 
administered acetazdamide and found that the 
recovered 14C02 curve was now b&,wxn the curve 
for labebeled water and that for W l  (fig. 6). This 
effect could not be the result of the inhibition of 
carbonic anhydrase of red cells, because csrbonie 
anhydrase Ioc~l i~ed in these couId hardly affect 
the interconversion oi the different forms of carbon 
dioxide on the oQher side of the barrier. Further, 
the bicarbonate pcicl, or sink, in plasma wolild 
stX be accessible t3 bicarbonate on the alveohr 
side if the 14C crossed as bicarbonate ion. 

The simplest explanation was that there was 
carbonic anhydrm iir Iung tissue. Tne only report 
to this effect ~ V B S  by Berfenstam (1952) some 
years previously \\jt-h regsrd to the fetal lung. 
Using a modification of Maren’s method (1960) 
for determination of carbonic anhydrase activity, 
we found lung-tissue activity to be about one-tenth 

mg tissue required to halve 
standard reaction time 

-0.1 

a- 

-.01 

- 

AFTER 
A2ETAZOL.AMIDE 

.4 I ‘ p /  
TIME, MlN 

E’icvn~ 6.-same type 01 experinwnt as illustrated in jigure 
6, Wt after admirlistralion o.! acetazolamide. R is defined 
jor jigure 6. 

71 (equivalent to blank) 

2.6 
2.3 
0.66 +A 1.33 
7.1 to 13.1 

a Tissue weights were obtained by drying for 1.6 hours 
at 120 C. Lungs were perfused and ventilated for 15 to 30 
minutes with NaCl to remove blood. Drained lungs per- 
fused for 2 to 3 minutes had activities about 30 percent 
higher thsn the values reported in-table 111. All tissues 
mere homGgenized in a Waring Blendor. Activities were 
determined in diluted homogenates. 

to one-third that of kidney cortex (table 111). 
Thus, under control conditions the exchanges of 
carbon dioxide between the gas phase and the 
blood appear to be mainly the result of exchanges 
of dissolved carbon dioxide, rather than of afiy 
other species of carbon dioxide, beheen biood 
and t.he alveol~r-capiilary barrier itself, In xd- 
dition, the presence of carbonic adiydraije in lung 
tissue indicates that the total carbon dioxide in 
the lung tissue may play a role in the moderation 
of the trailsients of the concentration of carbon 
dioxide ia biood and in expired gas that may 
occur following suddefi changes of the partial 
pressure of carbon dioxide. 

DISCUSSION 

The iinperrmability of the alveolar-capillary 
barrier to bicarbonate foiiows the pattern found 
earlier €or other ions. In brief, the cations sodium, 
lithium, and potassium and the mions eldoride, 
phosphate, sulfate, jr-aminohippurate, iodide, and 
thiocyanate, as well as the moriocarboxylic x ids  
from C1 through G, we restricted in the lunga to 
a volume of distribution little larger thsil that 
available to vascular indicators. This imperme- 
ability to bicarbonate ion contrasts with the 
permeability to digsolved carbon dioxide that fol- 
10w, as well as we can judge, tht? pattern found 
for the inert gases and for the monohydric alcohols 
(Chinard et al., 1967). Except. ior the distribution 
into the gas phase, this is also the pattern foliowed 



by labeled water. Wiiethcr water and the other 
substances that cross the barrier have similar 
pathways is ill ,)i:.er matter. The conventional 
hypctthesis is ’,* . * t  “gases” and lipid-soluble sub- 
stances dissolve in  lipid, which makes up most of 
the surface of the barrier, aiid that water and 
water-soluble materials cross the barrier through 
pores of definite radius. There is no aiiatoniical 
evidence that such pores exist. Further, in study- 
ing the homologous series of the normal terminal 
and of the normal alkane amides, permeation of 
the barrier is slight for the shorter chsin com- 
pounds and increases with nioleciilar weight. It is 
possible to explain such data on the basis of 3 
combined model of pores and of a lipid barrier 
vith incrcasing lipid: water distribution coeffi- 
cients as the molecular weight increases. But the 
retention of the pore hypothesis is not essential. 

As suggested elsewhere ( Chinard, 1966a), an 
alternative is possible, based on the flickering 
cluster m d z l  of water stnictiire introduced by 
Frank and Wen (1957) and elaborated by 
Xemetliy and Scheraga (1962a, b). In  this hy- 
pothesis, m t e r  molecules form an int.egra1 part of 
the barrier and play a determining role in the 
permeability of the barrier. The water molecules 
are considered to be associated with the nonpolar 
parts of the barrier matrix and t.0 be structurad 
on this matrix in tetra-coordinated, hydrogen- 
bonded clusters as in normal water. Substancaq 
that enhance the normal cluster formation of 
water rnolecuies or do not alter it (for example, 
the inert gases, hydrocarbons, and hydrocarbon 
parts of molecules) calx enter the barrier because 
they find the same arrangement of water nioleculcs 
about them in the barrier as in blood. For contrast, 
ions (and partbilarly cations) disrupt the normal 
structure of water, break the hydrogeu-bonded 
clusters, anr; force t.he orientation of individual 
water molecules as layered shells surrounding the 
central charge. Normally such structuring is postu- 
lated to be found but rarely in the barrier. A 
third group of substanccs must. be considered, 
namely, those that form hydrogen bonds them- 
SCIVCS, such &? t.he glycokj, polyols, and carbo- 
hydrates. These, too, are excluded from the bar- 
rier, possibly bccause they become attached to, 
or caught. on, thc membrane rnntris. 

The main advantage of this hypothmis is that 

it is unitarian, that it allows ccrtain predictions 
to be made (e.g., a sufficient, increase of ionic 
strength should disrupt the barrier or a t  least 
increase its perrneability to ions), and that it 
does not require anatomically defined pores. N o -  
leculal permeability is the result of molecular 
organieation and not of a structural or supra- 
molecular organization. The membrane matrix is 
merely a framework on ;vhich the water moiecules 
and perhaps ather SUtJStQnCCS are organized- 
much as a braided-wire outer covering can prevent 
a relatively thin flexible tube from bursting. 
I;inal!y, v;c need not even. have a fixed geometry 
of the membrane. Thus, the permeability to so- 
dium ion is sm:dl but real. The sodium ion can 
cross the harrier only when a site is encountered 
that is complementary to it. Such sites may not 
be simply distributed sparselj. over the surface 
of the barrier; the structure of the barrier ma-y 
itself be changing witii time at any one geo- 
metrically defined locus. Impermesbility to sodium 
ion is then the result of the low probability of R 
given locus of t.he membrane or barrier having a 
conformation that will accept sodium. This con- 
cept of a flickering structure for the barrier is, 
of course, compatible with the flickeriiig cluster 
2oncept for water structure. 

It wi!l be noted that no attempt. has been made 
here to calculate volumes of distribution for the 
carbon dioxide system. One limitation in the 
validity of such calculations is t?ie constraints 
implied in expression (6). Although we have 
measures of V ,  and TI2, we have no concomitant 
measure of V3, the volume of the gas phase in 
which t.he carbon dioxide can distribute itself. 
Xor d \-e have values for the partition coefficient 
of cart. 111 dioxide between tissue and gas phases, 
because this d l  vary with tissue pH. Further, 
one of the basic conditions for application of the 
fundaniental relationship (4) is not met.; namely, 
that of conservation. 

We can, however, arrive at values for the tissue 
content of carbon dioxide based on in. vivo est!- 
mates of pulmonary tissue pH. It can be shown 
(Effros and Chinnrd, 1988; and unpublished) by 
extension of expression (e), that with an ap- 
propriate base of the typs 

B +H+F?BH+ (7) 
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the hydrogeii ion concentrrition of the tissue, 
[H+J, is given by 

[H+]e = P‘ ([H+]p+lL) -Ka (8) 

In this, p’= (&--fJ/(L-L) in which the subscript 
i denotes the pH indicator; v, the vascular indi- 
cator; and u‘, labeled water. The subscript p de- 
notes plasma and K. is t.he dissociation coefficient 
of t.he base. 

The conventionally used substance ior intw- 
cellular pH, 5,5’-dimethyl-2,4-oxazo1idinedione 
or DSIO, is not suitable because it does not enter 
the barzier withiti the time of transit of blood 
through the pulmonary capillaries. However, nico- 
t-ine does enter the barrier, and we have used this 
substance extensively. We have found values for 
pulmonary tissue pH averaping 6.71rt0.09 at  
normal arterial pH values. Hyde et nl. (196s) 
have recently reported values of 6.97&0.09 ob- 
tained by means of a different technique. With 
respect to the carbon dioxide content of lung 
t.issue, agreeinent is not so good. .Dubois, Fenn, 
and Britt (1932) found in dog lungs perfused 
with Ringer’s solution, about 0.35 nd CO, (STPI)) 
per milliliter of tissue, while Nyde and his associ- 
ates obtained a value of aboiit 0.33 milliliter CO, 
per milliliter of tissue. With t.he lower tissue pH, 
we calculate a bicarbonate ion concentration be- 
tween 4 and 6 mmoles per !:her and a total COz 
content corresponding to 0.10 to about, 0.16 m: 
CO, per milliliter of tissue. it is possible that all 
the carbon dioxide of lung tissue may r:-+. be in 
the aqueous compartment but may be, in part, 
in a more slowly equilibrating lipid compartment. 
It is also possible that the pH value we h : w  
obtained is a composite velrre for the cornpart- 
ments accessibie to the indicator dilution experi- 
1nent.a and is not the same as for the compartments 
accessible in the experiments of Dubois and of 
Wyde and their collaborators. Findly, :+ is pos- 
sible that forms of carbon dioxide other than those 
conventiondly recognized are present. 

With respect to the use of labeled carbon dioxide 
to provide estimates of extravaxdar pH, we can 
only report that the v:duw: obtained are com- 
pletely oiit of I m  with those obtained 1vlt.h other 
indicators. l?or an indicator of the type 

AHeA-+€I+ (9) 

the expression to be used is of the form: 

where I<{ is the apparent dissociation coefficient 
of the carbon dioxide system and the other sym- 
bols have the same significance as above. The 
values for p’ average about 2.0 for experiment.s 
1, 2, and 4 of table I. Corresponding d u e s  for 
[H+$ are well below those for [H+Jp, because 
the values for p’ are too large. This is in accord 
with expect~tions, because the mean transit times 
arc affected by distribution in the gas phase. 

In conclusion, I wish to emphasize that I have 
made IIC attempt to review the literature on 
indicator-dilution theory and practice. Those who 
wish fmther information on these matters will 
tind material in the references cited. Of those 
mentioned, I would Vie to single out the contri- 
butions of DE. Kenneth L. Zierler, Per-Erik 
Bergner, and Carl A. Goresky. 
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Sigdkance of Carbonic Anhydrase in Lung Tissue 
ARTHUR B. DUBOIS 

University of Pennsylvania 

DEMONSTRATION OF PRESENCE AND 
ACTION OF CARBONIC ANHYDRASE IN 

LUNG TISSUE 

Although it was Dr. Chinard (Chinard, Enns, 
and Nolan, 1962) who first called my attention 
to the fact that analysis of lung tissue by Berfen- 
stam (1952) had shown the presence of carbonic 
anhydrase, even before that, there had been 
reason to suspect its presence. Experiments on 
alveolar COZ (DuBois, 1952) had shown that the 
rate of increase in the concentrat.ion during 
breathholding and the extent of its decrease in 
concentration during inspiration of fresh air 
seemed somewhat damped in degree compared 
to the output expected from pulmonary blood 
flow. The intcrpretation a t  that time was that 
the lung tissues were storing or releasing COZ, 
thereby acting as a reservoir having a capacity 
for C02. Indeed, a dissociation curve, carried out 
on dogs' lungs freed OF blood (DuBois, Fenn, and 
Britt, 1952) demonstrated that lung-tissue capac- 
ity for COz was much like that of plasma, or 
muscle tissue. Fenn and Dejours (1954) further 
extended the experiments on breathholding and 
deep inspiration. 

PATHWAYS OF REACTION IN 'PIE 
LUNGS 

The various sites of COZ reaction in the lungs. 
as we no .Y conceive them, are shown in the di,g;ani 
below indicating the apparent pathways of COz 
exchange in lung f issue, blood, and alveolar a,ir. 
The horizontal lines indicate relative imperme- 
ability, whereas thr , dashed lines show perme- 
ability. CA stands $91 carbonic anhydrase, C1- 
for the chloride ion tha shifts, and p:ot,. i1.r 

protein. Water shifts are not shown. 

0 2  Alveolar gas : 

Lung tissue: 
lr 

c02 

11 
CA I1  

Prot.+H++HC03- H2C03=N20+C02 

Plasma : 
Prot.FtH++ HC03- e H2C03+H2O f COz 

DILVTION SPACE OF 6 0 2  AND 
BICARBONATE: IN 'FHE LUNGS 

Chinard et al. (1962) found that bicarbonate, 
injected in a pulmonary artery, stayed within the 
circulation, provided that a carbonic anhydrase 
inhibitor had been given, but that its C02 was 
spread in the lung tissue pool if the inhibitor 
was not given. The question was whether the in- 
hibitor wm acting on the red cells or on the lung 
tissue to block the C02 transfer during a single 
passage of blood through the lung capillaries. 

Meanwhile, Sackner, Feisal, and DuBois (1964), 
using a body plethysmograph to study the absorp- 
tion or release of gases in the lung, found a lung 
tissue space for COz sirnilar to that which would 
exist if the dissociation curve of lung tissue were 
like that of plasma and if the reaction were com- 
pleted within a ':action of a second. About the 
same time, Hyde, Puy, Raub, and Forster (1968) 
measurcd the dilution pool in the lung for 13C02 
with a rn:29s spectrometer a..d measured the total 
amount of bicarbonate in the lung tissue. There- 
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fore, it seemed that there was sufficient enzyme 
present in lung tissue to rapidly hydrate or de- 
hydrate C o n  brought into diffusion equilibrium 
with the tissue. 

Feisal, Sacltner, and DuBois (1963) injected 
bicarbonate into the pulmonary artery and 
found that it gave up COz, which began to 
appear as the slug entered the lung capillaries 
and disappeared when the slug left the lung 
capillaries. But the COZ slug stayed in the capil- 
laries several times longer than did the imper- 
meable substances. The implication was that the 
COz reacted with the extravascular tissues, 
thereby creating a larger pool and longer transit 
time for this transient bolus to pass through. 

TRANSIENT VERSUS STEADY -STATE 
DILUTION SPACE OF COz IN THE 

LUNGS 

So far, however, these phenomena have all 
reflected the capacity of lung tissue to interact 
with a surge of COZ, accommodating part of the 
load by means of a reaction requiring carbonic 
anhydrase to possess sufficient speed. 

The next question is whether the preseiice of 
carbonic anhydrase in the lung tissue and the 
lung’s capacity to store or release COZ acts in any 
way to modify the steady-state transfer of COZ 
between the blood and alveolar air. Is the role 
analogous to or parallel to that of carbonic 
anhydrase in the blood? Presumably not, because 
reactions in the blood cannot be affected by 
events outside the blood, so carbonic anhydrase 
in lung t,issue cannot help unload CO2 from the 
blood in the luiig capillary. 

The alveolar COn in man acts as such a large 
reservoir of COz that inspiration dilutes and 
expiration removes some of the COz gas with 
each breath. In this process, t,he lung tissue is 
not needed to supply COz to the fresh air entering 
the lung, because the alveolar air is a sufficient 
reservoir. The tissue COZ only dampens the degree 
of the fluctuation by 10 or 20 percent. 

On passage of blood through the pulmonary- 
capillary bed, each molecule of COZ has a statis- 
tical chance of entering the various dilution pools, 
including those of the lung tissue. But, the lung 
tissue, in the steady state, gives back as many 
molecules to the blood as it receives from the 

blood, sbatistically speaking, and therefore the 
blood receives no net gain or loss as a result of 
this transfer. 

DAMPING EFFECT OF COz CAPACITY OF 

AKTERIAL Pco2 
LUNGS OK GILLS OS SWINGS OF 

In deep breathing, the damping effect of lung 
tissue on CO, excursions (Severinghaus and 
Stupfel, 1957) may be of some use in that alveolar 
COZ and arterial COZ would not fall to such a low 
level as they would without this damping effect. 

The possibility exists that the damping of 
swings in arterial COz may be more important 
in fish than in man. In man, the alveolar air acts 
as a buffer between the environmental COZ and 
the blood. In the Gsh; the water in the gills is 
less of a buffer. Thus, some rapidly reacting 
capacity of gill tissue in fish might act as a pro- 
tection against n sudden change in COz tension 
in the water, by “buffering” this change at the 
gill tissue level before the alteration reached the 
blood. This possibility is purely speculative. 
However, work on the role of carbonic anhydrase 
in fish-gill gas exchange (Hodler, Heinemann, 
Fishman, and Smith, 1955) reveals that Diamox 
prevented excretion of a bicarbonate load in- 
jected in the dogfish. This action is presumably 
at  the blood level, rather than in the gill tissue. 
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Influence of Carbonic Anhydrase Activity 
of CO, Across the Alveolar-Capillary 

HICHARD W. HYDE 
University of Pennsylvania 

We have studied the dynamics of COz exchange 
between alveolar gas, pulmonary tissues, and 
capillary blood by inspiring and breathholding 
with gas mixtures enriched with the stable 
isotope of COZ labeled with carbon-13 (l3COZ) 
(Hyde, Puy, Raub, and Forster, 1968; Hyde and 
Forster, 1962). 

Figure 1 is a mass spectrometer record taken 
during collection of the data. The subject first 
rebreathed 1.5 liters of a gas mixture containing 
12 percent COZ to make alveolar PCO, equal to 
mixed venous COZ. He then inspired a gas mix- 
ture enriched with WO,, acetylene, and neon. 
Thee  seconds later he exhaled, an alveolar gas 
sample wiis collected, and the gas concentrations 
were determined. Note that even though the 
total alveolar COz was relatively constant before, 
during, and after breathholding, the <13C02 con- 
centration fell from Z.5 mm Hg in t6e inspired 
mixture to 2.2 mm Hg in the expired alveolar 
sample. 

This procedure was repeated for breathholding 
times of 6, 8, and 12 seconds; the percent WO2 
in excess of the natural abundance, *COz, and the 
percent acetylene left in the alveolar gas were 
plotted against time of breathholding (fig. 2). 
The line of least mean squares was drawn through 
the experimental points. The initial rapid dis- 
appearance of acetylene cletermined by extrapo- 
lating back to time zero permits calculation of,the 
pulmonary tissue volume, Vtis, and from the 
slope of the line, pulmonary capillary blood flow, 

'This work was supported in part by research grants 
HE-10324 rtnd HE-4108 from tho National Heart Insti- 
tute, US. Public Health Service. Dr. Hyde is an &ab- 
lished invartigat 3r of the American Heart Amociation. 
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FIGURE l.-Mass spectrometer tracing recording m s  & 
(UCO,) before, during, and after breathhUim &ifh nnc 

mizture enriched with WOz. 
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FIQIJRE 2.-The rale of &sappearanee of a e e t y t m  ((=2Hz) 

and *CO, from the alveolar g a s  during hreatkhKag. 
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e, can also bc determined (Cander and Forstcr, 
1959). Similarly, for *C02, the initial rapid 
disappearance of the isotope must, be caused hy 
exchange wit,h COZ in Vtis. The data allow 
calculation of this volume of COz, and in five 
adult humns  we found the average volume of 
COZ in Vtis to  be 200 ml STPD. The slope of the 
disappearance curve for *COz is a functim of the 
uptake af *C02 by t,he capillary blood. From this 
slope) 0, can be calculated. We found oc deter- 
mined with acetylene and *C02 to be almost 
identical, meaning that there must be little or 
no alveolar t,o end-capillary gradient for COZ. 

Figure 3 illustrates the alterations that take 
place after the administration of a very large 
amount of carbonic anhydrase inhibitor (acet- 
azolamide 100 mg/Kg). Note that the initial dis- 
appearance of *COz is reduced from 45 to 18 
percent and the subsequent disappearance is 
much slower. Even though Qc measured with acet- 
ylene increased from 6.4 to  10.9 liters/min after 
the administration of acetazohtmide, Qc cal- 
culated from th.: *COZ data fell from 6.4 to 3.0 
lit ers/min . 

Sonie examples of the information that can be 
obtained from this type of data follow. 

too- . . 1 I 

BREATH HOLDING, SEC 
FIGURE %-The rate of disappearance of C~HZ and *COz 

from the alveolar gds after the administration of a large 
amount of the carbonic anhydrase inhibitor acetazolamide. 
The heavy broken line represents the rate of disappearance 
of *COZ expected i f  there was 1u) inhibition of carbonic 
anhydrase actiait2/. 

THE IN VWO COZ DISSOCIATION CURVE 
OF LUNG TISSUE 

From the init,ial disappearance of *COz, the 
COz content of the pulmonary tissues Vti, at 
mixed venous C02 can be determined, resulting 
in the middle point of the COZ dissociation curve 
shown in figure 4. The slope of the dissociation 
curve above and below this point can be deter- 
mined by collecting alveolar gas samples after 
rapidly inhaling and exhaling gas concentrations 
containing 12 percent COz or 0 percent C02, 
respectively (DuBois, 1952; Fenn and Dejours, 
1954; Hyde et al., 1968, app. I). The C02 dis- 
sociation curve for lung tissue (fig. 4) is similar 
to the curves published for plasma, brain, and 
muscle (Ftahn, 1962). At resting lung volume, 
these curves indicate that approximately 2 ml 
of Con move into or out of the tissues for each 
mm Hg change in alveolar PcO2. Because this 
movement takes place in a second or less (Sackner, 
Feisal, and DuBois, 1964), it will produce approx- 
imately a 30-percent reduction in the swings in 
alveolar P G O ~  secondary to pulsatile pulmonary 
capillary blood flow and tidal ventilation. 

FORMS OF C02 PRESENT IN LUNG T'SSUE 
AND PULMONARY CAPILLARY BLOOD 

After administration of acetazolamide, the 
C 0 2  space in the lung tissues (initial COZ loss) 
and the exchange with capillary C 0 2  (subsequent 
loss over time of breathholding) was reduced to 
one-quarter of the level measured without in- 
hibition of carbonic anhydrase. Because the 
inhibitor presumably only interferes with the 
exchange of *COz with bicarbonate, the difference 
in the size of the COZ space before and during 
carbonic anhydrase inhibition must rcpresent the 
bicarbonate space in the tissues and capillary 
blood. The fractionalization of total COZ into 
bicarbonate, physicallydissolved COZ, and other 
forms of COZ is shown in figure 5. The 
fraction of COz in the form of physically dis- 
solved COz was calculated frow measurements of 
the size of Vtia (Cander and 3orster) 1959), 
capillary blood volume V,, the mixed venous 
PcO2, and solubility of COz in water at 37 C. 
Note that 11 to 21 percent of the total COZ cannot 
be accounted for as bicarbonate or physically 
dimolved COz. In the case of blood, this fraction 
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can be ascribed to carbamate. In the tissues this 
may represent a Con-protein complex such as the 
barium insoluble COn fraction in rat muscle 
(Conway and Fearon, 1944). 

300 . . I m 

‘0 20 40 60 80 100 

Pco20F V MM HG 
TIS ’ 

FIGURE 4.--C02 dissociation curves of pvlmonary paren- 
chymal tissue (Vti8) i n  five humansubjecls. 

CALCULATION OF pH OF LUNG TISSUE 

Since both the bicarbonate fraction and physi- 
cally dissolved Con in the lung tissues are known, 
the pH of lung tissue can be calculated with the 
Henderson-Hasselbalch equation. At mixed ve- 
nous Pco~, mean pH in five subjects was 6.92f 
0.07. This value is slightly higher than recently 
reported values using an indicator dilution method 
(ElTros and Chinard, 1968). 

PULMONARY DIFFUSING CAPACITY FOR 
c02 

In the presence of active’ carbonic anhydrase, 
blood flows determined from the rate of disap- 
pearance of acetylene and *C02 were almost iden- 
tical, indicating there was little or no alveolar to 
end-capillary gradient for CO,. All we can con- 
clude is that within the accuracies of our analyti- 
cal methods, diffusing capacity for CO2, (DLco~), 
must be a value in excess of 200 ml/(minXmm 
Hg). However, after the administration of a 
large dose of carbonic anhydrase inhibitor, an 
alveolar to end-capillary C02 gradient is pro- 
duced and DLCO~ can be measured accurately. 
Figure 6 illustrates the changes in Pcoa taking 
place along the pulmonary capillary during 
marked inhibition of carbonic anhydrase. The 
P C O ~  at the start of the capillary was assumed to 
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Raun~6.--Rate of fall in capillary PCO, along the & 
m r y  capiuarg during marked inhibition of carbonic FIUUI~E 5.-Form of C02 present in capillary blood and 

lung tissue. anhydrase aelivlty. 



be equal to the inixed venous PcoS and was meas- 
ured by the rebreathing method (Hackney, Sears, 
a d  Cdlier, 1958). Alveolar PcoZ was estimated 
from the end expiratory PCO, measured with the 
mass spectrometer. The end capillary PcoZ was 
calculated from the dinusing capacity for CO,, 
measured by t,he isotope breathholding method 
(Hyde, Forster, Power, Nairn, and Rynes, 1966), 
and the mean capillary transit time determined 
from Qc and an estimation of the pulmonary 
capillary blood volume. Because DLCO~ had 
fallen from a value over 220 ml/(minXmm Hg) 
to 42 ml/(minXmm Hg), there is an alveolar to 
end-capillary CO, gradient of 14 mm Hg. The 
hyperventilation resulting in the low alveolar 
Pcot was probably the result of high levels of 
Pco2 in the respiratory centers secondary to 
carbonic anhydrase inhibition (Mithoefer and 
Davis, 1958). 

Figure 7 illustrates the importance of carbonic 
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anhydrase activity for COz exehange in the lungs 
when the alveolar PCO, is maintained at 40 mm 
Hg. Curve A represents the fall in capillary 
Pco2 as blood traverses the lungs in a man with a 
D L ~ ~ ~  of 250 ml/(minXmm Hg). Alveolar- 
capillary equilibration is reached at about one- 
third the distance along the capillary. Curve B 
represents what would happen if the subject lost 
the carbonic anhydrase activity in his blood. 
There would then be an alveolar to end-capillary 
gradient for CO, of 4 mm Hg. 

Curve G describes the events along the capillary 
during carbonic anhydrase inhibition in a subject 
with a disease that reduced his capillary blood 
volume and pulmonary membrane diffusing 
capacity to one-third of normal. In  this case there 
is an alveolar to end-capillary CO, gradient of 24 
mm Hg. A similar gradient would result in a 
normal person with severe carbonic anhydrase 
inhibition during heavy exercise. 
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Rates of Chloride-Bicarbonate Exchange Between Red 
Cells and Plasma 

JOHANNES PIIPER 
Max Planck Institute of Experimental Medicine 

I -  

.- NTO-2331 G&ttingen, Germany  

Attempts to determine the rate of processes involved in the equilibration of COZ between red 
cells and plasma (hydration/dehydration of COJHZCO,, transfer of HCOJ- and CI-) tire re- 
viewed. Measurements using either a thin layer of blood (Luckner, 1939) or the rapid reaction 
technique with filtration (Dirken and Mook, 1931; Tosteson, 1959; Piiper, 1961) have shown that 
a t  37 C the processes are 90 percent complete in 0.13 to 1.1 seconds. Values estimated for pulmonary 
contact time (pulmonary capillary transit time) vary from 0.1 to 2.0 seconds. Comparison of 
pulmonary contact time values derived from measurement of Dco at varied oxygenation levels 
(Roughton and Forster, 1957) with the kinetics of COZ transfer between red cell: snd plasma 
indicate that the alveolar-capillary CO, exchange is probably not limited by these processes at 
rest, but might be during exercise. 

The process of COS exchange between blood 
and alveolar gas or tissue is complex, involving 
translocations and chemical reactions in series 
and in parallel (fig. 1).  As diffusion of molecular 
COz in a C02 pressure gradient is believed to be 
relatively fast because of the high solubility of 
C02, the rate-limiting steps could be one or 
several of the following component processes (in 
parentheses, fractional contribution to total COP 
exchanged or transported, according to Roughton, 
1964) : 

(1) The hydration-dehydration reaction, C02+ 
H20$H2COa, accelerated by carbonic anhydrase 
in the red cells (60 percent) 

(2) The transfer of bicarbonate ions across the 
red-cell membrane and the accompanying opposite 
transfer of chloride ions (45 percent) 

(3) The formation-decomposition of carbamino- 
hemoglobin (30 percent) 

Several investigators have studied the kinetics 
of COz exchange between red cells and plasma by 
disturbing the equilibrium between these two 
media and by determining the time course of the 
following reequilibration, measuring changes of 
chloride, total Cot, and its components in the 

plasma or in its substitute. As substantial changes 
in the 0 2  saturation of hemoglobin were avoided, 
the role of carbamino reactions must have been 
unimportant (the kinetics of these reactions is 
treated by others in this symposium). The hy- 

T 

Red Cell 
Hb 
WO"* Hb-COO-+H* 

FIGURE 1.-Schema oj the processes involved in  exchange of 
COz belween alveolar gas or tissue and blood. The percentage 
values (Roughlon, 2964) indicate the relative contrihlion 
of a component process in the overall COz exchange. 
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dration-dehydration reaction and the transfer of 
bicarbonate and chloride took place to a variable 
extent, depending on the conditions of the experi- 
ment. Most authors have used a modification of 
the rapid reaction apparatus of Hartridge and 
Roughton (1923) ; only Luckner (1939) has ap- 
plied a basically different method. 

THIN-LAYER TECHNIQUE (LUCKNER) 

Lucltner (1939) developed an ingenious tech- 
nique for measuring the kinetics of the chloride 
shift accompanying C02 exchange of the blood 
(fig. 2).  A thin laver of blood, optimally about 
10 microns thick, was spread out on a platinum 
surface that had been coated with silver chloride 
and, thus, in connection with a calomel electrode, 
functioned as a concentration cell for measure- 
ment of chloride concentration in the plasma of 
blood. The C02 partial pressure in the gas over the 
blood layer could be changed abruptly by lifting 
off the inner chamber of the apparatus. A typical 
record is illustrated in figure 3. On the average, 
the chloride concentration was founc 50 approach 
the new equilibrium. exponentially, with a half 
time of 0.11 second at  37 C in the blood of man, 
cow, and pig, both when P C O ~  was decreased or 
increased. 

The most critical condition in the experiments 
of Luckner appears to have been the thickness of 
the blood layer. He considered the shortest half 
times of exchange, which were observed with 

I h w m  2.--Schema of the thin-layer technique of Luckner. 
A thin layer of blood (10 microns) is equilibrated wilh 
gas 1. By lifting the inner cover, the blood is abruptly 
exposed to gas 2,  which has a different COZ content. The 
potential change measured by means of the AgCl electrode 
indicates the change in chloride concentration of blood 
plasma (Luckner, 1939). 

layers of 8- to 1Bmicron thickness, as best values. 
In  layers less than 8 microns thick, the exchange 
seemed to slow again, probably because of limited 
availability of bicarbonate and chloride in the 
thinned layer of plasma. 

The principal advantage of Llickner’s method 
is its excellent imitation of the C02 exchange in 
lungs or in tissues, because both the blood layer 
in the apparatus and the blood in the pulmonary 
or peripheral capillaries are open systems in re- 
spect to CO,, the C02 exchange occurring at  
approximately constant ambient P c o ~ .  

RAPID REACTION TECHNIQUE WITH 
FILTRATION 

Dirken and Mook (1931) first applied the rapid- 
reaction ttxhnique of Hartridge and Roughton 
(1923) to study the exchange of C02 between 
red cells and plasma. Lateq this technique was 
further elaborated by Paganelli and Solomon 

I,  

PIounE :<.-Change of chloride concentration in human 
blood plasma upon decrease of COZ partial pressure. 
(a) Original tracing (MV = millivolts; time marks are at 
0 . l - s e c d  intervals). (b) Analysis of the chav,ge i n  chloride 
concentration derived from the voltage change. Crosses and 
straight line: chloride change on logarithmic scale. Curve: 
chloride change on linear scale (Luckner, 1939). 



CHLORIDE-BICARBONATE EXCHANGE BE'IWEBN RED CELLS AND PLASMA 269 

JO.0 

28.0 

28.0 

14'0 

12.0 - 
1. z 20.0 

(1957), Tosteson (1959), and Piiper (1964). In 
principle, tho stream of mixed red cells and plasma 
(or its substitute) is led past one or more mem- 
brane filters that retain the red cells but allow 
passage of plasma by filtration, sided by elevated 
pressure in the flow system (fig. 4). The time 
available for cell-plasma exchanges is equal to the 
volume between the sites of mixing and filtration 
divided by t,he flow rate. 

- 

- 

1 
- 

N w d  I I  II 
I I  I 

Membrane Filter 
l0.6p) 

\ 

FIGURE 4-Schema of the Hartridge-Roughton rapid reac- 
tian apparaiwr adapted for measurement of GOz exchange 
by using filters impermeable to red cells. The relationship 
between volume V between site of mizing and site of filtra- 
tion, $0~0 rate &, and exchange time t is indicated. 

Time, sec 
Frcivng 6.-Measurmnent of the change of physically dis- 

solved Cot (+) and of bicarbonate ( X) in plasma after 
mixing red cells of low PCO, and separated plasma of high 
PCO, (from Dirken and Mook, 1951). 

Dirlten and Mook (1931) rcport the data of 
one experiment only (fig. 5) in which red blood 
cells equilibrated with room air were mixad at 
room temperature with separated plasma equili- 
brated with pure C02 gas. The pH and total C02 
content were measured in the filtrate, and bi- 
carbonate and physically dissolved COz concen- 
trations were calculated. While initially the physi- 
cally dissolved COz decreased very rapidly because 
of equalization of C02 pressure between cells and 
plasma, it fell more slowly thereafter, indicating 
conversion of COz into bicarbonate and transfer 
of bicarbonate from cells to plasma. The record 
shows that the transfer of bicarbonate was half 
completed in 0.16 second, with 90 percent com- 
pletion in 1.4 seconds. Determination of chloride 
in the filtrate gave highly scattered values. 

Using radioactive isotopes, Tosteson (1959) 
measured the transfer rate of chloride (and also 
of fluoride, bromide, and iodide) out of red cells 
into a chloride-phosphate medium. The outflux 
of chloride was found to be exponential, the half 
time averaging 0.22 second for human and bovine 
red cells at room temperature (fig. 6). The ra,te 
constants for the outflux of fluoride, bromide, and 
iodide were slower. Furthermore the outflux of 
chloride label was slowed down considerably when 
a chloride-free medium was used. In  contrast to 
all other studies reviewed here, these measure- 
ments were performed in electroch.emica1 equi- 
librium; i.e. , without viet exchange of chloride 
(or of other halides t)r bicarbonate). Because 
phosphate buffers probably in equilibrium with 

b I"', 04 
O f  0.2 0.3 t 0' 

h e ,  fer 

Proun~  ti.-Eflw of chlorideas from bovine wd e& into a 
chloride-plwsphate buffer solution at 26 C ( j r m  2%slewn, 
1069). 



room air were used, the bicarbonate concentration 
must have been low. 

Piiper (1964) measured the net influx piid out- 
flux rates of total COZ ex+.anged between erythro- 
cytes and true plasma or NaCl solution, or NaCl 
solution with 30 meq/l NaHC03, a t  37 C. The 
time course of the exchange did not differ signifi- 
cantly from the exponential (fig. 7). For the red 
cells of all species studied (COW, pig, and dog) 
and for both inward and outward movements of 
CO2, the half time averaged 0.04 second; the 
90-percent exchange time, 0.13 second. These rate 
values are much higher than those found by other 
investigators using similar techniques, but a reason 
for the discrepancy has not been found. In these 
experiments the amounts of physically dissolved 
C02 exchanged between red cells and plasma were 
relatively small, from 5 to 20 percent of the total 
amount of C02 exchanged because, unlike the ex- 
periments of Dirken and Mook (1931), high PGO:S 
were avoided. Also, in most cases the transfer 
of physically dissolved C02 and bicarbonate oc- 
curred in the same direction. Therefore, the hy- 
dration-dehydration reaction C02+H20~H2C03  
must have been involved to a quantitatively lesser 
degree than in physiological conditions. 

CRITICISMS 

The Hartridge-Roughton rapid-reaction tech- 
nique is fraught with various sources of error. 
Thus it is evident that too slow or incomplete 
mixing of the red cells with the fluid would result 
in too long exchange times. 

However, the most significant source of error 
(related not to the rapid-reaction technique in 
general, but specifically to the use of filtration in 
connection with the technique) seems to be that 
caused by an axial to marginal flow velocity 
gradient. When the marginal flow from which the 
samples are filtered is slower, the effective transit 
time for fluid elements in the marginal stream is 
longer than that computed from the mean flow 
rate and the volume of the tube between the sites 
of mixing and filtration. Thus the exchange rate 
i s  overestimated. 

The radial velocity gradient is expected to be 
particularly important in the case of hminar flow 
and less in turbulent Aow. From a consideration 
of the Reynolds number, Dirken and Mook con- 

b ob iro ci20 sec 0;s 
KonlnkIz~tl 

FfGunE 7.--C02 uptake by red cells (equilibrated wifh room 
air) from true plasma or from 4 solution containing SO 
meqll NaHC03, at 37 C (from Piiper, 1964). 

cluded that the flow under their experimental con- 
ditions must have been turbulent. Paganelli and 
Solomon (1957), as well as Piiper (1964), found 
that the flow rate was proportional to the square 
root of the driving pressure, which is the char- 
acteristic behavior of turbulent flow. Still, such a 
possibility cannot be excluded with certainty. 

In  this connection, it should be considered that 
the same streamline flr lv effect will influence de- 
terminations of the kinetics of O2 and COZ ex- 
change between cells and plasma by measurement 
of 0 2  or C02 partial pressure in plasma with elec- 
trodes positioned in the flow tube. In  fact, the 
rate of O2 uptake by red cells was found to be 
higher when Po2 in plasma was measured than in 
experiments in which the Oz saturation of hemo- 
globin was determined photometrically (Staub, 
Bishop, and Forster, 1961). 

LIMITING SINGLE PROCESSES IN THE 

EXCHANGE KINETiCS 
ERYTlIROCY TE-PLASMA C02 

The component processes of hydration-dehy- 
dration reaction, bicarbonate transfer, and chlo- 
ride transfer are functionally arranged in series. 
I t  will bc attempted to find evidence for any one 
of these to constitute the main limiting step in 
the whole process of CO2 exchange between red 
cells and plasma. 

In  the experiments of l'osteson, the time con- 
stant for isolated chloride exchange wm simiiar 
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to the tinit constant for tho whole exchange proc- 
css involving both the hydration-dehydration re- 
action and bicarbonate-chloride tra.nsfer as meas- 
ured by Luckner (1939) and by Dirlten and Mook 
(1931). This may be interpreted to indicate that 
the hydration-dehydration reaction is fast enough 
not to limit the whole COZ exchange process and 
that the limiting step is the exchange of bi- 
carbonate or chloride across the red cell mem- 
brane. Luckner presented the following arguments 
in support of the same conclusion: the rates of 
COz uptake and release by red cells were found to 
be equal; and the temperature coefficient &IO of 
tho process was from 1.2 to 1.4, close to the 
temperature coefficients of diffusioii in other sys- 
tems. 

That thl; hydration-dehydration reaction does 
not limit the COz exchniige in the lungs is further 
supported by the resuks of Feisal, Sacher, and 
DuBois (1963) in anesthetized dogs. Although a 
slight inhibition of the carbonic anhydrase pro- 
duced a small but measurable delay in the output 
of COz in the lungs, it did reduce the amount of 
COZ output. However, the shorter exchange 
times measured by Piiper in experiments in which 
the hydrationdehydration reaction played a rninor 
role may be explained by this reaction being a 
significant delaying factor. 

Because, in the experiments of l'osteson, the 
exchange of chloride alone was not faster than 
that of the chloride-bicarbonate exchange found 
by Luckner and by Dirken and Mook, it should 
be inferred either that the trsnsfcr of chloride is 
intrinsically slower than that of bicarbonate or 
that their rates are about equal. The faster rates 
reported by Piiper for experiments in whit+ both 
bicarbonate and chloride were exchanged cannot 
be made to fit the picture. 

is whelher or not COZ equilibration is fast enough 
to assure practhlly full equilibration (Le., 
higher than 90 percent) during the pulmonary 
contact time. 

Since its first estimation by Itoughton (1945), 
based on pulmonary uptake of CO, several authors 
have attempted to determine the pulmonary 
contact time using various methods. The scatter of 
t,heir values, however, is considerable, exceeding 
that found for 90 percent COZ equilibration (fig. 8). 

The lowest values of the pulmonary contact 
time may be seriously questioned. The cinemat- 
ographic observation of injected india-ink par- 
ticles by Vogel (1947) possibly did not include 
the total pathway through the pulmonary cap- 
illary network, therefore resulting in transit 
times that were too short. Mochizuki and Fu- 
kuoka (1958) calculated their value, 0.23 second, 
from the alveolar-arterial PO, difference meas- 
ured in man during hypoxia, applying their 
theoretical analysis of 02 uptake by red cells. 
They might have underestimated the contact time 
for two reasons. First, they probably overestimated 
the effect of diffusion lindtation on the alveolar 
Oz exchange by neglecting effects of unequal 
distribution in the lungs. Second, assuming that, 
all diffusion resistance was inside the red cells 
and none in an alveolar membrane, they probably 
underestimat,ed the total resistance to 02 uptake 
in the lungs. 

RED-CELL PLASMA COz EXCHANGE 
KINETICS AND PULMONARY 

CONTACT TIME 

cMOchizuki,FuX~ha.f9Sd (man. ""44 
c Vogcl, 1947 ~of,riMmoloprophy) 

Whatever the limiting process in t>hc eryt.h- 

physiological significance of CO2 equilibratior, 

capillary transit time or contact time; i t . ,  the 
average time spent by red Cells in pulmonary O r  

peripheral capillaries. The qucstion to be examiiicd 

rocyte-plasma COZ equilibration may be, thc P~per.  1961 0 7 9  4 

jtinet,ics is derived from its relationship to the I'IWJlW g.-c@W'aPkon of PUlm'mY C d d  time Wi th  
90 percent equilibration time of bicarbmate or chloride 
belween red cells and plasm. The ,,dues of Dirken and 
Mook and of Tosteson have been a&pted to g7 c by use 
of the temperature coeficienls according to Luckmr (1948). 
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The highest value of pulmonary cont.act time, 
2.0 seconds, was determined from measurements 
of Dco at. different, levels of oxygenation according 
to the method of Roughton and Forster (1957) in 
anesthetized dogs (Sikand and Piiper, 1966). The 
DCO values were corrected for effects of inhonzo- 
geneity of the lungs, applying cerbain theoretical 
considerations (Piiper and Sikmd, 1966) that may 
bp questioned. If the uncorrected DCO value ob- 
tained for the coiiventional 10-second apnea had 
been used, a contac! time of 1.0 second iwuld 
have resulted. The value of 1.4 seconds was esti- 
mated by Piiper (1959) using a method based on 
transit of 0, saturation signals in isolated dog- 
lung lobes that possibly were not in physiological 
conditions. 

Measurements performed by several groups 
using the Drs niethod of varied oxygenation as 
iatroduced by Roughton and Forster (1957) 
have yielded pulmonary capillary volume values 
fo: restilig man corresponding to contact time 
valws in the range of 0.7 to 1.1 seconds. These 
values are clearly higher than most of those 
fonnd for 90 percent Cot equilibration (fig. 8). 
During nwcular exercise, the situation becomes 
more criticiil. Because the increase of cardiac out- 
put surpasses that of Dco slid of the pulmonary 
capillary volume, the contact time is decreased. 
According to ti:e extensive study by Johnson, 
Spicer, Bishop, and Forster (1960), the pulmonary 
contact t ine during heavy exercise was reduced 
to abolit 0.45 second. This value is lower than 
threc of the four values for 90 percent. CO1 
equilibration (fig. 8) .  It shculd be mentioned, 
however, that there is a large variation in the 
degree of increase of Dco during muscular exer- 
cise as determined by several authors, and the 
contact time derived therefrom should vary 
wcordingly . 

From file extter of the values shown in 
figure 8,)t is evident that any conclusions must 
remain tentative. However, consideration of pul - 
monary!' contsct time values based on capillary 
volums: determinations by the CO method in man 
seem: to indicate t.hat C02 exchange processes 
betneen red cells and plasma do not limit the 
C02 output in the lungs at rest, while during 
heavy exercise they must be taken into account 
us a potential limiting factor because of reduced 
pulmonary contact, t.ime. 
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The Rate of CO, Equilibration Between Red Cells 
and Plasma 

ROBERT E. FORSTER 
University qf Perinsylvania 

Any consideration of COz exchmge between 
red cells and plasma must dist.inguish between the 
movement of COO per se and the movement of 
HCO,-, possibly Cot- ,  H+, and H2C03. How- 
ever, it is difficult t:, separate the movement of 
the latter ions and molecules from that of the 
gas, because chemical reaction can rapidly con- 
vert one into the other. An exploratory approach 
to the question of the sped of COZ exchange of the 
red cell is to  calculate the time required for this 
qpr, to achieve diffusion equilibrium in a layer of a 
watery solution approximating the erythrocyte 
i r  dimensions and composit.ion. If we make this 
calculation, assuming that the membrane-diffu- 
sion resistance is negligible (which is equivalent 
to considering the diffusion coefficient to bc the 
same for COO as for water), that the equivalent, 
thickness of the red cell is twice 0.8 micron 
(Forster, 1964) , that the diffusion coefficient 
of COz in concentrated hemoglobin solution at  
37 C is 6.6X10-6 cmz/sec (calculated from the 
results of Longmuir and Roughton (1952), and 
that the diffusion coefficient is proportional to 
(molecular weight)*, t.hen the average [CO,] 
inside the water layer will be 90 percent of it.s 
final equilibrium value in 0.0007 second. (See ap- 
pendix.) A similar calculation for the case of 
O2 by Roughton in 1932 gave a 90-percent equili- 
bration time of only 0.0003 second, the slightly 
lower numerical value resulting from the lower 
cstimate of the diffusion coefficient iind the smaller 
half thickness used (Roughton, 1932). 

However, the assumption that C02 diffuses 
through the cell nicinbrane as cmily as it diffuses 
through protein solution is probably not justified. 
Thc difficulty is to decide what the permeability 

of the membrane t.0 COP is. A logical approach 
would be to  measure the diffusion coefficient 
for the materials comprising the membrane. 
Because there are lipids in the membrane and 
COz is generally more soluble in fats than in water 
(Radford, 1964), we would expect the perme- 
ability of the membrane t.o be greater than that 
assumed above; namely, that of a water solution. 
On this basis, COZ should equilibrate between 
the cell and its environment in less than 0.0007 
.st:ond. However, Blank and Roughton (1960) 
found 8 years agc t.hat the diffusion coefficient of 
lipid monolayers was considerably less than 
expected from measurements on the same mole- 
cules in nonoriented solutions, from which I drew 
the conclusion that it is not safe to assume that 
we can predict the permeability of a membrane 
from a knowledge of its chemical composition 
alone. 

A pininin1 value for the time required for COZ 
to equilibrate between red cells and plasma can 
be obtained by assuming that the ga passes 
through the membrane only via paths available 
t,o water, t,hat is, dissolving in water in “pores,” 
and that it does not pass through the remainder 
of the membrane; it does not, for example, move 
through the lipids on the basis of its solubility in 
t,hcm. The permeability of t,he red-cell membrane 
to water (by diffusion, not, hydraulic flow) is 
reported to be 0.0053 cm/sec (Paganelli an t  
Solomon, 1957), which for a membrane of 100-A 
t.hickn ss (Stein, 1967) corresponds to an effec- 
tive diffusion coefficient d in the membrane of 
5.3 X 10-9 cmz/sec. The self-diffusion coefficient, 
CZ,I,O in liquid water a t  37 C is 2.4 X cm2/sec 
(Dick, 1966; Wnng, hnfinsen, and Polestra, 
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1954). Thus the red-cell niembrane acts as though 
only 5.3X10-9/2.4X10-5 or 2.2X10-4 of the 
surface were available for the diffusion of water. 
One could as well consider that the dHo0 in the 
membrane was decreased by this factor, and that 
all t.he surface was available for exchange, al- 
though it is intuitively less likely. The in the 
membrane, on the basis of the original assump- 
tion, would also be decreased by this factor, be- 
coming 1.45X lop9 cm2/sec. 

The red cell ean be approximated as an infinite 
sheet of watery solution of thickness twice 0.8 
micron with a surface membrane layer 100 A 
thick (Forster, 1964). If the a,mount of dissolved 
COz in the membrane can be neglected, the 
mathematical solution of the diffusion equation 
is much simpler. Because the membrane is only 
one-eighth of the thickness of the cell, this 
approximation appeared justified. The increase in 
the average IC021 inside the layer after an 
initial instantaneous increase in the [COZ] on 
each surface is described by the equation (Carslaw 
and Jaeger, 1959, eq. 12, p. 122) 

where 

[COJ is the concentration of dissolved COZ at 
any time t and [COzl0 is the concentration 
of COz at the surfaces of the layer. 

&o2, membrane thickness layer 
A =  X 

dco2, layer thickness membrane 
(identical with A of Nicolson and Roughton, 1951) 

an, where n= 1,2 , , . , are the positive roots of 
CY tan a = A. 

diffusion coefficient in cell interior 
(membrane thickness) 

X t in seconds 

T= 

It is very fortunate that graphical solutions 
for this formidable equation are given in Carslaw 
and Jaeger. I only give the equation here because, 
to my knowledge, this type of calculation of red- 
cell gas exchange has not been reported before. 
Using the numerical values given above 

'2.2XlO-4xo.sx10-4 
A=------ = 0.059 

0.3 X 

The factor 0.3 is the diffusion coefficient of Nz in 
30 percent hemoglobin solution divided by the 
diffusion coefficient of NZ in water (Longmuir and 
Roughton, 1952) and is required because 2.2X 10-4 
is the ratio of the effective diffusion eoefficient of 
wat,er in the red-cell membrane to its value in 
water, not hemoglobin solution. From Carslaw 
and Jaeger : 

d C O z ,  inkrior LOO% (thickness layer) = 40.0 

and the time for 90 percent equilibration is 
0.038 second, a relatively slow process. The 
value of the permeability of the membrane is so 
low that the interior can be considered coni- 
pletely mixed. In fact, this permits one to make a 
much simpler calculation based on this assump- 
tion whence the 90 percent t.ime also becomes 
0.038 second, affording a good check on the more 
complicated coniputations above. 

Thus it turns out that the calculation of the 
rate of COZ exchange between the red cell and the 
plasma is critically dependent on the value used 
for the permeability of the membrane and that 
experimental measurements of the speed of COz 
exchange itself may be required even to provide 
a rough answer to the question as to whether 
this process can be rate limiting in blood-gas 
exchange. Unfortunately, this appears too difficult 
a problem for our present rapid-reaction appa- 
ratus. The difficulty can be seen in the lower 

FIGURE 1.-The decrease in  PcOz with time after mhing a 
1/10 suspension of normal human blood at a Pco2 of 
nearlu zero mm H g  with a solution of SO mM NaHC03 
at 37 C in  a continuw-flow rapid-reaction apparatus 
using a Pco2 electrode. In the lower curve, 0.36 mM 
acetazolamide has been added to inhibit the carbon anhu- 
drase. (Adapted from Constantine et al., 1966.) 
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graph in figure 1 which depict,s the change in 
Pcoz following the mixture of LL 1 :10 suspension 
of normal blood in saline-bicarbonalr. buffer at 
a PcoZ near zero, with saline-bicarbonate buffer 
at a PcoZ of T O  mm Hg. Both solutions contained 
3.5X10e4 M acetazolaniide. The ordinate is the 
difference between the measured Peon at a givexi 
t h e  and tlie init,ial PcoZ in the mixture before 
any chemical react.ions look place. The latter 
is calculated assuming complete mixing of t,he 
two sollitions and equilibration of the gas be- 
tween the suspending fluid and the celi contents. 
If COz did not enter the cell at all, the actual ini- 
tial PcoZ would be higher than the calculated 
value because the volume of dilut,ion 'was less 
t.han assumed. The volume of red cells was only 
1:40 of the volunie of the suspension, so that if 
no COz entered the cells, the initial Pcoz would 
be but one-fortieth higher than expected; this is 
1/40)(35, which is approximately 1 nim Hg. 
Inspection of figure 1 demonstrates t,hat we can- 
not measure the intercept, to this level of accuracy, 
even if gas equilibration had not proceeded at all 
by the time of the first P C O ~  measurement (0.007 
second). 

The sensitivity of the experiment could be 
increased by increasing the concentration of 
cells in the mixture, but it seemed unlikely that 
we would be able to detect an average PcOz 
difference between the interior of the cells and 
the suspension of less than that corresponding 
to half equilibration, and this not until 0.005 
second. Therefore we have not pursued this 
approach further. 

The difficulty in measuring the gas perme- 
ability of the red-cell membrane arises in designing 
an experiment in which the rate of cell-gas uptake 
is largely limited by the gradient across the 
membrane as contrasted with gradients within 
the cell. As seen above, if the diffusion resistance 
of the membrane is the same as that, of the cell 
contents, COz equilibration between the cell 
and its ambient will be complete in 0.001 second 
or less. The speed of this process is limited by 
gas diffusion within the red cell. If the diffusion 
resistance of the cell membrane is not several 
magnitudes less than that of water, it is necessary 
to provide a sink for the gas inside the cell to 
produce a relative reduction in the intracellular 
diffusion gradients. Hemoglobin is present in high 

concentration in t,he red cell and does just t.his for 
0 2  and CO, but even so the bound gas cannot 
diffuse readily within the cell because of the large 
molecular weight and small diffusing coefficient 
of the protein. The measured rates of OZ uptake 
by red cells are denerally sloker than are calcu- 
lated assuming the erythrocyte can be approxi- 
mated by an infinite layei of hemoglobin solution 
of about twice 0.8 micron (Forster, 1964). This 
discrepancy can be explained if we assume the 
diffusion resistance through the membrane par- 
t.ially linlits the rate of the process. On this 
basis, the apparent average value of the ratio, 
dmembrnnc /dinterior, for O2 in human cells st 
37 C is 0.0175. Choosing the value of 100 8 again 
for the membrane thickness, X in equation (1) is 
1.5, and the time for 90 percent equilibration is 
0.0024 second, Once again, however, we are not 
sure of the relation between. the permeability of 
themembrane for Oz and COZ. If these gases 
move t,hrough the watery parts of the mem- 
brane, its permeability will be almost the same 
for both, and the 90-percent equilibration time 
for COz would approximate that for OZ as 
above. On the other hand, if the gases diffuse 
across the membrane on the basis of their oil 
(cottonseed) solubility, then the apparent 

1.6/5 = 0.13335 because the oil/water partition 
coefficient' of O2 is 5, while that for CO2 is only 
1.6 (Lawrence, Loomis, Tobias, and Turpin, 
1946). The corresponding value for X would 
be 0.28, and t for 90 percent equilibration is 
0.010 second, a process that is within reach of our 
instruments. 

It might occur to you that the relative ini- 
portance of the diffusion resistance of the cell 
membrane could be exaggerated to make the 
measurement easier by using a ligand gas with a. 

dmembrnne /d intmior  for COZ would be 0.0175 X 

'The permeability of the red-cell membrane is calcu- 
lated experimental!y from the difference in concentra- 
t,ions in the two phases on either side of the membrane. 
It is not possible to measure the concentration difference 
in the membrane itself. The two phases are considered to 
be well mixed and the resistance to diffnsion t,hrough the 
membrane is assumed to be rate limiting. The actual con- 
centration difference within the membrane will be equal 
to the difference between the concentrations in the two 
external phases times the individual partition coefficients 
between the membrane and the respective external liquid 
phase. 



fast,er chemical reaction with hemoglobin. Un- 
fortunately, the velocity of the chemical re- 
action of hemoglobin with 02, and certainly that 
with NO (Gibson and Roughton, 1957), ap- 
proaches the "advancing front" condit>ion (Hill, 
1929), and further unlimited increases in t.he 
react ion velocity would not, eliminate int racellular 
gas concentration gradients during the exchange 
process. 

It should be possible to calculate t.he diffusion 
resist,ance of the red-cell membrane froni meas- 
urements of the rate of COZ exchange of the cells 
and from knowledge of the chemical reaction 
velocity for COz wit,hin the cell contents, an 
analogous approach to that just, discussed for 
0 2 .  Constantine, Craw, and Forster (1965) did 
measure the rate of COz uptake by a human red- 
cell suspension at 37 C using a continuous-flow 
rapid-reaction apparatus with a Pco2 electrode 
and found that the initial rate was only one-sixth 
to one-half that expected froni the known coli- 
cent.ration of carbonic anhydrase in cell hemoly- 
sates (Kernohan, Forrest, and Roughton, 1963) 
on the assumption t,hat it is the rate of intra- 
cellular hydration of CO2 that limits the overall 
speed of t,he process. This discrepancy has several 
explanations, the most. important of which is that 
diffusion is slowing the rate of exchange. Calcula- 
tion of the diffusion gradients within the cell 
indicates that they should not represent more 
than 24 percent of the t,otal Pco, difference 
(Constantine et al., 1965). On the other hand, 
Kernohan and Roughton (1968) have reported 
that, using a continuous-flow rapid-reaction 
apparatus to follow thermal changes, they have 
been able to ascertain that t,he catalyt,ic action of 
t,he enzyme in int,act bovine erythrocytes at 25 C 
is within 30 percent of that expected from the 
activity in hemolysates. The conclusions of 
Const,antine et al. depend on a series of calcula- 
tions and several assumptions and were based 
on cells froni a different species, so t.here are 
nunierous explanations for this disagreement. 
However, t.here are residual queries. 

Klocke, Rotman, Andersson, and I thought 
that NH3 was an ideal gas for the measimnient, 
of menibrane permeability.2 The rate of the reac- 

NHs~H;lN L 
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tion of NH3 with water is of the order of micro- 
seconds and can be considered instantaneous in 
coniparison with overall red-cell exchanges (Eigen 
and DeMaeyer, 1963). The henioglobin has a 
large buffer capacity, providing a sink for the 
OH- produced by the reaction. More significant 
is the fact that the products of the reaction, NH4+ 
and OH-, should diffuse approximately as rap- 
idly within the red cell as NH3 itself. Therefore, 
the rate of NH3 exchange of the red cell had a 
good chance of being limited by the permeability 
of the membrane. Experiments were carried out 
by nuxing a suspension of washed human eryth- 
rocytes at 37 C with a solution of NH3 in a con- 
tinuous-flow rapid-react.ion apparatus and using 
a glass pH electxode to follow t.he [H+] changes in 
the mixture with time. 

Figure 2 is the schemnt.ic diagram of the rap- 
id-reaction apparatus showing the position of 
the glass electrode, which had a complete response 
time of less than 10 seconds, including that of the 
strip-chart recorder. The pH was measured to an 
accuracy of better than 0.01 pH unit,. The tinie 
elapsed between mixing and the memurenient~ of 
pH was varied by insert,ing glass observdon 
tub2s of different lengths. 

In figure 3 is shown pH as a function of time in a 
typical reaction. There was no buffer present in 
the suspending fluid except. H++NH3=NH4+, the 
cells having been washed three times to remove 
f he plasma protein. Therefore, the extracellular 
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FIGURE 8.-The fall in  pH with time after mixing a 2 mM 
solution of NH3 in  isotonic saline and a suspension of 
normal human red cells with a hematoerit of 2i percent. 

fluid [NHs] can be calculated from the pH, know- 
ing the original total[NH3+NH~++l and the p K ;  t.he 
[NHa] inside the cell can also he calculated. The 
results for this type of calculation for the experi- 
ment shown in figure 3 are given in figure 4. The 
rate of movement of NHa into the cell can be 
calculated from the change in [NH3], and the 
permeability can be calculated by dividing by the 
gradient. A value of 0.0119 cni/sec was obtained. 
We believe that there are negligible inbracellular 
[NHz] gradients during these experiments by . .  

FIGURE 4.--The calculaled [NHa]  in  the suspending fluid 
(x) and the interior of the red cells (0) from the ezperi- 
ment of figure 3. The point farthest lo the right is the final 
equilibrium value. 

reason of calculations of the speed of diffusion of 
NFII and NHdf within the cell. Therefore, this 
permeability, given in terms of cm/sec (flux of 
moles/sec per concentration difference in moles/ 
cm3 per cmz of surface area), approximates that 
of the membrane alone. Although NH, and CO? 
are both uncharged sninll molecules (gases), we 
cannot calculate the ratio of their permeabilities 
in the membrane without. knowledge of its com- 
position, at le& of that portion of the membrane 
through which these gases permeate. If COZ and 
&-Ha pass through the red-cell membrane primarily 
on the basis of their water solubility in it (“pore” 
mechanism), then their membrane permeabilities 
should be in the ratio of (mol wt  NK8/mol wt 
COz)i, which equals 2 / m = 0 . 6 3 .  Pmem,,,~~t 
would equal 0.63 XO.0119 cm/sec, which approxi- 
mates the value for water, and thus results in a 
calculated 90 percent equilibration time of the 
order of 0.03 second, as computed above. 

If, on the other hand, COZ and n’Ha move 
through the red-cell membrane by dissolving 
physically in the membrane lipids, as is accepted 
classically (Pappenheimer, 1953), then the ratio 
of t.he membrane permeabilities of COZ and NH3 
should be equal to the ratio of their oil to water 
partition coefficients 3 in t,he membrane t,imes the 
reciprocal of the square root of t,heir molecular 
weights, namely 

where p is the respechive solubility in ml (STPD) 
per nil fluid at 1-atmosphere pressure. The parti- 
t,ion coefficient of NH3 between olive oil and water 
has been determined by Klocke and Andersson 
(personal communication) as 0.02. Therefore, 
the permeability for COz in tile membrane should 
be equal to 0.0119 cm/secX 1.6/0.02X0.63 =0.58 
cm/sec. Againotaking the thickness of the meni- 
hrane as 100 A, the diffusion coefficient for CO:, 
in the membrane is 5.8XlO-’ cmz/sec. The di- 
mensionless coefficient k of equation (1) is there- 
fore 

5.8X XOAX 10-4/(6.6X 10-GX ~ 7 . 1  

a See footnote 1, p. 277. 
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TABLE I.-PmealVilitg of Human Red Cell Membrum to Ions and Nonelectrolgtes at 37 C 

Permeability, 
cm/sec x 102 

Type of rapid-reaction ripparatus and sowcc Chemical species 

Continuous flow: pH electrode (Klocke, Forster, Rotman, and An- 

Calculated from NH3 measurements; from pore theory. 
CItlculated from NH3 measu:ements; from oil /water partition. 
Stopped-flow : light scattering (Blum and Forster ; unpublished). 
Continuous-flow: Millipore filtration (Paganelli and Solomon, 1957). 
Continuous flow: pH electrode (Klocke, Forster, Rotman, and An- 

Stirred vessel: pH electrode (Klocke, Forster, Rotman, and An- 

Continuous-flow : pH electrode (Klocke, Forster, Rotman, and An- 

Continuous-flow : Millipore filtration (Tosteson, 1959). 

dersson; unpublished). 

dersson; unpublished). 

dersson; unpublished). 

dersson; unpublished). 

*Osmotic. 
Diffusion. 

Referring to the graphical solutions in Carslaw 
and Jaeger (1959), we find that Dt/L2 = 1.26 for 
90 percent completion. Inserting the values for 
the diffusion coefficient within the red cell and 
for the thickness of the red cell of 6.6X104 and 
0.8 X respectively, the time required is 
0.001 second. This limit for the equilibration 
process is so rapid that it would not be rate deter- 
mining in any of the exchanges we have measured 
in the red cell and should not affect the speed of 
COZ exchanges. 

All these differenc approaches to the question of 
the permeability of the red-cell membrane to COz, 
which is the basic fact in determining the rate of 
exchange of the whole eryt,hrocyte to COz, 
founder on the problem of the mechanism by 
which it diffuses through the membrane, because 
without this knowledge we cannot. relate the 
permeability of COz to that of any other gases. 
However, it seems most likely that C02 diffusion 
through the red-cell membrane does not. limit 
physiological processes. 

I have discussed the movements of C02 in- 
dependent of its chemical react,ions with buffers, 
but in actual fact we cannot separate the ex- 
changes of C02 from the exchanges and reactions 
of bicarbonate and carbamates. Chemical analyses 
of blood are made under conditions of chemical 
equilibrium, but the COz may not have been in 
chemical equilibrium with buffers when the blood 

was in the tissue. Any exchange of COZ between 
the red cell and its surroundings disturbs, to  
some finite extent, the equilibrium of all per- 
meable ions and ionized impermeable molecules, 
leading to the movement of many ionic species. 
Table I presents a summary of the permeability of 
lhc red-cell membrane to some pertinent molecules 
and ions. C02 appears to be more permeable 
than most, and we would intuitively expect that 
C02 equilibration would take place before the 
ions in general are equilibrated. 

The rate of displacement of 0 2  from HbO2 in 
the red cell by an increase in [H+] can also give 
some index of the rate of C02 movement across 
the cell membrane. Figure 5 shows the change 
with time in [HbOz] of human red cells exposed 
to a sudden increase in external PcoZ and a de- 
crease in external pH. This decrement in [HbOt] 
was followed in the reacting mixture of a con- 
tinuous-flow rapid-reaction apparatus using a 
Po, electrode. The overall process presumably 
consists of the diffusion of C02 into the red cell; 
its hydrdion there, catalyzed by carbonic anhy- 
drase; the reaction of the €€+ produced with 
hemoglobin, leading to an increase in the dissocia- 
tion velocicy constant; and the dissociation of 
O2 from the pigment and its diffusion into the 
suspending fluid. The reaction of I-I+ with hemo- 
globin (step 3) is, presumably, extremely fast 
and can be considered instantaneous in com- 
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FIGURE 5.-The time m r s e  of the Bohr shift of human red 
cells. The  PCO, was suddenly increased from 8 to about 70 
mm Hg. The externat p H  was decreased from an  average 
of 7.96 to a n  average of 7.28. The temperature was main- 
tained at three different levels: 42.6 C (A);  Si C (*); 
and IS C (0). 

The ordinate is thc change in [OJIb] as a fraction of the 
total change that occurred ut chemical equilibrium. In 
these experimmta the change is a decrement. (Reproduced 
f r m  Forster and Steen (1968) with permission of the 
Journal of Physiology.) 

parison with the overall process: Even the 
diffc: ion-dissociation reaction of O2 within the cell 
(stel. 4) has a hdf time of the order of 0.030 
second. If we assume that steps 3 and 4 are in- 
stantaneous and that the rate of hydration of 
C02, step 2, can be calculated from knowledge 
of the carbonic anhydTase activity of cell hemol- 
yses, the data of Craw, Constantine, Morello, 
and Forster (1963) give a rate only one-tenth 
that expected from the measurements of Kernohan 
et al. (1963) on bovine hemolysates. In  other 
words, these measurements on the rate of the 
Bohr shift in human red cells give much the same 
answer concerning the possible diff usion resist- 

4 It. E. Forster, M. Kokowsky, R. A. Klocke, and H. 
ltotman (unpublished observations) have found that 
neutralization of H+ by hemoglobin solutions is completed 
before the continuous-flow rapid-reaction apparatus can 
measure it; less than 0.002 second. 

ance of the membrane to COZ as do the more 
direct measurements of the rate of COz uptake 
by red cells. Although it appears most likely that 
the diffusion resistance of COz t.hrough the mem- 
brane is not rate limiting, resolution of these 
disagreements should be sought in further ex- 
periments. 

I n  vivo, the rate of COz exchange between the 
red cell and plasma may not be limited by the 
movement of COZ itself, nor even its rate of inter- 
cellular hydration. The red cell is relatively im- 
permeable to cations, so H+ moves into it mini- 
mally. The permeability to anions and simple 
acids is much less than that to C02 and NHa. 
The “catalyzed diffusion” of Jacobs and Stewart 
(1942) must often be important in the transfer 
of H+ across the cell membrane. This mechanism 
consists of uncatalyzed dehydration of extra- 
cellular H2COa, the intracellular diffusion of the 
resulting COz, and the hydration of the COZ 
with the formation of H+ and HCOa-, the latter 
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FIGURE ti.-!l’ime course of the Bohr shift produced by adding 

lactic acid to a suspension of normal human red cells 
while keeping the Pcol constant at 8 mm Ng. The  extra- 
ceUukzr pH changed on mixing .from 8.12 to 6.9. I n  the 
lower curve i m M  acetazolamide was added to inhibit the 
carbonic anhydrase. The ordinate was calculated in the 
same way as in figure ti. (Reproduced from Forsler and 
Steen (1968) with pe~mission of the Journal of  Physiol- 
ogy .I 
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then exchanging across t,hc inenibrane for extra- 
cellular C1-. The net result is the movement of 
H+ into the cell. In the experiment described in 
figure 5, a gradient for dissolved COZ from the 
external fluid to the interior of the cell exists 
from the start, and the overall process is largely 
completed by the diffusion of existing COz. 
The process is rapid, with a half tim. of 0.120 
second (see Piiper, 1964). Figure 6, on the other 
hand, shows the results of experiments in which 
lactic acid was added to the suspending medium 
in the rapid-reaction apparatus, but in which the 
PCO, was initially unchanged; the PCO, of the 
cell suspension and the buffer with which it was 
mixed was 8 nim Hg. The half time of this 
process was 0.31 second. A large part of the 
t,ransfer of H+ into the cell had to take place via 
t.he dehydration of external HzCOa. At, the start. 
of the reaction, [HzCOS] in the mixed extracellular 
fluid was equivalent. to 3 partial pressure of dis- 
solved COZ of 5000 mm Hg while that inside the 
cell was equivalent to only 8 mm Hg. Thus, al- 
though no PCO, gradient originally existed, COz 
was formed in the exbracellular fluid and then 
diffused into the cell. This dehydr a t’ ion was uii- 
catalyzed (at least relatively) and its rate should 
have been determined by the equation (Roughton, 
1964) 

(3) 
d[CO,] ~- 89[Hf][HC03-] - -0.12[COz-J+ 

dt 3.5X 

[Cod, [H+], and [HCOa-] are the molar concentra- 
tions of dissolved COz, hydrogen ion, and bicar- 
bonate ion, respectively; t is the time in seconds. 
The uncatalyzed rate constant is 0.12 for the 
hydration of COZ and 89 for the dehydration 
reaction, bobh at  37 C. 3.5X10-4 is t.he acid dis- 
sociation constant for HzC03. If we assume that 
[H+] is constant for the duration of the reaction, 
this equation can be solved, giving an exponential 
relationship in which the exponent. is 

0. l2+S9[HC]/3.5 X (4) 

This is a convenient form in which to calculate 
the expected ratte of the reaction. Although [H+] 
is only rarely constant, the limits still can be 
calculated with expression (4). 

To return to the experiment shown in figure 6, 
at t,he start of the process the extracellular pH 
was 5.2; at  the final equilibrium it was 6.8. The 

original cell suspension at  pH 8.12 had been mixed 
with a buffer solution at  pH 2.8. If the whole 
reaction takes place at  pH 5.2, expression (4) 
gives 

0.124-89x63 X W6/3.5 X = 1.71 

The half time, asrrning a n  exponential process, 
is 0.693/1.71=0.4 second. It should be remarlred 
that the calculated rate is very dependent OT? the 
[H+] of t,he external fluid, and this proton con- 
centration will fall during the exchanges, slowing 
the process. If the reaction took place at  the 
final pH, 6.8, the half t.ime would be calculated 
as 4.3 seconds. Rigorously, we can only say that 
the average half time should lie between these 
two extremes. However, these Bohr shifts are not 
simple exponentials and the half time is an ini- 
proper, although convenient and simple, index of 
its speed. In figure 6, the process slows down 
much more rapidly than a true exponential, and 
the measured half t,ime should correspond more 
closely to the initial than to the later rates. We 
do not consider the discrepancy between the 
initial calculated half time of 0.4 second and the 
measured half time of 0.31 second unreasonable, 
particularly in view of the many assumptions 
involved. I conclude that, in these circumstances, 
the Bohr shift appears limited by extracellular 
HzCOa dehydration. 

This phenomenon is not a test-tube curiosity, 
because the same conditions should be obtained in 
the venous blood of exercising muscle, to which 
has been added lactic acid (Harris, Bateman, and 
Gloster, 1962). Because lactic acid cannot. per- 
meate the cell membrane readily (table I), the 
“catalyzed diffusion” mechanism must apply. 
During exercise, venous pH can be as acid as 7 
(Mitchell, Sproule, and Chapman, 1958), and 
because t,hese mcasurernents were not made 
instant,aneously and there can be a significant 
arteriovenous lactate difference (Harris et al., 
1962), the plasma pH actually in the vein during 
exercise may be still lower. Because the final 
equilibrated pH of the blood is greater than 7, the 
time required for completion of the “catalyzed 
diffusion” could be of the order of seconds, rather 
than of tenths of seconds. 

When acctazolamidc is added, t,he process is 
slowed (fig. 6, lower curve) because the hydration 
of COZ inside the cell becomes rate limiting. This 
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would not, however, be expected in whole blood. 
In  the illustrative experinlent the cells were only 
1/2OOth of the total volume, while in normal 
blood they would represent one-half. Theyefore, 
we can expect the uticatalyzed hydration of CO, 
within the cclls in whole blood to be about, 100 
times as great per unit volume of suspensioil, and 
not rate Lviting. 

In  conclusion, although there are no reported 
direct measurements of the permeability of the 
red cell to Cog, the diffusion of the dissolved gas 
is presumably very rapid and should not become 
rate limiting in the red cell. 'The in Vivo rate of COz 
equilibration i:fween the red cell and its am- 
bient medium, plus associated readjustments such 
as the Bobr shift, depend on chemical reactions 
and the exchanges of molecules and ions in addi- 
tion to Con, and may well take as long as several 
seconds for completion under extreme circum- 
stances. 

APPENDIX 

The average concentration of COZ, 3t, within 
a semi-infinite layer of water of thickness 2b varies 
with time according to the following equation 

( 2 N f l ) n  
Ox'[-( 2b rtd] 

wherc x,, is tdic concent,ration of COz at the sur- 
faces of t,he layer, d is the diffusion coefficient of 
COz in the layer in cn12/sec, and t is the time in 
seconds (Jost, 1952, p. 37, eq. 1.139). 
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DISCUSSION 

SIESJO: I wonder if Ih.  Forster has done 
any calculations himself on thc following or if he 
has seen any ot.lier calculations? I remember in 
Ilety’s (1951) review ‘of i n m  gases in tissue, he 
quoted Copperman’s calculations which used the 
intercapillary distances in tissues and the solu- 
bilit,y. From these it was possible to calculate that 
95-percent equilibration bet,ween the capillary 
blood and a tissue in the brain took around one 
or two seconds. Is that a reasonable figure? 

FORSTER: I went over these calculat.ions 
again for a book Dr. Papper edited (Forster, 1963). 
For inert gases this is purely a nmt.ter of what you 
choose for intercapillary distances. You can write 
many papers because all you have to do is choose 
a different. distance and get a different answer. 
With some of the moderately extreme values of 
intercapi!lary distance that people have obtained, 
such as in fat and even in brain, there might be an 
end-capillary-tissue gradient. Iiety tested the X20 
method by taking samples of brain and conyar- 
ing siniultaneous venous and brain If& concen- 
trations. They did not check, though; I do not 
know that anyone else has ever done it. This does 
not invalidate the blood-flow method, because for 
this you simply want, the integral of all the S20 
that hasgone in. Icety’s data certainly raise adoubt 
as to whether there is equilibration of inert gases. 
His alternative explanation, which I think is a 
more likely one, is uneven blood-flow tissue voiunie 
relationships. I do not know whether t.his answers 
your question. Pappenheimer has a very nice 
graph on the capillary diffusion exchange (Lanclis 
and Pappenheimer, 1963). You have a logarit,hmic 
relationship: and if you move it, just, a little you 
can get almost, anything you want. 

My guess is that for t.he brain the difference 
between 20- and 30-micron intercapillary dist,ance 
could make a tremendous difference in equilibra- 
tion, so it, becomes critical. 

SIESJO: It is critical for the intercapillary 
dist ances. 

FORSTER: Ikty’s value is down around 18- 
inicron radius (cortex) as I remember. We are 
talking about n rough, average, effective value. 
Normally, we would calculate that, effecbive 
value by determining whether t,herc wits a gradi- 
ent and then work baoltward. 

SIESJO: We calculated a gradient of about 0.5 
nim Hg between the mean tissue and tha mean 
capillary PcoZ using Ilrogh’s inodel which, of 
course, is an oversimplification. 

FORSTER: I think that we have gone about 
as far as possibit: with t,hese calculations. 

CAMPBELL: I would like to make some fur- 
t her comments on alveolar-arterial P C O ~  differ- 
ence cluririg rebreathing in the light. of the subse- 
quent presentations. The balance of the evidence 
suggests to my prejudice t,liat incompletion of the 
COn reaction in the blood in the pulmonary capil- 
laries is the most likely explanation. 

I think we should note that, whatever the 
explanation under these special conditions, t,he 
PCO, of blood drawn from a systemic artery and 
subsequently analyzed can apparently be several 
nim Hg different from alveolar Pco?. If this 
observation is confirmed and if the mechanism 
is operat.ive under ordinary conditions, it. will 
have unconlfortable implications for much clas- 
sical physiology which takes arterial Pco2 = alveo- 
lar PCO, in studies of alveolar composition, dead 
space, some diffusing capacities, and so forth. 

DAVIES: As I undersbood Dr. Forster’s last 
calculations, it would require several seconds 
for equilibration of blood coming from an active 
muscle that was producing much lactic acid, 
because the COa dehydration would occur in the 
plasma where there was no carbonic anhydrase. 
If this is so, then it should not be too difficult 
to observe a transient in the pH of blood conung 
from a working muscle. Perhaps t.he following 
experiment has already been clone-you put. a 
glass electrode in the venous outflow and measure 
blood pH as it. goes by. You should see a change 
in pH as measured by t,hat systcn, if you vary 
the time of transit from t,he muscle to t,he elec- 
trode. 

FORSTER : I do not believe anybody has done 
this. I applaud this as one thing to do, but it 
has been done in the eel swim \)ladder. Stcen has 
looked at. the venous blood coming back from 
the rete. The pH changes as i t  readjusts. There 
arc very large amounts of lartic add produced in 
t.he rete. 

DAVIES: I have riot xccn this work, unfortu- 
nately. Where is it, published? 
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FORSTER: This work is by Berg and Steen 
(1968). Tlie lactic acid that is produced in the 
gas gland flows out in the venous blood through 
the rete and diffuses across into the incoming 
arterial blood, raising its PO, by means of the 
Root shift. Steen realized there was a logical 
problem because for the countercurrent ex- 
ehmger to  function, O2 shwld move from the 
venous to arterial blood; t,his means the venous 
PO, must, be higher, and this leads to a possible 
paradox in net exchange of the organ if the 
venous blood actually had a higlw Tu, +hnn the 
arterial blood. However, Berg and Steen ilzeas- 
ured the outflowing venous blood Po, at different 
distances (t,inies) from the rete and found the 
PO? fell. Eel red cclls are niore impermeable to 
water (Bluni and Fait-e:). Therefore, by anafogy 
we would expect periods of at least teiiths of R 
second required for chemical readjustments in 
venous blood from an exercising muscle. 

DAVIES: Well: it. would be very nice for some- 
one to nmsure it. I always tell students that a11 
the measurenwnts you get using the Henderson- 
Hasselbach equation cannot be accurate by the 
very fact that the COZ is conung into the Blood 
in t i e  tissue and out of the blood in the lungs, 
SO it ia not an equilihriuni systtin and the value 
you get assuming equilibrium cmnot be accurate. 

The probleni is how far away from the rest,ing 
equilibrium value is the real value in the tissue. I 
ackno\vlcdge iLct in :I working niuscle thew is a 
lot  of lactic acid being fornied and soniehow t,liis 
seenis nicer to tne than this problem in the rete of 
an eel. Your explanation did not rnnl;e direct, sense 
to me, but that may be because I did not under- 
stand it. 

F4:'ORS'I"R: It works very well for the ?el 
though. 

DAVIES: It, should be possible to ineasure it 
rather simply aiid directly. 

REFERENCES 

BERG, T., AND 3. B. STEEN, Tlie llechairism of Oxygen 
Concentrstion in the Swim-Bladder of the Eel. J .  
PAuaid. (London), 195: 631-638, 1968. 

FORSTER, R. E., 1)iffirsion Factors in Gases arid Liquids. 
Ch. 3 of Uplakc and Distribution of dnesthztic Agent$, 
E. 31. Pappei aiid It. J. Kitz, eds., JIcGraw-IIiil, pp. 
"%!-29, 1963. 

REW, S. S., The Theory aiid Applications of the Ex- 
change of Inert Gas at the Lungs and Zssiw. Phar- 

LARDIS, E. X., AXD J. R.  P A P P z x H s i x m ,  The Exchange 
of Substances Through the Capillary Walk Yo:. I1 of 
Handbmk of Phydogy, sec. 2, Am. Physid. Soc., p. 

maco:. Rn.., 3: 1-41, 1951. 

1020, 1963. 



List of Participants 

co, SYI\IIPOSIUM 

AUGUST 19-21, 1968 

ABDOUD, RAJA T. 
Dept. Physiology (Grad. Div.) 
university of Pennsylvania 

William G. Kerckhoff-Henforschungsinstit-ut der 

Bad fiauheim, Germmy 
BERMAX, HERBERT 3. 

Dept. Biology 
Boston University 

BRADBFRY, SHELBY L. 
National Institutes of Health 

BRODS, ALFRED W. 
Dept. Xcledicine 
Creighton Univedty 

BEBQER, ROBERT L. 
National Heart Institute 
National Institutes of Henith 

USAF School of Aerospace Medicine (AFSC) 
CAMPBELL, E. J. MORAX 

Dept. Medicine 
McMaster University 

CAPLOW, MICHAEL 
Dept . Biochemistry 
Yale University 

Dept. Medicine 
Xew Jersey Collcge of Medicine 

Dept. Physiology (Grnd. Div.) 
University of Pennsylvania 

Dept. Biochemistry 
Yale University 

COLLIER, CLARENCE R. 
Dept. Physiology and Biophysics 
Lorna Linda University 

Dept. Biology 
Massachusetts Institute of Technology 

Dept. Animal Biology 
University of Pennsylvania 

ALBERS, CLAUS L. 

Mas-Planck-Gesellschft 

CAIN, STEPHEN hf. 

CHINARD, FXANCIS P. 

COBORN, RONALD F. 

COLEMAN, JOSEPH E. 

COOPER, T. G. 

DAVIES, ROBERT E. 

DORX'ER, FRIEDRICH 
Biological Laboratories 
Harvard University 

Dept. Physiology (Grad. Div.) 
University of Pennsylvania 

Biological Laboratories 
Harvard University 

Div. Geologied Sciences 
California Institute of Technology 

R.A.F. Institute of Aviation Medicine 
Farnborough, Hampshire, England 

Dept. Physiology 
State University of Xew York at Buffalo School of 

DoBors, ARTHUR B. 

EDSALL, JOHN T. 

EPSTEIN, SAMUEL 

ERNSTING, J. 

FARIlt, LEON E. 

Medicine 
FISHER, AROX B. 

Dept. Physiology (Grad. Uiv.) 
University of Pennsylvania 

Dept. Physiology (Grad. Wv.) 
University of Pennsylvania 

Dept. History and Philosophy of Science 
University of Pennsylvania 

Ilept. Pharmacology 
Albert Einstein College of Medicine 

Dept. Environmental Medicine 
Johns Hopkins University 

Dept. Physiology 
University of Florida 

Medical Science Service 
Rancho Los Amigos Hospital 
Dowliey, Calif. 

Uept. Neurosciences 
University of California in Snn Diego 

FORSTER, ROBERT E. 

GEORQE, PHILIP 

GROLLNAN, ARTHUR 

GURTNER, GAIL H. 

GUYATT, ANDREW 

HACKNEY, JACK D. 

HASTINQS, A. BAIRD 

287 



HENDERSOP;, LOUIS 
Chalmers Institute of Technology 
Goteborg, Sweden 

Dept. Physiology (Grad. Div.) 
University of Pennsylvania 

Second bept. Interiial Medicine 
Nagoya University School of Medicine 
Nagoya, Japan 

ITADA, NOBUIWUO 
Dept. Physiology (Grad. Div.) 
University of Pennsylvania 

E p t .  Physiology 
Queen’s University 
Kingston, Ontario, Canada 

Chemical Laboratory A 
The Royal Danish School of Pharmacy 
Copenhagen, Denmark 

KAWAKrnI, YOSHIK.UU 
First Dept. Medicine 
Hokkaido University Hospital 
Sapporo, Japan 

Biochemistry Dept. 
Dundee University 
Dundee, Scotland 

KESSELER, KARLBEINZ 
Physiology Institute 
University of Bonn 
Bonn, Germany 

Laboratory of Molecular Biology 
Cambridge, England 

Dept. PhjSology (Grad. Div.) 
Ukversity of Pennsylvania 

KBEUZER, FERDINAND J. A. 
Dept. Physiology 
R.K. Universiteit 
Nijmegen, Netherlands 

Dept. Biochemistiy 
New York University 

The Middlesex Hospital 
London, England 

Laboratoire de Chimie Biologique 
Pacult6 de MCdecine et de Pharmacie de Marseille 
Marseille, France 

Dept. Medicine 
Downstate Medical Center 
State University of New York 

HYDE, RICEARD W. 

IIDA, T. 

JENNINGF, D. B. 

JENSEN, hl. BALLUND 

KERNOEAN, JOHN C. 

KlLBfARTIN, J. 

KLOCKE, ROBERT A. 

LANE, M. DANIEL 

LASZLO, GABRIEL 

LAURENT, G .  

LAWSON, HAROLD 

LIWAS, ANDERS 
The Wallenberg Laboratory 
University of Uppsala 
Uppsala, Sweden 

Chalmers Institute of Technology 
Goteborg, Sweden 

Biochemistry Dept. 
North Carolina State Univerrity 

Dept. Physiology 
Lorna Linda IJniversity 

Dept . Pharmacology 
University of Florida 

Dept. Physiology (Grad. Div.) 
University of Pennsylvania 

Research Institute of Applied Electricity 
Hokkaido University 
Sapporo, Japan 

Instituto Venezolano de Investigaciones Cientificas 
Caracas, Venezuela 

Chahners Institute of Technology 
Goteborg, Sweden 

OAKLEY, DAVID E. 
Medical Center 
University of Colorado 

OLSZOWKA, ALBERT 
Dept. Physiology 
State University of New York at Buffalo 

Dept. Physiology 
University of Florida 

Dept. Medicine 
Albert Einstein College of Medicine 

Max-Planck-Institut fur Experirnentelle Medizin 
Abteilung Physiologie 
Hermann-Rein Strasse 3, Germany 

Dept. Chemistry 
University of Washington 

Dept . Physiology 
University of Rochester 

Dept. Laboratory Medicine 
University of Minnesota 

Dept. Rnzymology 
Instituto di Chimica Organics. 
Milano, Italy 

LINDSKOG, SVEN 

LONGMUIR, IAN 

LONGO, LAWRENCE D. 

&fAHW’T, THOUAS H. 

MENKES, HAROLD A. 

MOCHIZUKX, M. 

KEGISHI, KOROKU 

NYUAN, PER-OLOF 

OTIS, ARTHUR B. 

PESANDO, JOHN 

PIIPER, JOHANNES 

POCKER, Y. 

RODQERS, SUZANNE H. 

RosENnEllo, ANDREAS 

I~OSSI-BERNARDI, LUIQI 



LIST OF PARTICIPANTS 289 

ROUGHTON, F. J. W. 
Dept. Colloid Science 
Cambridge University 
Cambridge, England 

Second Dept. Internal Medicine 
Nagoya University School of Medicine 
Nagoya, Japan 

Naval Submarine Medical Center 
Groton, Conn. 

SCRUTTON, MICEIAEL C. 
Dept. Biochemistry 
Rutgers University 

Dept. Physiology (Grad. Div.) 
University of Penpylvania 

Dept. Xeurosurgery 
University of Lund 
Lund, Sweden 

SMITE, THEODORE C. 
Dept.. Anesthesia 
University of Pennsylvania 

SATAKE, TATSUO 

SCHAEFER, KARL E. 

SERA, KAZUAKI 

SIESJO, Bo K. 

STAW, ICAL 
Dept . Anesthesiology 
Columbia University 

Naval Submarine Medical Center 
Croton, Conn. 

TASHIAN, RICHARD E. 
Dept. Human Genetics 
University of Michigan 

Dept. Chemistry 
Yale University 

Dept. Chemistry 
Indiana University 

YAMABAYASHI, HAJINE 
Pulmonary Research Laboratory 
Osaka Adult Disease Center 
Osaka, Japan 

YOKOYANA, TETSURO 
Dept. Medicine 
Keio University 
Tokyo, Japan 

TAPPAV, DONALD V. 

WANC, J. H. 

WHlTNEY, PIXILIP 



PR&CEDING PAGE BLANK NOT FILMED. 

Index of Authors and Discussants 

Anderson, B., 109-114 Iil'euzer, J. 244-245 

Benedict, C. R., 183-192 
BergstCn, P. C., 89-98 
Bradbury, S. L., 168-169 

Campbell, E. J. M., 229-231, 244, 245, 285 
Caplow, M., 2%-30, 47-52, 53, 107, 167, 170 
Chersi, A., 131-138 
Chinard, F. P., 247-256 
Coleman, J. E., 141-154, 155-156, 167, 169-170, 

Cooper, T. G., 183-192, 193 
Cortivo, fig., 131-138 

Davies, R. E., 129, 285-286 
Derrien, Y., 115-120 
DuBois, A. B., 257-259 

Edsall, J. T., 15-27, 29-30, 53, 83784, 87-88, 99, 

Epstein, S., 5-14 

173 

.I - c- 
127-129, 155, 170 

Farhi, L. E., 233-241 
Rimer, D. L., 183-192 
Forster, R. E., 55-59, 245, 
Fridbourg, I<., 89-98 

275-284, 28s-286 

Gurtner, G. H., 233-241, 244 
Guyatt, A., 244-245 

Hackney, J. D., 245-246 
Hastings, A. B., 29-30, 54, 83, 128-129, 181-182 

Henderson, L. E., 121-125 
Henkart, P. (per J. T. Esdall), 170-171 
Hyde, R. W., 261-265 

Jarup, L., 89-98 
Jensen, M. B., 37-40, 53 
Jones, N. L., 229-231 

Kannan, I<. I<., 89-98 
Kernohan, J. C., 61-64 
Kilmartin, J. V., 73-81, 83-84 

193, 221 

Lane, M. D., 193, 195.206, 221-223 
Laurent, G., 115-120, 128 
Lazlo, G., 243-244 
Liljas, A., 89-98, 99 
Lindskog, S., 157-165, 167, 170, 173 
Liivgren, S., 89-98 

Maren, T. AI., 83, 99, 128-129, 167, 171-173 
Mildvan, A. S., 207-219 
Negishi, I<., 174-176 
Nyman, P. O., 99,109-114, 128-129 

Otis, A. B., 227 

Pace, M., 65-71 
Paradies, H., 89-98 
Piiper, J., 267-273 
Pocker, Y., 29-31, 53, 99, 128, 167-168, 170, 173, 

221 

Rossi-Bernardi, L., 41-45, 53-54, 65-71, 73-81, 

Roesi, C., 131-138 
Roughton, I?. J. W., 3, 29, 4145, 53, 61-64, 65- 

83-84, 128-129, 193 

71, 83 

Scrutton, M. C., 207-219, 221-223 
Siesjo, B. I<., 53-54, 285 
Song, S. M., 233-241 
Strid, L., 109-114 
Strandberg, B., 89-98 

Tashian, R. E., 127-129 
Tchen, T. T., 183-192 
Tobin, A. J., 139-llM) 

Van Kernpen, L., 65-71 

Waara, I., 89-98 
Wang, J. M., 30-34,101-105, 107 
Whitney, P., 176-177 
Wood, H. B., 83-192 

Q U.S. GOVERNMENT PRINTING OFPICE~ 1970 0-355-448 

291 


