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PREFACE

Recent advances in the fields of molecular biochemistry, biotechnology and
gene technology have been made possible by the continuous developments in the
separation sciences, which are becoming increasingly sophisticated in order to meet
the required needs. Among the techniques which have been playing a key role in the
analysis and isolation of biomolecules and the understanding of interactions on the
molecular level, liquid chromatography has been particularly useful.

Therefore, it is not surprising that the 4-day Third European Meeting of the
Groupe Fran(:ais de Bio-Chromatographie, organized jointly with the International
Society of Biorecognition Technology, and held in the beautiful capital of Burgundy,
Dijon, renowned for its history, art and gastronomy, attracted some 300 prominent
researchers from France, Belgium, Germany, Israel, Italy, Sweden, U.K., U.S.A.,
U.S.S.R. and The Netherlands.

Following a brilliant introduction on "Supramolecular chemistry: from molec
ular recognition towards molecular devices and self-organization", delivered by the
French Nobel Laureate Professor Jean-Marie Lehn, the themes discussed were bio
chromatography (supports and derivatization, hydrophobic interactions), molecular
recognition and affinity chromatography (biospecific affinity, immunoaffinity), pseu
dospecific affinity, protein conformation and chromatographic behaviour and mis
cellaneous topics.

In addition to the very informative lectures and posters on the latest devel
opments in these areas, this conference also provided an ideal podium for informal
exchange of experiences, much appreciated by the participants. The concurrent in
strument display demonstrated state-of-the-art technological advances.

It is hoped that this special issue will be a useful source of information to
researchers in this field, and an additional stimulus for the work that remains to be
done for a better understanding of the intriguing facets of life.

We acknowledge the kind assistance of Professors Sebille and Muller, and as
that of the reviewers, for their prompt and expert evaluation of the manuscripts.

Paris (France) ANTE M. KRSTULOVIC

JEAN-PIERRE DANDEU
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Investigation of liquid phase cooperative binding interactions
on the capacity of insoluble affinity adsorbents

A. G. MAYES

Biochemistry Department, University of Bath, Claverton Down, Bath BA2 7AY (U.K.)

1. HUBBLE*

School of Chemical Engineering, University of Bath, Claverton Down, Bath SA2 7A Y (U.K.)

and

R. EISENTHAL

Biochemistry Department, University ofSath, Claverton Down, Bath BA2 7A Y (U.K.)

ABSTRACT

Experimental data is presented to support the theoretical prediction of an enhancement of ad
sorption arising from a positively cooperative liquid phase interaction between a multivalent adsorbate and
free ligand. The results obtained with glyceraldehyde 3-phosphate dehydrogenase show a 4-fold increase in
adsorption to 5'-adenosine monophosphate cellulose in the presence of 3 liM nicotinamide adenine dinu
cleotide compared with that obtained in the absence of cofactor. Although the magnitude of the effect, and
the optimal free ligand concentration do not correspond to those predicted in the original model, the
discrepancies may at least in part be accounted for by a maldistribution of immobilised ligand, leading to
multiple cooperative interactions between adsorbate and affinity matrix. This can be qualitatively predicted
by an extension to the original model.

[NTRODUCTION

Separation techniques based on affinity adsorption have great potential for the
production of high value, high purity bioproducts, This results from the high degree of
selectivity and the consequently large purification factors which can be achieved.
However, as affinity adsorption is adopted as a process scale operation the
optimisation of empirically developed laboratory-scale methodology becomes impor
tant for maximising yield and quality of the end product.

Although much effort has been directed towards optimisation of the solid phase,
i.e., investigation of ligand immobilisation chemistry and the effect of both the length
and nature of spacer arms, there appears to have been little consideration given to the
possible contribution of the liquid phase to the overall performance of a system, for
example the possible gains achievable by using free ligand in the liquid phase to
enhance the binding of a positively cooperative enzyme to the solid phase,

The property of positive cooperativity, whereby proteins show sigmoid ligand
binding isotherms is a fairly common feature of multimeric proteins in free solution.

0021-9673/91/$03.50 © [991 Elsevier Science Publishers B.Y.
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The performance and capacity of affinity adsorbents is strongly influenced by the
affinity of the protein for the immobilised ligand. It therefore seems likely that adding
free ligand to positively cooperative protein in the presence of immobilised ligand will
increase the affinity of the protein for all available ligand and hence lead to tighter
binding of protein to matrix ligand. This hypothesis was examined quantitatively in
computer simulations by Hubble [1], which suggested that significant gains could be
achieved in an appropriate system. In this paper we report attempts to obtain
experimental evidence for this behaviour and compare the results with the theoretical
predictions obtained from computer simulation.

MATERIALS

N 6-(6-aminohexyl)AMP, N 6-(6-aminohexyI)NAD +, long fibrous cellulose pow
der, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), glyceraldehyde 3-phos
phate diethyl acetal and NAD+ were obtained from Sigma (Poole, Dorset, U.K.).

Free glyceraldehyde 3-phosphate was liberated from the diethyl acetal (Sigma)
by heating an aqueous solution in the presence of Dowex 50 H + resin, and was assayed
using GAPDH and NAD+ to check for complete hydrolysis of the acetal. This was
stored in aliquots at - 20°C until required.

Sepharose 4B came from Pharmacia (Uppsala, Sweden). All other chemicals
were of analytical grade.

METHODS

Preparation of nucleotide matrix derivatives
Sepharose 4B or long fibrous cellulose was activated with cyanogen bromide

using the method of March et at. [2]. The final wash was with 0.1 M sodium
bicarbonate pH 8.9 (buffer A). Matrix was resuspended in an equal volume of buffer A
and sufficient N 6 -(6-aminohexyl)AMP or N6 -(aminohexyl)NAD+ added to give the
desired concentration of matrix ligand. This was agitated gently for 16 h at 4°C. The
matrix was washed with buffer A and the washings retained for spectrophotometric
determination ofunbound ligand. The washed matrix was added to 1 M ethanolamine
and left at room temperature for 2 h to block any remaining reactive groups, then
washed with water, 1 M sodium chloride and water again before storage at 4°C as
a moist cake. Ethanolamine-Sepharose was prepared by activation followed by
immediate blocking with ethanolamine.

Ligand bound to the matrices was estimated by calculation of the difference
between ligand added and ligand remaining in the washings. Absorbance was
measured at 267 nm and a molar absorptivity of 17.7 mM- 1cm -1 used for calculations
[3]. Ligand bound to Sepharose was also estimated by direct spectroscopy of a 10%
suspension of matrix in glycerol-water (50:50, w/w) using a similar suspension of
underivatised Sepharose as a blank. The wavelength maximum and molar absorptivity
of the coupled ligand were assumed to be the same as for the free ligand. The two
methods showed close agreement.

Coupling was consistently found to be 94-96% for Sepharose and 50-60% for
cellulose.
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Nucleotide removal from GAPDH
Nucleotides were removed by charcoal treatment using the method ofGennis [4].

Treated GAPDH had an A 280 nm/A 260 nm ratio of about 2 and was stored as an
ammonium sulphate suspension at 4°C until required.

Assay ofGAPDH
GAPDH was assayed at pH 8.5 and 25°C in I ml of a buffer containing (final

concentrations) 50 mM sodium pyrophosphate, 5 mM EDTA, 10 mM sodium
dihydrogen orthophosphate, 0.1 M potassium chloride, 10 mM cysteine, 1 mM
NAD+, and 1 mM o-glyceraldehyde 3-phosphate (2 mM OL racemate) which was
added last to initiate the reaction. Enzyme (about 0.005 LU.) was preincubated for
8 min in the assay buffer to ensure complete reduction of active site thiol groups.
Increase in absorbance at 340 nm was followed using a Cecil 272 UV spectrophotom
eter fitted with a jacketed cuvette holder. Temperature was maintained using
a recirculating water bath and cuvettes were left for 15 min to equilibrate prior to use.

Equilibrium batch adsorption
A quantity of matrix equal to 4 ml settled volume was added to 20 ml 50 mM

sodium pyrophosphate buffer pH 8.5 containing I mM 2-mercaptoethanol and 1 mM
EDTA. The total volume was measured and the suspension added to a water jacketed
vessel maintained at 25 ± 0.3°C, stirred with an overhead stirrer to minimise physical
matrix degradation. A known amount of GAPDH was added and allowed to
equilibrate for about 10 min.

A 100-lll sample was withdrawn, spun briefly to sediment the matrix and 20-lll
samples of supernatant removed for triplicate enzyme assays. The total added ligand
concentration in the vessel was increased by adding a small volume ofNAD+ solution
and the system allowed to re-equilibrate for 8 min before repeating the cycle. This was
continued until the desired range of added ligand had been covered.

The concentration of free enzyme is found from the assays so, knowing the total
amount of enzyme initially added and the system volume (recalculated after each
cycle), bound enzyme can be calculated from the enzyme mass balance for each
concentration of added ligand.

RESULTS AND DISCUSSION

Fig. I shows the simulated effect of free ligand concentration on GAPDH
adsorption using theory developed by Hubble [I] and literature values for the binding
constants [4]. In contrast Fig. 2a--e shows plots of bound enzyme/total enzyme against
log added NAD + from batch adsorption experiments using AMP-Sepharose matrices
with different ligand densities. In order to keep the bulk average matrix ligand
concentration comparable the volume of the highest ligand density AMP-Sepharose
used was lower than that used in the other two experiments. As might be expected the
fractional binding in the absence of free NAD + (arbitrarily plotted at - 6.5) increased
with increasing ligand density but the predicted enhancement of binding on adding free
NAD+ was not apparent under the experimental conditions adopted for any of the
matrix ligand densities tested. Similar results were obtained for NAD+-Sepharose
matrices (data not shown).
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Fig. 1. The predicted effect of matrix ligand concentration on the relationship between free ligand
concentration and the fraction of enzyme bound for glyceraldehyde 3-phosphate dehydrogenase. The
affinity constants used were derived from the data of Gennis [4]. K, = 2.6' 103 , K 2 = 1.5' 104

, K 3 = 1.9'
105, K4 = 5.7' 103 M- 1 • The matrix ligand concentrations were: 1 . 10- 6 ,5' 10- 6 ,1' 10- 5,5' 10- 5 , I . 10- 4 ,
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The data obtained using AMP cellulose is shown in Fig. 3. Due to the low levels
of binding observed in this system the scatter of points in individual experiments was
greater than for the Sepharose experiments since the magnitudes of the changes in
bound enzyme were similar to the magnitudes of the errors. All the individual
experiments suggested that some enhancement of binding was occurring, with control
experiments using blank cellulose and ethanolamine-derivatised cellulose showing no
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effect. On combining the data from several runs with AMP cellulose the enhancement
is quite clearly seen (Fig. 3). An approximately 4-fold increase in binding was apparent
on adding free ligand and this compared well with that predicted for the bulk average
matrix ligand concentration used. In two other respects, however, the data were not
comparable with the predicted behaviour. The fractional binding of enzyme to matrix
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concentration 3.9 . 1O~4 M). Values plotted are means ± standard errors (/1 = 3). Values for no added
NAD + are arbitarily plotted at - 6.5.

ligand was about 1O-fold lower than predicted. This observation probably results from
restrictions imposed on ligand accessibility by the support matrix, and/or changes in
binding constants arising from the chemical effects of immobilisation. The second
deviation from the theoretical prediction is that the maximum observed binding
enhancement occurs at a lower free ligand concentration. This can in part be explained
by the effects of immobilised ligand maldistribution.

The difference in the behaviour of the cellulose and Sepharose matrices probably
arises as a result of their different physical structures and consequent differences in the
pattern of derivatisation. Sepharose beads are approximately spherical with a size
range of60-140 {tm. Fibrous cellulose approximates to cylinders oflength 100-250 ILm
and diameter about 25 {tm. Sepharose 4B beads are known to be porous with pore sizes
80-230 nm, averaging about 170 nm [5]. The porosity of the cellulose used is unknown
due to batch to batch variation of this natural product. It is generally composed of
porous "amorphous" regions, with greater porosity than cross-linked polysaccharides
like Sepharose 4B interspersed with compact "microcrystalline" regions [6]. Thus both
matrices used should be freely permeable to both small molecules and GAPDH. Hence
it does not appear that differences in accessibility could be a major contributor to the
different behaviour of cellulose and Sepharose matrices.

The diffusional path length to the centre of a particle is up to 6 times longer for
Sepharose assuming similar degrees of contortion in both matrices. Since both
activating chemicals and coupling ligands must diffuse into the particle from the liq uid
phase it is likely that the end product will not be a uniformly derivatised particle but
one with a "shell" of high ligand density at the surface and a concentration gradient
running to a minimum at the centre of the particle. The shorter the path length the less
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pronounced this would be expected to be. The result of this will be that the cellulose
matrix will have a more uniform ligand distribution, more closely approximating the
bulk average concentration than will the Sepharose matrix where the majority of the
ligand will be concentrated towards the external surface of the beads. This would have
two possible repercussions.

(1) The Sepharose matrix will behave as one with a higher ligand density thus
tending to swamp out the cooperative effect.

(2) The higher ligand density in the Sepharose matrix will lead to an increased
probability of multivalent interactions between protein and immobilised ligand.

This behaviour has been observed for a number of proteins with multiple
binding sites [7-9]. A bivalent interaction will have a higher affinity constant than
a monovalent one and if this is greater than or equal to the enhanced affinity ofenzyme
molecules partially saturated with free ligand then this will also swamp out any
enhancement which might have been achieved due to the cooperative effect.

The effect of localised high concentrations of matrix ligand together with the
consequences of multivalant interaction between macromolecule and resin can be
qualitatively considered using an extension to the model described by Hubble [I]. In
the original theoretical assessment of liquid phase cooperativity the assumption was
made that with low matrix ligand densities only monovalent interactions would be
possible between adsorbate and support. However, if localised high concentrations of
immobilised ligand occur the possibility of multivalent interactions between enzyme
and support cannot be discounted. The original model can easily be extended to
consider all theoretically possible interactions between a tetravalent enzyme and both
free and immobilised ligand. The broader model can be used to give a qualitative
indication of the effects that these multivalent surface interactions might be expected
to have on observed binding enhancements.

Development of the revised model leads to the formulation offourteen equilibria
describing interactions between individual complex species. For interaction with
soluble ligand:

[E][L] ~ [EL]

A similar set of equilibria can be formulated for the interactions of E with
immobilised ligand (M) using association constants Km1 - Km4 . Binding between
enzyme and both soluble and immobilised ligand can be described in terms of six
further association constants:

[EM][L] ~ [EML]
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Fractional binding ofenzyme to the affinity support can be described in terms of:

1': = L[EM i] + L[EM;Lj ]

m [E] + L[ELj ] + L[EM;] + L[EM;LJ

where i denotes number of sites bound to immobilised ligand andj denotes number of
sites bound to free ligand (for a tetramer I ~ (i + j) ~ 4).

This equation can be expressed in terms of the equilibrium concentrations of
Land M together with appropriate products of the individual association constants.
Where the association constants are known this relationship can be used to predict the
effect of free ligand concentrations on fractional binding as previously described.
However, the more general form allows the effect of permitting progressively more
complex multiple interactions between enzyme and adsorbate to be predicted. An
example of a prediction of this type is given in Fig. 4 using the same association
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Fig. 4. The predicted effect of multivalent interactions between enzyme and matrix ligand on the relationship
between free ligand concentration and fractional binding (association constants as for Fig. I, bulk average
ligand concentration 5' 10- 5 M). M denotes monovalent interaction, D divalent and T tri- and tetravalent.
Arrows denote the free ligand concentration giving maximal fractional binding.
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constants for GAPDH as detailed for Fig. 1. The curves obtained as the number of
permitted interactions with immobilised ligand is increased from I to 4 clearly show
a shift towards a lower optimal free ligand concentration together with a masking of
the enhancement effect. This was clearly observed in the Sepharose experiments where
masking of enhanced binding prevented the identification of an optimum free ligand
concentration.

The optimum free ligand concentration in the cellulose experiment was lower
than that predicted, indicating perhaps, that even in this case some multivalent
interactions were occurring.

No quantitative observations can be made at this stage concerning the levels of
binding (which should increase if multivalent interactions are occurring), since the
levels observed are much lower than those predicted. This may be due to changes in the
intrinsic affinity constants for the interaction of protein with immobilised ligand
relative to free ligand, as a result of the immobilisation process. Analysis is further
complicated as onlyl a proportion of the immobilised ligand molecules will be in
sufficiently close proximity to allow multiple simultaneous interactions with the
enzyme. It does, however, clearly demonstrate the trends produced by multiple
interactions.

CONCLUSIONS

The results presented demonstrate the occurrence of a liquid phase modification
of adsorption capacities arising from the cooperative interaction of free ligand with
a multivalent macromolecule. The effect observed is unlikely to be of significance in
currently available affinity supports given that it is only observed under conditions of
low immobilised ligand density and sub-optimal pH for binding (GAPDH shows
optimal binding at about pH 7, but shows no cooperativity in the liquid phase at this
pH). However, as both theoretical predictions, and the experimental results presented
here suggest that cooperative effects are masked by high localised concentrations of
immobilised ligand, it is possible that more significant capacity enhancements might be
observed with the soluble supports used in aqueous two-phase partition [10].

In formulating the theoretical relationships described we have only considered
the intrinsic cooperative properties of the adsorbate molecule. A more rigourous
modelling approach would be needed to take account of the surface cooperative effects
as described by Yon [11]. These arise from an increased valency of interaction even
where there is no intrinsic molecular cooperativity. The concept of cooperative surface
interactions resulting from immobilised ligand "clusters" in orientations suitable for
multivalent interactions with a multimeric enzyme has been used to describe the
binding of aldolase to phosphocellulose [11,12]. The increased apparent affinity arising
from multiple surface interactions is an additional factor which will tend to mask the
consequences of liquid phase cooperativity and lead to deviations from the response
predicted by simple models. In generating the predictions used in this work we have
assumed that the association constants between enzyme and insoluble ligands are
similar to those describing the interactions with soluble ligands. Clearly this is a gross
simplification even in the case of monovalent interactions with the support. When
polyvalent interactions are possible determination of appropriate surface association
constants becomes extremely complicated and requires much further work if accurate
predictive models are to be developed.
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Kinetic behaviour of a novel matrix ion exchanger,
carboxymethyl-HVFM operated at high flow-rate
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School ol Chemica! Engineering, University ol Bath, C!averton DOlvn, Bath BA2 7A Y (U.K.)

ABSTRACT

The kinetic behaviour of a novel coherent ion-exchange matrix, CM-HYFM, a carboxymethyl deriv
ative of cross-linked regenerated cellulose, was investigated using lysozyme as a model protein. The results
obtained were compared with those for two other commercial carboxymethyl cellulosic ion exchangers,
HC2 (Phoenix) and eM-52 (Whatman). The flow properties of the new matrix were by far superior to
those for the other materials whilst thc adsorption and desorption kinetics were also faster. The new resin
was able to sustain a superficial velocity of up to 8.78 m h -1 in a 147-mm J.D. column. In a 26-mm 1.0.
column, an only slightly faster velocity of 10m h - 1 was obtained. This contrasted with a limiting flow of
less than 1.5 m h - I with the other two packings. It was found that the kinetic rates of adsorption and
desorption depended on the /low-rate through the matrix improving as the /low-rate increased. It was
concluded that the highest flow-rates external mass-transfer resistances had been virtually removed and
any remaining transfer resistance was due to diffusion through the matrix. [n adsorption it was possible to
achieve 90'Yo adsorption within 8 min and 90% desorption within 5 min. Whilst the Whatman material had
similar desorption rates neither of the other materials were close on the adsorption rates taking almost
three times as long at the fastest sustainable superficial velocity for the CM-52 resin. These fast kinetics
were achieved with a high capacity ranging from over 800 mg per dry g at a relative high salt concentration
to over 2 g lysozyme per dry g for the unsalted lysozyme solution. Finally, no obvious swelling and
shrinking was observed when the CM-HYFM column of 110 x 10 mm J.D. was regenerated by 2 M NaCl
or 0.7 M NaOH solution for 40 min.

INTRODUCTION

The high separation efficiency and low energy requirements of ion-exchange
chromatography have led to its routine use in biochemical separation processes [1,2],
In 1986 Bonnerjea et al. [3] studied the published purification protocols and found that
ion exchange was used in 75% of all purifications. Traditional synthetic ion
exchangers have a high charge density, a high degree ofcross-linking and hydrophobic
character that lead to low protein capacities and denaturation of adsorbed bio
molecules [4]. A series of ion exchangers based on naturally occurring organic
macromolecules are better at separating macromolecules as they possess macropores
and a hydrophilic surfaces with lower charge density which tends not to denature the
proteins. The ion exchangers based on polysaccharides possess moderately good
hydraulic properties but relatively poor kinetics. Those based on cellulose, fast kinetics
but poorer flow properties and those based on inorganic supports, good flow

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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properties but poor capacities. There are difficulties in using several of these materials
on the large scale [5].

There are few publications referring to the use of high flow-rates. M icrogranular
materials usually use superficial velocities of around 0.3-0.4 m h- 1

• Levison el al. [6],
using the Whatman microgranular QA-52, or DE-52 in a 100-ml axial flow column (66
x 44 mm J.D.) achieved a flow-rate of up to 25 ml min-1

, 0.99 m h-1 superficial
velocity, beyond which higher flow was impossible due to the compressibility of the
resin. Levison el al. [7] also reported that they used a 160 x 450 mm J.D. column
packed with DE-52, a microgranular cellulose anionexchanger, at a volumetric
flow-rate ofabout 800 ml min-1

, i.e., only 0.3 m h-1 superficial velocity to separate egg
white proteins. Only in analytical-scale columns significantly higher velocities are
used, sometimes reaching 6 m h-1

•

Flow-rates used with cross-linked dextran exchangers are even slower. An
example of industrial ion-exchange chromatography to produce egg white lysozyme
used CM-Sephadex C-25 to adsorb the enzyme which was then eluted with I M NaCI.
The cycle time depended on whether the ionic strength was adjusted by dilution or by
desalting on Sephadex G-25. In the former case, the cycle time was 42 h and in the
second case 15 h [8]. Both cases indicated that one of the main reasons which caused
such long) cycle time was the low flow-rate.

Flow-rates through ion exchangers are usually limited by the compressibility of
the matrix. The granular materials with larger particle sizes can allow fast flows but the
large particles create internal transfer resistances which control the overall process.
The productivity of these processes for production purposes is thus limited by either
the diffusion within the particles or the flow through the bed. It will be shown in this
paper that the effect oflow flow-rates through the bed is to reduce further the inherent
velocity of the process leading to a potential reduction in throughput and hence
efficiency of use of the system.

In addition, the ion exchangers based on the cross-linked cellulose and dextran
in the physical form offibre, microgranular and sphericity show swelling and shrinking
when the ionic strength and pH of the carrier fluids are varied. This leads to the resin
bed being deformed and cracked and causes channeling and subsequent loss of
performance.

An ideal ion exchanger is sought with the characteristics of fast kinetics, high
flow-rate and stable physical form when varying the ionic strength and pH value. The
novel ion-exchanger, carboxymethyl-HVFM, (CM-HVFM) supplied by Biotech
nology Process Services (Durham, U.K.) is based on cross-linked regenerated cellulose
and is ina coherent rather than particulate form. It is shown in this paper to exhibit
high flow-rates at low pressures, and a high capacity. Because of its coherent form it is
not possible to form cracks in the bed when it is subjected to changing ionic strengths.

Here we report some of these characteristics of the new matrix and leave
a theoretical development for a future paper. Firstly, we examined the adsorption and
desorption kinetic behaviour of CM-HVFM under a variable column flow-rate. The
differential bed technique was used which allows us to assume the whole column (4 mm
long) was at the same condition.
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Lysozyme (Sigma, Dorset, O.K.) was dissolved in 0.01 M acetic acid-sodium
acetate buffer of pH 5.0.

A novel cross-linked cellulosic ion-exchanger (batch Wl) (Biotechnology
Process Services) was obtained in the carboxymethyl form (CM-HVFM). It was found
to have a maximum lysozyme capacity of 2100 mg per dry at pH 5.0. The 3-mm high
discs were supplied in diameter 2% larger than the LD. of the columns, which were
used to pack the columns. Two other carboxymethyl cellulosic ion-exchange resins
were obtained commercially. CM-52, a microgranular CM ion-exchanger, was
purchased from Whatman BioSystems (Kent, O.K.) and Indion HC2 (CM resin, size
between 350-400 ,urn, batch 1246) was obtained from Phoenic Chemical, Waitaki NZ
Refrigerating (Nelson, New Zealand).

A Sartorius (Surrey, U.K.) 0-3400 filter holder with distributor was packed with
either 2.7 g (0.3 g dry weight) CM-HVFM or 5 g of 1:1 slurry ofCM-52 or 4.3 g of 1:0.8
slurry of HC2. This produced a short 5.8-ml column (4 mm x 43 mm LD.

A 160 x 10 mm LD. adjustable glass column (Amicon, Stonehouse, U.K.)
packed with 0.5 g (dry weight) CM-HVFM was used for the 110 x 10 mm LD. column
of 8.64 ml volume. A gear micropump (Micropump, Concord, CA, U.S.A.) was used
for the higher flow-rates otherwise a Millipore (Bedford, MA, US.A.) peristaltic
pump or Autoclude peristalic pump (F.T. Scientific Instruments, Tewkesbury, U.K.)
were used. A LKB (Bromma, Sweden) Uvicord II monitor was used on-line to detect
the lysozyme concentration at 280 nm.

The experiments were carried out using the systems shown in Fig. 1. The sample
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Fig. I. Experimental devices. (a) Short column; (b) long column.
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to be loaded was placed in a stirred beaker from which it was pumped upwards through
the column. With the short column (Fig. la) a separate stream was pumped from the
beaker to the UV monitor and back to the beaker at a velocity of 1800 m h-I whilst for
the longer column (Fig. I b) the stream passed from the top of the column through the
UV detector. The short column was operated at a fast recycle rate and acted as
a differential bed in order to study the kinetics ofadsorption and desorption on the ion
exchangers. Before each adsorption run, the ion exchanger was equilibrated with pH
5.0 of0.01 M sodium acetate buffer then the whole system (Fig. la) was drained before
starting the run. Washing with pH 5.0 of0.01 M sodium acetate buffer was followed by
the adsorption and then desorption with 0.7 M NaCl solution. The CM-HVFM was
regenerated by 2 MNaCI or 0.7 MNaOH solution. A load-wash-elution process was
also performed on the longer column.

Two other larger diameter columns were used to measure the relationship
between flow-rate and pressure drop through the columns. These were both about 100
mm long x 26 mm or 147 mm J.D. Pressure was increased by increasing flow.

RESULTS AND DISCUSSION

The CM-HVFM isothermal adsorption curves shown in Fig. 2 were obtained for
lysozyme solutions adjusted to different ionic strengths with salt. The curve for 0.767
mS cm-1 ionic concentration was fitted to a Langmuir [9] isotherm with a dissociation
constant, Kd , of 0.08 mgjml and a lysozyme capacity (qrn) of 2010 mgjg. Such high
protein capacity might result from the large surface area to volume ratio of the open
irregualor network structure of the CM-HVFM. At a very low lysozyme concentration
the CM-HVFM showed a high equilibrium protein capacity, i.e. 1300 mg g-I in
equilinium with 0.2 mgjmllysozyme. When the ionic concentration was increased 21
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times to 16.3 mScm- l
, theqm value ofCM-HVFM only dropped to 863 mgg- l . Thus it

is suggested from Fig. 2 that CM-HVFM could be used to recover protein from
relatively low concentration streams at moderate ionic concentrations between 0.7 and
8 mS em-I.

When applying the CM-HVFM to low protein concentration streams of large
volume, there are two other performance factors, kinetic process and flow-rate, which
have to be considered and those will be discussed below.

The CM-52 and HC2 are also based on cross-linked cellulose thus they were
chosen as the controls. The first is in the physical form of irregular microgranules
(diameter 60-150 pm) and the second as almost spherical particles (diameter 350-450
pm). Fig. 3 shows the effect of pressure on superficial velocity for all three materials.
The superficial velocity through the CM-HVFM or CM-52 or HC2 in the short
column (4 mm x 43 mm I.D.), could reach 92.76 m h- l for CM-HVFM, 32.00 m h- l

for Indion HC2 and only 23.64 m h-1 for Whatman CM-52 at an inlet pressure of 1bar
where all three kinds of ion exchangers tended to plateau and when the inlet pressure
was increased to 1.7 bar no further increase in flow was observed. These materials are
not suited to high-pressure chromatography.

Although very high flow-rates are obtainable for very short beds, this is not
possible for long beds with the conventional materials. When the CM-HVFM or 60
g of 1:1 slurry of CM-52 or the HC2 was packed in a 100-mm deep polycarbonate
column of 26 mm I.D. (Fig. 4), it can be seen that at an inlet pressure of 0.4 bar the
superficial velocity of CM-HVFM could still reach 9.50 m h-1 in the upflow mode.
However, the CM-52 and HC2 could not maintain their previous performance. The
maximum superficial velocity of both of them was only about 1.00 m h- l and the
CM-52 inside the column was compressed to about 18% of its original length at the
inlet pressure of 0.7 bar due to pressure forces within the system. This accords with the
findings of Levison et al. [6]. The superficial velocity through the HC2 was slightly
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Fig. 4. The effect of column diameter and pressure on superficial velocity for CM-HYFM and comparison
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mode; 0 = 100 x 147 mm I.D. CM-HYFM, down-flow mode; ... = 100 x 26 mm J.D. CM-HYFM,
up-flow mode; x = 100 X 26111111 J.D. CM -52, up-flow mode; • = 100 x 26 mm J.D. HC2, up-flow mode.

higher than that ofCM-52 since the particle size ofHC2 was 3-4 times larger than that
of CM-52. It did not seem practical to examine the effect of increased column
diameters as this would have decreased performance of these exhangers still further. It
was also decided to examine the adsorption and desorption kinetics only up to
a flow-rate that could be sustained in the llO-mm long column for the latter
exchangers.

Scaling the column diameter up 5.7-fold to 147 mm J.D. would be expected to
create a serious flow problem as the effect of the wall support is lost. Data from
Levison et al. [7] shows that with DEAE-cellulose DE-52 the most practicable
flow-rate for diameters above 100 mm is 300 mm h-1

. With CM-HVFM (Fig. 4) the
increase in diameter only caused a further loss offlow ofabout 15% depending slightly
on whether the flow was up or down through the column. The superficial velocity was
not affected at 0.1 bar, and at 0.4 bar reached 7 m h-1 which suggests that a superficial
velocity of 5-7 m h-1 might be applied on the process scale.

Figs. 5 and 6 show the relationship between the kinetic rates of adsorption and
desorption and flow-rate for 5.8 ml of CM-HVFM in the differential bed (4 x 43 mm
J.D. column) when first fed with 180 ml of 0.5 mg ml-1 of lysozyme in 0.01 M sodium
acetate buffer at pH 5.0 to adsorb the lysozyme and then eluted with 180 ml of 0.7
M NaCI to desorb the adsorbed lysozyme at various superficial velocities. The same
elution volume as adsorption was llsed so that an indication of the overall mass
balance and the percentage adsorption can be gauged readily from the UV chart trace.

By using the differential bed column the column wall effect, axial dispersion and
uneven distribution could be neglected due to the recycle mode of the differential bed.
It is also possible to show directly how flow can affect the kinetics by altering the
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external mass transfer coefficient. This demonstrates the significant effect which mass
transfer external to the particles has on chromatographic kinetics. It is also clear that to
achieve these effects on a large scale it is important to have a matrix which will sustain
high velocities on a wide diameter column.

From Figs. 5 (curves A-E) and 6 (curves A-E) with the superficial velocity
varying from 2.97 m h- 1 to 92.76 m h- 1

, it can be seen that the rates of adsorption and
desorption increased with increasing superficial velocity. 80% of the total lysozyme
was adsorbed in 14 min and 90% of adsorbed lysozyme was eluted in 10 min at
a superficial velocity of 2.97 m h-1 (Figs. 5 and 6, curves A), while at a superficial
velocity of 13.88 m h-1

. 90% of lysozyme was adsorbed in 8 min and 90% of adsorbed
lysozyme was eluted in 6 min (Figs. 5 and 6, curves C), further increasing the superficial
velocity to 44.43 m h- 1 at the inlet pressure 0.21 bar required only 3.5 min for 90% of
lysozyme to be adsorbed and only 5 min for 90% of the adsorbed lysozyme to be
desorbed (Figs. 5 and 6, curves D). These times ofadsorption and desorption were only
slightly improved when the flow velocity was increased to 92.76 m h- 1 at an inlet
pressure of 1 bar (Figs. 5 and 6, curves E). It appears that the flow-rate is no longer the
main limiting factor above about 50 m h-1

, and that at this flow-rate external film mass
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transfer is no longer very significant. Conversely, at lower flow-rates the fastest
kinetics are not attainable due to increased mass transfer in the fluid phase. The
adsorption time for 90% lysozyme adsorption and desorption of 90% adsorbed
lysozyme was reduced by factors of 5.7 and 2 respectively by increasing the superficial
velocity 15-fold, from 2.97 to 44.43 m h-1

.

It is interesting to note that the desorption of CM-HVFM is less influenced by
external mass transfer (Fig. 6). Since the commercially useful flow-rates ofCM-52 and
HC2 are constrained (Fig. 4), the kinetic behaviour of adsorption and desorption of
CM-52 and HC2 is only described at flow velocity less than 1 m h-1

. Superficial
velocities of 0.99 and 0.51 m h-1 were used but otherwise the loading and process
conditions for the kinetics study of both CM-52 and HC2 were exactly the same as for
CM-HVFM.

Figs. 7a and b illustrate that the kinetic processes ofCM-52 are faster than those
of HC2 in both cases due to the large surface area to volume ratio of microgranular
material. With the same loading conditions as for the CM-HVFM, it needed 17 and 31
min to adsorb 80% ofloaded lysozyme for CM-52 at the superficial velocities 0.99 and
0.51 m h-l, respectively, whilst for HC2 it needed 27 min and 37 min under the same
conditions (Fig. 7a). Although the CM-52 exhibits faster desorption than HC2, it still
needed 10 and 14 min to elute 90% of the adsorbed lysozyme at 0.99 and 0.51 m h-1 ,
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respectively. The HC2 needed more than 40 min to elute the same amount of protein.
This is attributed to the larger particle sizes. The experiment described earlier (Fig. 4)
indicated that it was difficult to operate the 100 x 26 mm J.D. column packed with
CM-52 at a superficial velocity of more than 0.90 m h-1 because the microgranular
material was getting increasingly compressible. This resulted in higher and higher
pressures with the same flow-rates. It is apparent from the above data that this would
result in significant mass transfer limitation in the external film. It was thus not
possible to use the microgranular CM-52 or HC2 at their optimum kinetic rate owing
to the flow restrictions.

The higher flow velocities attainable through the new matrix, CM-HVFM, allow
much faster kinetics to be exhibited. Even this material has reduced flows on the
larger-scale columns and whilst 40 m h-1 would be kinetically optimum only 7 m h-1

can be sustained on the 100 x 147 mm J.D. column. This is about 20 times faster than
attainable on the Whatman and Indion materials.

By loading 50 mg lysozyme to the 110 x 10 mm J.D. column and then eluting
with I MNaCI at various superficial velocity from 0.910 to 13.750 m h-1 (Fig. 8) it is
found that desorption times decrease monotonically with increasing velocity. There is
a point, around 5.0 m h-1

, in both curves beyond which the time for eluting 80% and
90% of total lysozyme is reduced only slowly.

The advantages of very high velocities and fast kinetics can be realised in
a practical application. In Fig. 9, a complete adsorption desorption cycle that has not
been optimised is show for 0.5 g dry weight CM-HVFM packed into the longer
cylindrical column (110 x 10 mm J.D.). The feed was 340 ml of 0.588 mg ml-1 of
lysozyme in 0.01 M sodium acetate buffer at pH 5.0 with a superficial velocity of 8.87
m h-1

, 1.7 bed volumes/min. After loading the column was washed for 2 min with 2.7
bed volumes of buffer at the same flow-rate and then eluted with I M NaCI fed at 8.41
m h-1

• A sharp peak and short tail for the elution are observed with complete absence
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Fig. 8. Desorption time of80% (EI) and 90% (0) of total elution lysozyme at various superficial velocities.
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Fig. 9. Protein concentration in the column eluent. Adsorption started time 0, washing started at A, elution
at B. CM-HVFM in a 110 mm x 10 mm J.D. column, loaded with 340 ml of 0.588 mgjml lysozyme.
Superficial velocity 8.87 ml h - l.

of any measurable breakthrough even though the column was loaded to 50% of its
total capacity with 200 mg of protein on 8.6 ml or 0.5 g of matrix. The whole process
took less than 40 min. In a later experiment breakthrough was observed only when the
110 x 10 mm J.D. column had adsorbed 43 bed volumes or 365 ml of I mg ml-1

lysozyme at a superficial velocity 6.34 m h- 1
• The column capacity at the breakthrough

point was thus 365 mg of protein or 42 mg protein ml-1 of column. At this flow-rate
that took only 45 min for the adsorption. It was thus possible to load a solution
containing 1 mg ml- 1 of protein at nearly 1 bed volume/min with total adsorption on
a bed only 110 mm long.

During the above operation, the 110 x 10 mm 1.0. column was regenerated by
2 M NaCI or 0.7 M NaOH for 40 min and there was no obvious swelling and shrinking
observed which indicates a potential further advantage of the CM-HVFM matrix.

CONCLUSION

The new CM-HVFM matrix has several advantages over the microgranular and
spherical cellulosic ion exchangers:

(1) The kinetics of adsorption of proteins by carboxymethyl cellulosic ion
exchangers are controlled by external mass transfer at normal operational flow-rates.
Higher flow velocities allow faster adsorption and desorption kinetics.

(2) The bed of the CM-HVFM matrix maintains an open structure at high
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flow-rates, whilst the beds of microgranular and spherical matrix tend to be
compressed and block. The new matrix can thus sustain a superficial velocity of over
7 m h-1 in a 100 mm x 147 mm LD. column which is over five times the velocity that
can be sustained by the other materials. Flow-rates are normally restricted by
compression which tends to become worse in larger diameter columns leading to
slower kinetics in large-scale columns than small-scale columns. The faster flows mean
that longer beds are needed and thus it is important to have fast flow even in long beds.
A bed of 110 mm is long enough to avoid breakthrough when over 30 column volumes
have been loaded at 1 bed volume/min. The new material can thus be used to treat large
volumes of solution.

(3) It is suggested that the new matrix possesses an open structure for flow which
is not easily compressed but is clearly not rigid yet there are sufficiently short diffusion
pathways within the material that kinetics ofdesorption are not slowed down. The fine
structure of the new matrix is such that there are short diffusion pathways within the
cellulose and a very high percentage of the surface is accessible to direct convective
flow which leads to rapid kinetics that also are commensurate with the flow rate
allowing very fast large scale separations. The desorption rates are intrinsically faster
than adsorption and less influenced by mass transfer for the HVFM and HC2 although
the large particles of HC2 are influenced by mass transfer in the external phase.

(4) CM-HVFM can withstand changes of ionic strength and pH without obvious
swelling and shrinking, which can avoid the column bed being deformed and cracked.
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ABSTRACT

Immobilized metal ions were used for the affinity extraction of proteins in aqueous two-phase sys
tems composed of polyethylene glycol (PEG) and dextran or PEG and salt. Soluble chelating polymers
were prepared by covalent attachment of metal-chelating groups to PEG. The effect on the partitioning of
proteins of such chelating PEG derivatives coordinated with different metal ions is demonstrated. The
proteins studied were 0(2-macroglobulin, tissue plasminogen activator, superoxide dismutase and mono
clonal antibodies. The results indicate that immobilized metal ion affinity partitioning provides excellent
potential for the extraction of proteins.

INTRODUCTION

Immobilized metal ion affinity chromatography (IMAC), which makes use of
the selective retention of proteins on transition metal ions chelated to an insoluble
matrix such as agarose, was introduced by Porath et at. [I]. The important
contribution of Sulkowski [2] to the understanding of the underlying mechanism of
this selective recognition has made this concept one of the best suited in separation
technology, as evidenced by the increasing number of papers appearing in this field.
While the concept of protein affinity for metal chelates has been extensively studied by
the chromatography of proteins [3], peptides [4] and, more recently, of whole cells [5],
very few attempts have been made to introduce this affinity principle to the other
analytical and preparative separation methods [6]. The utilization of aqueous

a This paper is dedicated to Professor P.-A. Albertsson on the occasion of his 60th birthday.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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two-phase systems for the affinity purification of many molecules, using pseudo
specific ligands such as triazine dyes, is now well established [7]. Hence, it is of
considerable interest to exploit the affinity of proteins for immobilized (chelated)
metals in such partitioning systems. Both of these aspects are the subject of this paper.

However, certain requirements have to be met in order to exploit successfully the
IMA principle in affinity partitioning. First, an appropriate chemistry must be
developed for the preparation of soluble polymers with covalently coupled chelating
groups. Second, the impact of the protein surface topography on their recognition by
metal chelates has to be considered. Moreover, the microenvironment of the electron
donor grouping [5] on the protein surface may result in a variable mechanism of
protein recognition by a metal ligand.

EXPERIMENTAL

Polyethylene glycol (PEG) 6000 and 1540 were obtained from Serva (Heidel
berg, Germany). Dextran T-70 was obtained from Pharmacia (Uppsala, Sweden) and
bromoacetic acid from Aldrich (Steinheim, Germany).

C(z-Macroglobulin (C(z-M) was purified from fresh plasma [8]. Copper-zinc
superoxide dismutase (SOD) was a gift from Symbicom (Umea, Sweden). Single-chain
tissue plasminogen activator (t-PA) was kindly provided by Professor P. Wallen,
University of Umea, Sweden.

Preparation of metal chelate PEG
Iminodiacetate-PEG (IDA-PEG) was synthesized by reaction of bromoacetic

acid with aminomonomethoxy-PEG (amino-M-PEG) 5000. Amino-M-PEG was
prepared according to Cordes [9]. Briefly, 60 g ofM-PEG 5000 (Sigma) were melted at
65°C and water was removed under vacuum. After addition of3 ml of distilled thionyl
chloride, the sample was rotated for 6 h at 65°C under a nitrogen atmosphere to
exclude moisture. After removing excess of thionyl chloride by evaporation, the
residue was dissolved in 3 I of absolute ethanol and precipitated at 4°C. The dried
Cl-M-PEG was dissolved in 150 ml of water and 150 ml of ammonia solution (25%)
were added. The solution was placed in a sealed plastic tube and left for 100 h at 55°C in
a dry oven. After evaporation of the solvent, 53 g of amino-M-PEG were obtained.

For the preparation oflDA-PEG, 15 g ofamino-M-PEG dissolved in 100 ml of
water were reacted with 15 g of bromoacetic acid at pH 8.5 for 12 h and room
temperature. Then, 100 ml of water were added and the IDA-M-PEG was extracted
three times with 300 ml of chloroform. Phase separation was accelerated by
centrifugation. The combined chloroform phases were dried over anhydrous sodium
sulphate and the solvent was removed by distillation. After two crystallizations in
absolute ethanol, 12-13 g of IDA-PEG were obtained.

Metal charging oflDA-PEG was done by dissolving 2 g ofIDA-PEG in 10 ml of
50 mM sodium acetate (pH 4.0) containing the respective metal ions (Cu2+, Zn2+,
Ni2+, Fe3+) in a 1O-20-molar excess over the IDA-PEG. The solution was stirred for
1 h and then extracted with chloroform. The chloroform was dried and evaporated,
yielding 1.9 g of metal-IDA-PEG.

The metal content in solutions was determined by flame photometry using
appropriate standards.
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Preparation of two-phase systems
The two-phase systems were prepared from stock solutions of polymers in

water-40% (wjw) PEG and 20% (wjw) dextran. The polymer solutions were mixed
with buffer, water and protein sample to give the final concentration as indicated in the
legends to the figures. Affinity partitioning was performed by replacing part of the
total PEG with metal-IDA-PEG. The systems were equilibrated by 40 inversions at
n°e. Phase separation was accelerated by centrifugation at 2000 g for 2 min. Aliquots
were withdrawn from the top and bottom phases and analysed for the metal or protein
content. Similarly, two-phase systems composed of PEG and salt were prepared from
stock solutions and treated as described above.

Determination of the partition coeffIcient
The partition coefficient, K, was calculated as the ratio of the concentration or

radioactivity of a species in the upper and lower phase. The effect of the affinity of
a protein for the metal-IDA-PEG was expressed in terms of LllogK, given by LllogK
= log Karr - log Ko, where Karr and Ko are the partition coefficients of the protein in
the presence and absence of metal-IDA-PEG in the system, respectively, other
conditions being identical. The concentrations of arM and monoclonal antibodies
were determined by enzyme-linked immunoadsorbent assay (ELISA).

Iodination
SOD and t-PA were iodinated with 0.5 mC of 1251(Amersham, U.K.), applying

the lodobeads technique [10].

RESULTS

Preparation of metal-IDA-PEG
The soluble chelating polymer was synthesized by three steps starting from

monomethoxy-PEG as outlined in Fig. I. Under the conditions used, mostly
monosubstituted chelating PEG was formed. The nitrogen content of IDA-PEG as
determined by elemental analysis was 0.32%, which is higher than expected
(theoretical value 0.28%). Partial dimethylation during the reaction may account for
this discrepancy.

The tridentate IDA-PEG may occupy a maximum of three coordination sites in
the metal coordination sphere, leaving three coordination sites free for interaction
withe water or proteins at least in the case of a hexacoordinate central metal ion. The
amounts of the metal ions such as Cu2 +, ZnH , NiH and Fe3+ chelated by the
IDA-PEG are given in Table I. With Cu2 + and Zn 2 +, about I mol of metal ion is
chelated per mol of the polymer; NiH and Fe3+ gave lower binding ratios.

Partitioning of metal-IDA-PEG in two-phase systems
The partition coefficients of metal-IDA-PEG complexes in PEG-dextran and

PEG-salt sysems are compared in Table II. In PEG-dextran systems, the metal ions
partition in favour of the PEG-rich top phase owing to chelation with IDA-PEG. Even
in PEG-salt systems, a high partition coefficient was observed at least for Cu2 +. On
the other hand, ZnH , NiH and Fe3+ are probably released from the chelating
polymer, as deduced from their low K values in systems containing high concentrations
of phosphate.
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(IDA-PEG)

Metal

/CH2-COO\

M-~N- - - - - - - - Metal (Metal-lOA-PEG)

"'CH2-COO/

Fig. 1. Synthesis of metal-IDA-PEG.

(M = methoxy)

Effect of metal-IDA-PEG on partitioning of rJ.2-M
The proteinase inhibitor rJ.2-M was used as a model protein to study the

principles of metal chelate affinity partitioning. When rJ.rM was added to a system
containing increasing concentrations of metal-IDA-PEG, different extraction curves
were obtained (Fig. 2). Cu 2 +-IDA-PEG causes a change in the partition coefficient of
more than lOOO-fold (Ko = 0.085; Kaff = 85) yielding a maximum LllogKofca. 3.0. The
complexed metals Zn2+ and Ni2+ give rise to lower efficacy; Fe3+ seems to have
a negligible affinity to the protein.
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TABLE I

METAL ION CONTENT OF IDA-PEG AFTER CHARGING WITH CUH. Zn H . NiH AND Fe3+

The metal content is expressed as Ilmol of the respective metal per Illnol oflDA-PEG. The nitrogen content
of IDA-PEG as determined by elemental analysis was 0.32%. giving rise to the assumption of
monosubstituted PEG.

Metal ion Metal ion content
(1Imol!lllno! IDA-PEG)

cu H 0.92
Zn 2 + 0.80
Ni' + 0.27
Fe3 + 0.40

Effect of pH and salt concentration on affinity partitioning of rJ.z- M
Coordinate binding of proteins to transition metals is expected to be sensitive to

the pH of the medium. The magnitude of such pH effects can be exactly measured by
titration experiments as shown in Fig. 3. The binding of rJ.z-M to Cuz+-IDA-PEG is
diminished as the pH of the phase system is decreased. The effect of salts such as NaCI
and Na ZS04 on the partitioning of rJ.z-M was two-fold. At pH values above 5, the
binding of arM to Cu2+~IDA-PEG was strengthened in the presence of salts,
indicated by the higher L1logK values obtained. At lower pH values. salts seemed to
suppress the binding, probably owing to quenching of non-coordination bonds.

4-r----------------------,

3

::.::
01

.2 2
<l

2 4 6 8
Metal-lOA-PEG (%)

10 12

Fig. 2. Effect of metal-IDA-PEG on partitioning of a2-M in PEG-nextran systems. Two-phase systems of
2 g were composed of 5% PEG 6000, 7.5% dextran T-70, O. I M Na2S04, 0.0 I M sodium phosphate buffer
(pH 7.0), 20 Ilg of arM and increasing amounts of metal-lOA-PEG. The concentration of the liganded
polymer is expressed as a percentage of the total PEG in the system. 0 = CUH-IDA-PEG;
• = Zn2 +-IDA-PEG; 0 = NiH-IDA-PEG;. = Fe3 +-IDA-PEG.
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TABLE II

PARTITION COEFFICIENTS OF METAL-IDA-PEG COMPLEXES IN PEG-DEXTRAN AND
PEG-SALT SYSTEMS

PEG-dextran system: 5% PEG 6000, 7.5% dextran T-70, 0.1 M Na2S0., 0.01 M sodium phosphate buffer
(pH 7.0); 20°1., of the total PEG 6000 was replaced with different metal-IDA-PEG derivatives. PEG-salt
system: I 1'Yo PEG 1540,13.5% K 2HPO.-KH zPO. (pH 7.0),2% PEG 6000; 20% of the total PEG 6000 was
replaced with different metal-IDA-PEG derivatives. The partitioning was performed at 22vC. Aliquots were
removed from the top and bottom phases, appropriately diluted and subjected to flame photometry. Blanks
were systems without metal-IDA-PEG.

Metal-IDA-PEG K

Cu2+ -IDA-PEG
Zn2+-IDA-PEG
Ni z+-IDA-PEG
FeJ+-IDA-PEG

PEG-dextran

111
5.5

10.6
11.3

PEG-salt

10.2
0.55
0.25
0.44

Partitioning of arM in PEG-salt systems in the presence of metal-IDA-PEG
Aqueous two-phase systems may also be formed by mixing PEG with high

concentrations of salts such as sodium sulphate or sodium phosphate. In such systems
the polymer is highly concentrated in the top phase, whereas the bottom phase is
formed by the salt solution. Even there, Cuz+-fDA-PEG was found to be very
effective in extracting the protein from the salt-rich bottom phases (Fig. 4A and B).
The highest LllogK values obtained are comparable to that yielded in PEG-dextran
systems. The difference in the steepness of the partition curves indicates that the
affinity of arM for Cuz+-IDA-PEG is obviously higher in PEG-sulphate than
PEG-phosphate systems. This may reflect different effects of these salts on the water
structure in the medium.

Dissociation of protein-metal-IDA complexes
Transition metal ions. particularly CuH , Zn H and NiH, bind with electron

donor atoms such as N, 0 and S in available amino acid residues in proteins. Hence, it
would be expected that the dissociation of the metal chelate-protein complexes could
be accomplished by competing electron donors, e.g., free amino acids. As shown in
Fig. 5, cysteine strongly diminished the binding of arM to CuH -IDA-PEG with
increasing concentration in the two-phase system. In comparison, imidazole and
tryptophan were less effective. No influence on the affinity partitioning of az-M was
observed by the addition ofammonium ions at the pH ofthe experiment. As one would
expect, the addition of EDTA at concentrations above 2 mM abolished the binding of
arM to CuH -IDA-PEG.

Immobilized metal ion alfnity partitioning of other proteins
The binding properties of different proteins towards selected chelated transition

metals are compared in Table III. The partitioning experiments were conducted in
PEG-dextran and PEG-salt systems. Apparently, uncharged IDA-PEG had only
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Fig. 3. Effect of pH and salt on affinity partitioning of cx,-M. Two-phase systems of 12 g, composed of 5%
PEG 6000,7.5% dextran T-70, 240 fig of cxrM in the presence or absence of salt and Cu' +-IDA-PEG, were
adjusted to pH 8.0 with 0.1 M NaOH with continuous stirring at 22°C. After 5 min of equilibration, the pH
was decreased stepwise by adding 0.1 or 0.01 M HC1, and aliquots of I ml were withdrawn, immediately
centrifuged and analysed for the protein in the top and bottom phases. Composition of the systems: (A)
2.5% Cu2+-IDA-PEG, no salt; (B) 2.5% Cu2+ -IDA-PEG, I M NaCI; (C) 2.5% Cu2+-IDA-PEG, 0.1
M Na,S04'
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Fig. 4. Effect of metal-IDA-PEG on partitioning of ()(,-M in PEG-salt systems. Two-phase systems of
2 g were composed of either (A) 10% PEG 1540, 10% Na,S04, 2% PEG 6000, 10 111M sodium phosphate
buffer (pH 7.0) and 20 pg of ()(rM or (B) 11 % PEG 1540, 13.5% K,HP04-KH2P04, 2')10 PEG 6000 and 20
pg of ()(,-M. The given percentage of liganded PEG expresses that part of the total PEG 6000 which was
replaced with eu' +-IDA-PEG. Log K for ()(,·M was -1.17 and -1.1 for the PEG-sulphate and
PEG-phosphate systems, respectively.

marginal effects on the partitioning of the proteins in both kinds of two-phase systems.
As expected, the binding properties of the proteins differed significantly owing to their
different surface properties. In general, CuH -IDA-PEG was found to be the most
effective ligand with both PEG-dextran and PEG-salt systems. Zn2 + -, NiH-and
Fe3 +-IDA-PEG were less effective, especially when used in conjunction with
PEG-phosphate systems. This is probably due to the formation of metal phosphates
because Zn2 + and NiH are known to be bound less strongly than Cu2 + by
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Fig. 5. Dissociation of the protein-metal-IDA-PEG complexes. The two-phase systems of 2 g were
composed of 5% PEG 6000 including 2.5% Cu2+-IDA-PEG, 7.5% dextran T-70, 0.1 M Na2S04, 0.01
M sodium phosphate buffer (pH 7.0),20 lig of Gi2-M and different additives in the concentrations given on
the abscissa. 0 = Imidazole; • = tryptophan; 0 = cysteine; 6 = EDTA; • = ammonium ion. The
LllogK values were calculated in comparison with systems of the same composition but without
Cu2 +-IDA-PEG (log Ko)·

iminodiacetate chelator. Among the proteins tested, C(z-M displayed the strongest
binding to metal-IDA-PEG. t-PA interacted preferentially with chelated CuH . Its
affinity to chelated NiH was higher than that to chelated ZnH . SOD bound fairly
selectively to CuH -IDA-PEG whereas no interaction was found with chelated ZnH

TABLE III

EFFECT OF METAL-lOA-PEG ON PARTITIONING OF DIFFERENT PROTEINS IN PEG
DEXTRAN AND PEG-SALT SYSTEMS

PEG-dextran system: 5% PEG 6000, 7.5% dextran T-70,0.1 M Na2S04, 0.01 M sodium phosphate buffer
(pH 7.0); for the calculation of LllogK, 20% of the total PEG was replaced with uncharged IDA-PEG or
metal-lOA-PEG. PEG-salt system: II % PEG 1540, 2% PEG 6000,13.5% K 2HP04-KH 2P04 (pH 7.0); for
the calculation of Lllog K, 50% of the total PEG 6000 was replaced with uncharged IDA-PEG or
metal-IDA-PEG.

Protein Lllog K

PEG-dextran: metal-IDA-PEG PEG-salt: metal-IDA-PEG

Cu2+ Zn2+ Ni2+ None Cu2+ Zn2+ Ni2+ None

Gi2-Macroglobulin 3.00 1.50 1.10 0.17 2.4 0.06 0.18 0.02
Tissue plasminogen

activator 1.59 0.78 1.20 0.14 1.23 0.46 0.31 0.03
Superoxide dismutase 1.30 0.05 0.18 0.08 0.83 0.10 0.20 0.05
Monoclonal antibody

(IgG1J !.I 5 0.12 0.05 0.10 n.d." n.d. n.d. n.d.

a n.d. = Not determined.
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and Ni2+. When we tested a range of monoclonal antibodies, different partition
coeffients were obtained. However, all displayed the strongest binding to chela ted
Cu 1 +, as exemplified for a monoclonal antibody of the immunoglobulin (Ig) G 1K type.
No correlation was found between the magnitude of binding (LllogK) to chelated metal
ions and a certain class or subclass specificity.

DISCUSSION

In this study the feasibility of complexation of proteins with chelated metal ions
was exploited for affinity extraction in aq ueous two-phase systems; so far the only
published application is the extraction of haemoglobin [II].

Using al-M as a model protein, the effect of the transition metal ions Cu 1
+,

Zn2+, Ni2+ and Fe3+ chelated to IDA-PEG on the partitioning of this protein was
clearly shown. The results reveal that the type and concentration of the chelated metal
ions are important parameters which influence the partition coefficient of the protein.
The strong effect exerted by chelated Cu1 + on the partitioning of proteins in
comparison with other metal ions parallels its strong tendency to coordinate
predominantly with histidine residues on the protein surface. It is fairly clear that the
accessibility of surface-exposed histidine residues is the dominant factor governing the
binding strength of metal chelates to proteins [12]. Accordingly, the differences in the
LllogK values obtained for arM, t-PA, SOD and a monoclonal antibody may account
for this fact.

To perform affinity partitioning, specific or pseudo-biospecific ligands such as
inhibitors, antibodies or dyes were used [7]. However, the difficulty of reversing the
ligand-protein interaction is often encountered with this technique. In the case of
immobilized metal ion affinity partitioning (IMAP), several possibilities exist for
dissociating the metal-protein complex under nondenaturing conditions. The addition
of free electron-donating amino acids or EDTA was as effective as lowering the pH of
the two-phase system (Figs. 3 and 5).

As shown in Fig. 4 and Table III, the binding of proteins to chela ted metal ions
occurs at high concentrations of salts in the phase system. In addition, a promoting
effect of the water structure-forming salts such as sodium phosphate and sodium
sulphate on binding of al-M to Cu2 +-IDA-PEG was observed. This offers interesting
possibilities for performing IMAP also in PEG-salt systems, which can be handled and
scaled up more easily than PEG-dextran systems.

Liquid-liquid partitioning in conjunction with metal affinity extraction should
be an interesting approach for downstream processing of proteins including those of
clinical and industrial interest. The growing use of recombinant DNA technology
allows the modification ofprotein products in order to facilitate their purification. The
introduction of "affinity tails" of desirable chromatographic properties, such as
histidine-containing peptides, will make the use oflMAP a very attractive alternative
for large-scale purifications [13].
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Interactions of the mitochondrial membrane rat liver n-3
hydroxybutyrate dehydrogenase with glass beads during
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ABSTRACT

D-3-Hydroxybutyrate dehydrogenase (BDH) is an NAD+ -dependent dehydrogenase of the mito
chondrial inner membrane involved in the energetic balance between the liver and peripheral organs in
mammals. It allows the conversion of ketone bodies (acetoacetate and D-3-hydroxybutyrate) and it is one
of the best documented lipid-requiring enzymes with a dependence on lecithins. After release of proteins
from the membrane by phospholipase A2 treatment of salt-treated mitochondria, the rat liver enzyme is
absorbed on controlled-pore glass beads. After batch washing, the enzyme, devoid of lipids (apoBDH), is
specifically eluted at pH 8.05-8.15 with a 0.1 M Tris-I M LiBr buffer under reducing conditions (5 mM
dithiothreitol). It appears that during BDH absorption, the glass beads mimic the phospholipid surface of
biomembranes.

INTRODUCTION

o-3-Hydroxybutyrate dehydrogenase (BDH), EC 1.1.1.30, is a ketone body
converting enzyme (for a review, see ref. 1). This mammalian NAD(H)-dependent
enzyme plays a central role in the energetic balance between hepatic and peripheral
tissues under physiological and pathological conditions. Indeed, the concentrations of
the ketone bodies (acetoacetate and o-3-hydroxybutyrate) in the plasma and in the
cells depend on the interrelationships between the metabolic pathways of lipids, of

" Present address: Laboratoire de Biologic Moleculaire et Cellulaire, Faculte des Sciences de la
Vie-Mirande, Universite de Bourgogne, B.P. 138,21004 Dijon, France.
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carbohydrates and of some ketogenic amino acids [2]. Under normal conditions,
D-3-hydroxybutyrate dehydrogenase is essential in the oxidization of D-3-hydroxy
butyrate in the brain of newborns, providing energy and biosynthetic precursors
(acetyl-CoA) of cholesterol and myelin. Tn addition, extrahepatic tissues such as the
kidney, heart and skeletal muscle use ketone bodies preferentially as energy fuels. Tt is
also well known that an overproduction of ketone bodies appears in diseases or
non-physiological conditions, e.g., diabetes mellitus, starvation or hyperlipidic diet [3].

Lehninger et al. [4] showed that D-3-hydroxybutyrate dehydrogenase is located
in the inner mitochondrial from mammalian tissue. Later, it was found that the
orientation of the catalytic site is on the matrix side of the inner membrane [5].

BOH is one of the few enzymes so far known which show a specific lipid
dependence (absolute requirement for phosphatidylcholine for enzymatic activity).

The enzyme cannot be released from the membrane by sonication, osmotic
shock or high ionic strength [4]. Three methods have been used to solubilize the SOH
from mitochondrial membrane: cholate treatment [6], phospholipid hydrolysis by
snake venom phospholipase A2 [7] which released SOH almost completely, although
only 30-40% of phospholipids were hydrolysed whatever the nature of the hydrolysed
phospholipid, and incubation of mitochondria at high pH which partially released the
enzyme [8].

In order to understand the phospholipid-apoBOH interaction at the molecular
level, it was necessary to obtain a purified homogeneous and lipid-free apoenzyme.
With this aim, Fleischer's group [9] proposed an original technique for purifying beef
heart apoBOH based on the release of the enzyme by treatment of mitochondria with
phospholipase A 2 , adsorption of the enzyme on untreated controlled-pore glass beads
(CPG) and selective elution of the protein from the column by lithium bromide,
a chaotropic agent, at defined pH. Purified beef heart apoBOH, devoid of phopho
lipids and water soluble under defined conditions, consists of a single polypeptide
chain of 31 500 dalton as shown by sodium dodecyl sulphate polyacrylamide gel
electrophoresis (SOS-PAGE) [9]. Several purification procedures, partial or complete,
were successively proposed by different groups in order to improve the purity,
stability, yield, time required or simplicity, or to adapt the technique to BOH from
different species [10~18].

However, some of these purification procedures were not suitable for studying
lipid-protein interactions as BOH was purified as a mitochondrial phospholipid
complex and not as apoBOH [10-14]. To our knowledge, no-one has tried to explain
the nature of specific interactions between BOH and the glass surface of CPG which
are essential in the purification process. Tn this paper, we describe the purification
procedure adapted in our laboratory for the rat liver mitochondrial membrane-bound
BOH and show a relationship between phospholipid-BOH interaction and glass~

BOH adsorption.

EXPERIMENTAL

Material.\·
Controlled-pore glass beads (CPG-IO-350; mesh size 120-200; pore diameter ca.

350 A) were obtained from Electro-Nucleonics (Fairfield, NJ, U.S.A.). These beads
were not treated with polyethylene glycol or polyethylene oxides as indicated for
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exclusion chromatography [19]. Chemicals were of the highest grade available.
Solutions were prepared in ultrapure water.

Methods
Rat liver mitochondria were prepared on a large scale as described previously

[20] and were stored frozen (- 70°C) at 40 mg ml- 1 in 0.25 M sucrose until used.
Protein was determined as described by Lowry et al. [21] and modified by Ross and
Schatz [22] for assays containing free thiols. Lipid phosphorus was determined
according to Chen et al. [23].

Mitochondrial lipids (MPL) were extracted from rat liver mitochondria.
Aqueous dispersions of MPL were prepared by the dialysis or the sonication
procedures described previously [24].

SDS-PAGE was performed according to Laemmli [25].
D-3-Hydroxybutyrate dehydrogenase activity was measured spectrophotome

trically at 334 nm at 20 or 37°C as described previously [26], in a "cocktail medium"
containing 10 mM potassium phosphate, 0.05 mM EDTA, 0.04% bovine serum
albumin, 1.27% (vjv) ethanol, 0.3 mM dithiothreitol (OTT) and 2 mM NAO+ (final
volume 450 ,ul). The reaction was started by addition of 50,u1 of 0.2 M D,L-3-hydroxy
butyrate.

Preparation oj "crude intrinsic mitochondrial membrane proteins Faction"
Frozen-thawed mitochondria were submitted to a high ionic strength (I volume

of 3 M KCI) in order to remove soluble and membrane-associated proteins. Crude
intrinsic mitochondrial membrane proteins fraction (about 20% of the original
protein) was obtained after ultracentrifugation for 30 min at 100000 g. This pellet was
frozen at -SO°C

Solubilization and purification 0[' n-3-hydroxybutyrate apodehydrogenase
Frozen crude intrinsic mitochondrial membrane protein fraction (20 g of

original mitochondrial protein) from about ISO rats was thawed by gentle swirling in
a water-bath at 37°C. This suspension (ca. 0.51) was added to a beaker containing 0.1
M Tris-HCI (pH 7.4), I mM NAO+, 3 mM CaClz, 5 mM DDT and water to give
a final volume of I I at 30°C. The mitochondrial membrane fraction was digested by
addition of 80 ml (eq uivalent to 80 mg of original snake venom) of phospholiphase Az
[8], i.e., in a ratio of 4 {tl per milligram oforiginal mitochondrial protein, at 30°C for the
optimum time (usually 3-4 min) previously determined in a trial digestion [8],
Digestion was terminated by adding the mixture to a cold carboy (ca. 5 I capacity)
containing 36.66 ml of 0.3 M EDTA, 55 ml of 2 M KCI and 125 ml of "ice cubes"
(-20°C) consisting of 0.1 MKCI, 20 mM EDTA and 2 mM OTT, to cool the mixture
rapidly to ca. 8°C. The pH was reduced by addition of 30,66 ml of 2 M potassium
phosphate (pH 6.5).

An aliquot was removed to determine the amount of solubilized D-3-hydroxy
butyrate apodehydrogenase in the supernatant after ultracentrifugation (3 min) at
140000 g in a Beckman Airfuge. The digested suspension was stirred slowly with
a paddle and 100 ml (packed volume) of untreated CPG previously degassed in water
and stored under nitrogen were added with an equal volume of buffer VI (see Table I).
Adsorption of the apodehydrogenase on the glass beads was nearly complete (90%)
after 30 min.
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The glass beads with bound enzyme were recovered in I-I centrifuge bottles by
centrifugation for 30 s at 1000 rpm in a Sorvall RC58 and GS3 rotor. The first five
washed with potassium phosphate buffers (buffers I-VI; see Table I) were carried out
batchwise in the centrifuge bottles so as to remove mitochondrial membrane fragments
trapped in the sedimented glass beads.

The glass beads were then packed into a column (ca. 20 cm x 8 cm I.D.) already
containing 50 ml of packed CPG as scavenger, under a nitrogen atmosphere, and
washing was continued with buffer VII at a flow-rate of ca. 3 ml cm-2 min-1

.

The enzyme was eluted (see Table I) using 1.0 M LiBr-O.! M Tris-HCI-2.5 mM
DTT elution buffer with an initial pH of 8.00 and a flow-rate of ca. 3 ml cm-2 min- t

,

then with pH 8.05 buffer until enzymatic activity was detected in the effluent (usually
after 5-7 column volumes). Elution was continued with buffer in the pH range
8.10-8. I5 until the activity began to decrease, at which point the pH of the effluent was
increased to a maximum of 8.15. Elution was terminated when the enzymatic activity
per litre fell below I% of the initial activity solubilized by phospholipase A 2 . A small
amount of additional enzymatic activity could be eluted at higher pH (8.20-8.30), but
elution of contaminants began to predominate, attended by a yellow band which
migrated slowly down the second column during the course of elution of the enzyme.

When the activity was first detected in the eluate from the purification column,
the eluate was passed directly into a I-I stirred vessel and titrated with I M HC] to pH
7.2. This titrated effluent was applied directly to a second column [concentration
column, consisting of 50 ml of CPG-lO packed in buffer A (see Table I), column
dimensions ca. 18 cm x 3.5 cm I. D.] at a flow-rate to match the elution rate of the

TABLE I

BUFFERS USED FOR PURIFICATION OF D-3-HYDROXYBUTYRATE APODEHYDROGE
NASE ON CONTROLLED-PORE GLASS BEADS

Buffer BulTer composition pH Elution volumc (ml)
dcscription (containing 2.5 mM DTT)

Purification Conccntration
column columll

Washing btl/lers
I = A I M potassium phosphatc 6.5 1500 200
IT 1.5 M potassiunl phosphatc 8.15 1500 Omitted
B I M potassium phosphatc 7.5 Omittcd 200
III = C I M potassium phosphatc 8.15 3000 600
IV = D 0.75 M potassium phosphate 6.5 1500 600
V = E 0.2 M potassium phosphate 6.5 1500 200
VI = F 0.02 M potassium phosphate 6.5 750 200
VII = G 0.01 M Tris 7.75 750 200

Elulion blfffers
8.00 0.1 M Tris-I M LiBr 8.00 at 4°C 750 200
8.05 0.1 M Tris-l M LiBr 8.05 at 4°C 750 400
8.10 0.1 M Tris-l M LiBr 8.IOat4°C 750 400
8.15 0.1 M Tris-I M LiBr 8.15 at 4°C 3000 1400
8.20 0.1 M Tris-I M LiBr 8.20 at 4°C 750 600
8.30 0.1 M Tris-I M LiBr 8.30 at 4°C 500 600
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purification column. After all the eluate had been applied, the column was washed with
buffers A-G.

The second (concentration) column was then eluted with I M LiBr-o.l
M Tris-HCI-5 mM OTT (pH 8.00-8.15) buffers. Fractions containing enzymatic
activity were pooled, adjusted to 5 mM 4-(2-hydroxyethyl)-I-piperazineethane
sulphonic acid (HEPES), titrated to pH 7.0 with I M HCI and concentrated to
a volume of ca. 50 ml using 400-ml Amicon stirred cells with a PM-I 0 membrane. The
enzyme solution was adjusted to 0.4 M LiBr, 5 mM HEPES (pH 7.0) and 5 mM OTT
as essential reducing agent to prevent BOH disulphide bond formation, and
concentrated to a final volume of 4-5 ml (ca. 1-2 mg protein/ml) in a 60-ml Amicon
stirred cell using a PM 10 membrane.

The concentrated enzyme was ultracentrifuged (Type 40 rotor for 30 min at
105000 g). A small opalescent glass bead pellet was obtained which had a low protein
content. The supernatant, containing the purified apodehydrogenase, was quick
frozen in small aliquots and stored in a liquid nitrogen refrigerator.

RESULTS AND DISCUSSION

Purification scheme and properties of pur(fied apoBDH
The purification of D-3-hydroxybutyrate dehydrogenase from rat liver mito

chondria has been adapted from methods described 15 years ago for beef heart
mitochondria BOH [9,19] and for other proteins [27]. Although the basic elements of
the method have remained unchanged, the procedure has been improved and
simplified: a previous treatment of mitochondria with a high ionic strength of KCI
already removes 80% ofcontaminating proteins. The enzyme is then released from the
mitochondrial inner membrane with the use of phospholipase A z. The ammonium
sulphate precipitation step [8] has been omitted. BOH solubilized in the supernatant is
now directly adsorbed in batch to controlled pore glass beads (CPG-I 0), which are
then washed to remove the mitochondrial membranes and any other non-adsorbed
proteins. The first five elution buffers are applied batchwise prior to packing the
CPG-IO with adsorbed proteins into a column for the chromatographic elution. From
20 g of rat liver mitochondrial protein, we obtain more than 10 mg of the purified
enzyme with a specific activity at 37°C of about 80 /lmol min-I mg protein-I when
reactivated with mitochondrial phospholipids. The procedure has been appreciably
shortened; the entire preparation now takes ca. 18-20 h with an additional 8 h for
concentration and centrifugation.

Fig. 1 shows the elution profile of apoBOH from the CPG concentration
column. The purification procedure results in the elution of two separate fractions of
enzyme (apoBOH) from the second column. The first fraction elutes in the pH 8.15,
I M phosphate buffer (contaminated phosphate fraction) and the second (highest
activity) in the 1.0 M LiBr-o.1 M Tris-HCI (pH 8.05-8.15) buffer (called pure
"LiBr-BOH fraction").

After diafiltration and concentration, the pooled "LiBr-BOH" active fractions
are checked for purity and for lipid dependence. Fig. 2 shows that after two CPG
adsorption-elution cycles (purification column and concentration column), BOH
appears to be at least 95% pure. Fig. 3 indicates that the purified lipid-free apoBOH is
catalytically inactive and requires reassociation with either total mitochondrial
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Fig. I. Elution profile ofapoBDH from a controlled-pore glass bead concentration column. Buffers A-G are
washing buffers and buffers 8.00-8.30 correspond to elution buffers (see Table I). Each bar on the abscissa
corresponds to a fraction of 200 ml. BDH activity is expressed in arbitrary units and corresponds to 40 JlI of
fraction reactivated with 1.8 Jlg of lipid phosphorus MPL and measured as described under Experimental.

Fig. 2. Purified apoBDH separated by 10% SDS-PAGE and stained with Coomassie Brilliant Blue. For
conditions, see Experimental. kDa = Kilodalton.
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Fig. 3. BDH reactivation by differents amounts of natural [MPL (I), mitoPC (2)] or synthetic DMPC (3)
phospholipids. The apoBDH (10 IIg) was incubated lor 10 min at room temperature in 100 III (final volume)
containing 20 mM Tris-HCH 111M EDTA-5 111M OTT (pH X.I) and the appropriate phospholipid
concentrations. Thc IOO-pl aliquot was added at 37 C to a cuvette containing 450 III of "'cocktail"' medium as
described under Experimental. Then the enzyme reaction was started by addition of 50 III of o.~

kf DL-(i-hydroxybutyrate at 37c C and the activity was followed by measuring the increase in absorbance at
334 nm.

phospholipid containing lecithin (MPL), or pure mitochondrial lecithin (mitoPC), or
synthetic lecithin (dimyristoylphosphatidylcholine, OMPC). The different extents of
reactivation according to the nature of the lipid have been explained previously
[28-32].

Several other attempts to purify rat liver apoBOH by different methods have
been tried in our laboratory. All of them failed, including Burnett and Khorana's
method involving OEAE-cellulose chromatography [17] or an immunoaffinity
procedure based on the use of rabbit monospecific anti-rat liver BOH antibody [33].

Relationships between glass beads-BDH adsorption and phospholipid-BD H reactil'Gtion
Taking into account the specificity of BOH for either CPG or phospholipids it

was important to estahlish whether there was any relationship between the two
interacting mechanisms.

Fig. 4 shows that the addition of CPG prevents the reactivation of purified
apoBOH by phospholipids while not modifying the enzymatic activity of BOH
previously reconstituted with MPL. These results indicate that the interaction between
CPG and the BOH polypeptide chain changes the conformation of the enzyme or,
more probably, that the glass surface interacts with phospholipid-binding sites of
BOH. However, there is an important difference between glass beads and membrane
phospholipid surfaces, as only the latter is able to reactivate BDH.

On the other hand, Fig. 5 shows that LiBr is needed to reactivate BOH by
lecithin (PC) or phospholipid containing lecithin (MPL), previously associated with
phospholipid containing no lecithin [phosphatidylethanolamine-diphosphatidylgly
cerol-phosphatidylinositol (PE-OPG-PI)]. This displacement of BOH from a non
reactivating phospholipid surface to a reactivating phospholipid surface is due to the
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Fig. 4. Effect of controlled-pore glass beads (CPG) on BDH cnzyme activity. Thc untreatcd glass heads
(CPG) were added at room temperature to a cuvette containing 20 mMTris-HCI-I mM EDTA··5 mM OTT
(pH 8.1) and 20.4 fig of the enzyme (apoBDH or BDH-MPL complex), final volume 450 III. After 15 min of
gentle shaking, the enzyme activity was measured at 334 nm either immediately for BDH-MPL complex
assay (I), or after previous incubation (10 min) of MPL (80 fig of lipid phosphorus per mg protein) in the
assay containing CPG-apoBDH (2).

ionic strength and to the chaotropic effect of LiBr in addition to the alkaline pH. An
evid~nt similarity is found with BDH elution from the glass bead column (Fig. I). To
our knowledge, such a relationship between SOH reactivation by phosholipid and
SOH purification by glass beads adsorption has not been reported before.

400300100 200

UBr{mM)

Fig. 5. Displacement of the non-active complex BDH-PE-DPG-PI by reactivating phospholipid [PC (2) or
MPL (I)] in the presence of LiBr. ApoBDH (35 pg) was incuhated for IS min at room temperature in
a medium (650 pI) containing a microdispersed PE-DPG-PI preparation (200 pg lipid phosphorus per mg
protein) and 20 mM Tris-HCl-I mM EDTA-5 mM OTT (pH 8.1). At the end of incubation, 50 pI of the
mixture were removed and added to a medium (650 pi final volume) containing the same buffer and a fixed
amount (180 lig lipid phosphorus per mg protein) of reactivating phospholipid (MPL or PC) and an
increasing concentration of LiBr. After incubation for 15 min at room temperature, an aliquot of 70 iii was
removed and measured as descrihed under Experimental.
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It appears that glass beads mimic phospholipids in their interaction with BDH.
Indeed. it is well known that a phospholipid membrane is amphipathic and shows
a polar surface mostly negatively charged and a hydrophobic domain. On the other
hand, untreated glass beads show a negatively polarized surface of the silicate network
in addition to a hydrophobic character.

The combination of a high pH (8.05-8.15), high ionic strength and the
chaotropic effect of LiBr is able to break the bonds between surface negative charges
and positive amino groups of the BDH amino acid side-chain.

This work extends our knowledge of both the basic principles of the adsorption
chromatography of membrane proteins and the mechanism of lipid-protein inter
actions.
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ABSTRACT

Oermatan sulphate (OS) is a glycosaminoglycan which catalyses specifically thrombin inhibition hy a
plasmatic inhihitor, Heparin cofactor II (HClI). OS was insolubilizcd on a silica matrix to study its
interaction with HCIL The immobilization of OS was performed with a good yield on a silica previously
coated with polysaccharides in order to neutralize the negatively charged silanol groups. The value of the
amnity constant of insoluhilized OS for HCIl, measured hy the adsorption isotherm, is consistent with the
value obtained for soluble OS. The OS hound to the silica matrix was also tested as a chromatographic
support for the purification of HCII from human plasma: the optimum conditions for HCII adsorption
and desorption were determined. The eluted HCII was obtained with a good yield (21 %) and with no
contamination by antithrombin II!. the other main plasmatic inhibitor of thrombin.

INTRODUCTION

Heparin cofactor II (HCII) is a human plasma glycoprotein, the properties of
which were reported in the 1980s [1,2], Although its physiological role is not yet well
established, it is known that HCrr inhibits thrombin in the presence of heparin or
dermatan sulphate (OS) [2,3], HCrr has a structure and a mechanism of inhibition

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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close to those of antithrombin III (ATIll), a well known potent thrombin inhibitor.
However, these two plasmatic inhibitors have different properties: whereas ATlll
inhibits all the serine proteases of the intrinsic coagulation cascade [4], HClI activity
is specific to thrombin. The inhibition by HCIl is specifically catalysed by DS, a
glycosaminoglycan (GAG) of the vascular endothelium, which has no effect on
thrombin inhibition by ATIlT.

The potentiation ofHCll by DS is related to a specific polysaccharide sequence
[5,6], as a minimum of twelve residues is required for the HCll catalysis whereas an
octasaccharide is sufficient to bind to HCll. The presence of sulphate groups in the
DS structure appears to be of importance in HCll catalysis [7]. One Lys and four Arg
residues are involved in the GAG binding site of HCll [8,9]. However, the precise
mechanism oof interaction between HCll and DS is not yet known. The low plasma
concentration of HCll and its chemical properties close to those of ATill do not
allow an easy purification process. Most of the procedures used to isolate HCll
[2,9,10] involve several steps (at least five) including a first step of protein fraction
ation followed by ion-exchange and gel permeation chromatography; HCII and
ATTII are separated by their different affinities for heparin on an insolubilized hepa
rin sorbent. The contaminating ATIlI can also be eliminated on an anti-ATill immu
noabsorbent.

In this work, we studied the interaction between insolubilized DS and HCIl in
order to understand better the specificity and binding mechanism between this GAG
and HCIl. DS was insolubilized on a dextran- or agarose-coated silica support which
combines all the advantages of traditional supports and the important mechanical
properties of silica [11]. The affinity of the immobilized DS for HCll was determined
from the adsorption isotherm under static conditions. Then, preliminaty studies of
the isolation ofHCIl from human plasma were carried out in order to set up an easy,
fast and efficient purification procedure.

EXPERJMENTAL

Materials
Silica beads XOI5M, purchased from lBF Biotechnics (Villeneuve la Garenne,

France), had an average pore diameter of 1250 A and were spherical (40-100 !lm).
The polysaccharides used for the coating were dextrans T500 (Pharmacia France,
Bois d'Arcy, France) and Indubiose agarose A37 HAA (lBF Biotechnics). The acti
vating agents were I,4-butanediol diglycidyl ether (BDGE) and I,I'-carbonyldiimid
azole (CDI). Dermatan sulphate NF 112 from bovine intestinal mucosa was provided
by Pharmuka (Gennevilliers, France). Human purified thrombin, chromothrombin
and monospecific antibodies against HCn were purchased from Diagnostica Stago
(Asnieres, France); bovine factor Xa from Biotrol (Diagnostic Reagents, U.K.) and
chromogenic substrate, S2222 from Kabi-Vitrum (Stockholm, Sweden). A pool of
platelet-poor plasma was prepared by centrifugation at 2000 g of blood from fifteen
normal subjects, collected on 0.13 M sodium citrate. This pool was used to establish
the adsorption isotherm and the calibration graphs for Hen and ATllI assays.

Preparation of coated silica supports and immobilization of DS
The synthesis of the active supports was realized in two successive steps. In the
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first, silica beads were coated with dextran or agarose substituted with OEAE func
tions in order to neutralize the ion-exchange capacity of native silica, as described
previously [11,12]. Two types of coated silica were prepared: the silica with a single
layer of substituted polysaccharides as described above, and the same silica with a
double coating in which the second layer consisted of a neutral polysaccharide [13].
Silica with a double coating is a new type of support; preliminary studies have demon
strated a decrease in the non-specific interactions with these supports. The amount of
polysaccharides was determined by elemental analysis of carbon. In the second step,
the coated silica phases were activated and coupled with OS. Before immobilization
of OS, the contaminating heparin was removed from OS by a deamination treatment
with nitrous acid [14]. The coated silica supports were then activated by hydroxyl
groups with either 0.3 g of COlor 3 pI of BOGE per gram of coated silica. OS
coupling was performed by using 3 g of activated support and 250 mg of GAG
suspended in 14.5 ml of 0.1 M sodium carbonate (pH 8.7). The amount of bound DS
was determined by elemental analysis of the sulphur content.

Adsorption isotherm and determination of affinity constant
Adsorption experiments were performed at 4°C to prevent the loss of HCIr

activity. The isotherm was established from measurement of Hcn adsorption using
the following procedure: 400 {tl of the support suspension were incubated with 0.02 M
Tris-HCl (pH 7.4)-0.05 M NaCl buffer. Several dilutions of plasma, corresponding
to different Hcn concentrations (0.02-0.4 U/ml), were incubated with the support
suspension for 90 min at 4°C. After sedimentation, the amount of residual HCIl in
the supernatant was determined by an HCIl assay, as described under Chromato
graphic experiments. The amount of adsorbed protein corresponds to the difference
between the initial and remaining concentrations of active Hcn in the supernatant.
The adsorption isotherm was then established. The affinity constant was calculated
from the initial slope and plateau of the isotherm and the binding capacity of the
support was measured from the plateau value.

Chromatographic experiments
The chromatographic experiments were performed using an LKB system. A 13

x 1.1 cm 1.0. column containing 5 ml (2.5 g dry weight) of the affinity sorbent was
packed using a slurry method. Each support was washed with 25 ml of initial buffer.
In order to define the optimum conditions for the interaction between Hcn and its
ligand, different buffers (0.02 or 0.05 M Tris-HCl) with pH values of 6.5, 7.4 or 8.5
and NaCl concentrations of 0 or 0.05 M were tested. A 5-ml aliq uot of human plasma
was loaded on the column. Elution was performed at a flow-rate of 20 mllh at 4°C
using a 40-mllinear gradient increasing from the molarity of the initial buffer used to
1 M NaCl. The eluted proteins were detected at 280 nm and the chromatographic
fractions collected to perform ATIlI and HCIl assays. The protein concentration was
measured by Lowry's method [15]. The biological activity of HCn in the eluted
fractions was assayed at 37°C by measuring the thrombin inhibition in the presence of
OS as follows: 150 pI of a diluted sample were added to 150 {tl of 0.05 M Tris-HCl
(pH 8.4)-0.1 M NaCl containing 0.2 gil of DS. After incubation for 2 min with 150 pI
of human purified thrombin (3 U/ml), 150 pI of chromothrombin (1.5 pM) were
added and the amidolysis of the substrate was measured at 405 nm. The results were
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reported with respect to a calibration graph established under the same conditions,
with dilutions of a normal plasma. By definition, the concentration of plasmatic HCn
is I unit/m!. The biological activity of ATIlI was determined by measuring its anti
factor Xa activity in the presence of heparin: 100 III of a diluted sample were added to
100 III of 0.05 M Tris-HCI (pH 8.4)-0.05 M NaCI containing 6 D/ml of heparin and
incubated for 2 min. Then 100 III of bovine factor Xa were added and after incubation
for I min 100 III of S2222 (4 mM) were added. Hydrolysis of the substrate was
measured at 405 nm. The calibration graph was established under the same condi
tions, using the same pool of normal plasma as previously described. The concentra
tion ofHCII antigen was measured by electroimmunodiffusion [16] with monospecif
ic antibodies raised against human HCII. HCII purity was checked by
immunoelectrophoresis [17] with anti-human HCII and anti-human serum antibodies
and by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
[18].

RESULTS AND DISCUSSION

Characterization oj the affinity supports
To neutralize the negatively charged silanol groups on the silica surface, a

polysaccharide (dextran or agarose) was used to coat the silica. The characteristics of
the coated silica are presented in Table 1. A larger amount of polymer is bound to the
silica when the coating polysaccharide is dextran. However, the coverage of the silica
surface is more efficient with agarose, which has a greater number of OEAE groups.

The immobilization of OS was performed using CDI or BDGE as activating
agents. Table 11 shows the amounts of immobilized OS for three differents supports.
Coupling of OS by BOGE seems more efticient than that by COl. BGOE mainly
activates hydroxyl groups whereas COl acts essentially on primary amino groups.
The greater efficiency of BOGE shows that OS is mainly immobilized by its hydroxyl
groups rather than by its primary amino groups. This is certainly due to the large
number of hydroxyl groups on the OS compared with the small number of primary
amino groups, which are mostly acetylated amino groups.

The affinity of insolubilized DS for HCII was studied by measuring the affinity
constant from the Langmuir isotherm. Fig. I shows the adsorption of HCll on the
affinity support. The adsorption isotherm obtained corresponds to the Langmuir
mode!. The value of the affinity constant for HCII is 7.105 1/11101, which is consistent
with the published value for soluble OS of 6.6· 105 1/11101 according to Pratt et al. [19].

TAHLE I

CHARACTERISTICS OF COATED SILICA SUPPORTS

Support

SiD-DS I
SiD-DS 2
ASiA-DS 1

Coating polymcr

DEAE-dcxtran
DEAE-dextran
DEAE-agarose
Agarosc

4
4
10

Amount of fixcd
polymcr (mgjg silica)

121
138
45
35
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TABLE II

INSOLUBILIZATION OF DERMATAN SULPHATE ON COATED SILICA

Support

SiD-OS I
SiD-OS 2
ASiA-OS I

Activating Amount or Amount or Yield
agent dcrmalan used dermalan fixed (%,)

(mg) (mgl

BDGE 250 195 78
COl 250 133 53
COl 250 94 38

these similar values indicate that the non-specific interactions make only a small
contribution to the overall adsorption process. Moreover, it seems that the binding
sites for HCn in the OS structure are not masked or are not involved in the immobil
ization of OS on the coated silica. Compared with the affinity constant of soluble OS
for ATIII, which is I . 1031/mol [19], the affinity constant of HCII is higher and shows
that OS has a very weak affinity for ATIlI. However, the affinity constant of insolu
bilized OS for HCn is not in the range of 107 or 108 I/mol, which would demonstrate
a very high affinity for HCII. As reported in the literature, the native OS used in this
study has a weak affinity for HCII; this could be explained, as was noted by GritTIth
and Marbet [20], by the fact that perhaps only a small fraction of the OS is involved in
the HCII binding. The binding capacity of the tested supports was of 0.5 U of HCII
per gram of support.
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Fig. l. Adsorption isotherm or HCII on the insolubilized OS support.
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TABLE 1lI

INFLUENCE OF INITIAL BUFFER ON THE HCll AND ATllI ADSORPTION ON AFFINITY
SORBENT

Initial buffer ATllI adsorbed HCII adsorbed
(U/ml) (U/ml)

0.02 M Tris (pH 7.4) 0 0.30
0.05 M Tris (pH 7.4) 0 0.81
0.02 M Tris (pH 7.4)- 0 0.84

0.05 M NaCI
0.02 M Tris (pH 6.5)- 0.03 0.01

0.05 MNaCI
0.02 M Tris (pH 8.5)- 0 0

0.05 M NaCI

Isolation of HelI/rom human plasma
Several initial buffers were used to determine the optimum conditions of ad

sorption of HCn on the affinity sorbent (Table III). A minimum concentration of
0.05 M is required for optimum adsorption of HCII on the insolubilized DS. A buffer
of 0.02 M [0.02 M Tris-HC! (pH 7.4) led to a very weak adsorption ofHCn whereas
buffers of 0.05 M Tris-HCI (pH 7.4) and 0.07 M [0.05 M Tris-HCI (pH 7.4)-0.02 M
NaCI] allow a better adsorption of HCII. From these results and those of Sculy et al.
[7], who showed that a maximum activity of HCII, in the presence of soluble DS,
was obtained with 0.05 M NaCI, it seems that the optimum buffer for HCII ad
sorption is 0.02 M Tris-HCI (pH 7.4)-0.05 M NaCI. Under these optimum condi
tions, up to 21 % of the initial HCII is adsorbed on the insolubilized DS. This low
molarity required to obtain optimum adsorption of HClI is consistent with the weak
affinity constant of the support for this inhibitor. At pH 8.5, the total activity of
ATIII and Hcn is recovered in the washing buffer, showing that at a basic pH neither
HCII nor ATIII is adsorbed on the affinity sorbent. In contrast, when the pH is
lowered to 6.5, the two inhibitors adsorbed on the insolubilized DS. The influence of
pH and molarity on the adsorption ofHCIl on DS seems to indicate that the interac
tion between the inhibitor and the DS is mainly an ionic interaction. This interaction
is probably due to the negative sulphate and carboxyl groups of DS, and also to the
positive amino groups of HCII Lys residues.

In all the chromatographic experiments, under conditions of optimum pH and
molarity, ATIIl was never adsorbed on the affinity sorbent. The total amount of
ATIll loaded on the column was always recovered in the washing buffer. Under these
dynamic conditions, insolubilized DS has no affinity for ATIlI, which is not adsorbed
on the support. Thus, on our supports, we can separate HCIl from ATIlT. Whereas
ATIlT is totally recovered in the washing buffer, HCII binds to the support and can be
eluted with a buffer gradient. HCIl is eluted in a range from 0.12 to 0.48 M NaCI
(Table TV) from the immobilized DS whereas is eluted from insolubilized heparin
between 0.13 and 0.28 M NaCI. A higher molarity seems to be required to desorb
Hell from insolubilized DS than from insolubilized heparin, which means that insol
ubilized DS has a greater affinity for HCn than for insolubilized heparin. The specific
activities of the eluted HCII (mean of three experiments for each support) were 0.05
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TABLE IV

CONDITIONS AND YIELD OF HCII ELUTION

295

Support Molarity of HCII yield
HCIl desorption (%J"
(M NACl)

ATIII yield
(%)

SiD-OS I
SiD-OS 2
ASiA-OS 1

0.12-0.38
0.28-0.40
0.21-0.48

15
7

17

o
o
o

a Mean values of three experiments.

Ujmg for SiO-OS2, 0.22 Ujmg for ASiA-OSl and 0.34 Ujmg for SiD-OS!. The
highest specific activity of the eluted HOI is obtained with the SiO-DSI support; this
is probably due to a lower non-specific interaction of this support than the others.
However, the specific activities of the eluted HCII are not very high compared with
those obtained in the classical purification processes in which specific activities of 0.9
[10] to 10 Ujmg [2] were obtained. The HCn activity yields obtained with our sup
ports were 7% for SiO-OS2, 17.5% for SiD-DS I and 21 % for ASiA-DSI, whereas no
ATIII activity was found in the elution gradient. These yields are in the same range as
those obtained in the previously described purification procedures of 3-30% yields
[9,10]. Although SiO-OSI and ASiA-OS I were not prepared under the same condi
tions, these two supports gave comparable yields and specific activities.

The purified HCn was tested by e1ectroimmunodiffusion. The HClI activityj
HCll antigen ratio was between 0.6 and I; a ratio of less than I indicates partial
inactivation of the HCII after the elution with a salt gradient. The eluted Hcn was
also tested by SDS-PAGE and immunoelectrophoresis, which revealed two contam
inating proteins, IgA and an iXz-globulin, which has not been identified as another
coagulation inhibitor (ATII I or iXz-macroglobulin).

CONCLUSIONS

The interaction between OS and Hcn is not well understood. It was interesting
to study this interaction by immobilizing this GAG on a silica support. OS has been
insolubilized on a silica phase, a synthesis which has never been achieved before.
Silica beads were previously coated with polysaccharides in order to neutralize silanol
groups, according to data obtained in our laboratory [13]. DS can be immobilized on
silica, regardless of the coating polymer used, dextran or agarose. The GAG seems to
bind to the matrix by its hydroxyl groups more than by its amino groups.

Under static conditions, the affinity constant of insolubilized OS for HOI is
similar to that of soluble OS. When used as a chromatographic support under opti
mum conditions of pH and molarity, insolubilized OS has no affinity for ATIll. HCn
is adsorbed on the affinity sorbent and can be eluted by a salt gradient between 0.12
and 0.48 M NaCI. With only one chromatographic step, the yield of the eluted HOI
is identical with those obtained in previously described purification processes, with no
contaminating ATIll. However, the specific activity is lower than those given by
other published procedures.
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We have shown that insolubilized OS, used as an affinity chromatography
support, may allow the separation of HCII from ATIIl, which is important for the
study of each ·inhibitor. However, the native OS, soluble or insolubilized, has a weak
affinity for HCII and it will be of interest to isolate a fraction of this GAG with a high
affinity for HCIL The insolubilization of such a fraction might allow a very efficient
isolation procedure for HCll in a single chromatographic run.
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ABSTRACT

Mildly hydrophobic polymers, such as those generally used in the "partition between aqueous two
phase systems" technique, can be immobilized on inert supports to afford stationary phases which are less
denaturing towards biomolecules than those involved in traditional hydrophobic chromatography. Vari
ous aspects of this technique are reviewed. Examples of successful fractionations are presented to illustrate
its principles. and the main trends for future studies in this field are discussed.
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Since the initial work of Er-el et al. [I], hydrophobic interaction chromatography
(HIC) on agarose gels has become an important separation method [2-6], Hydro
phobic ligands, such as n-alkyl or phenyl groups, are chemically attached to the
agarose matrix and the separations are based on differences in the surface hydro
phobicity of proteins [7]. However, strong hydrophobic interactions sometimes result
in almost irreversible adsorption [3,6,8] or denaturation during the elution with often
harsh mobile phase conditions (e.g., low pH, chaotropic agents, detergents, organic
solvents, etc,).

Therefore, it can be envisaged that ligands with intermediate hydrophobic
character would be of interest, as they would provide an adequate binding strength

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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without the above drawbacks. "Partition between aqueous two-phase systems",
a separation technique extensively described by Albertsson [9], exploits these mild
hydrophobic interactions. The systems are composed of either two polymers, or
a polymer and a salt. Poly(vinyl alcohol)-dextran, polyethylene glycol-dextran and
polyethylene glycol-MgS04 are among the most widely used biphasic systems.
However, although many successful purification experiments have been reported, it is
clear that the high viscosity of the solutions affords one likely explanation, among
others, for its limited practical use. Recent improvements might, however, result in
some revival of this technique in the near future [10,11].

Its seems logical that the principles of the partition technique could be
transposed to a chromatographic procedure if one of these polymers were immobilized
on the chromatographic support. This idea is not totally new, as Morris [12] and more
recently Anker [13] exploited this concept many years ago. However, probably owing
to the difficulties caused by the fact that the aqueous polymer phase was merely soaked
up by the support beads, the idea received no further attention for about 10 years.

It was only in the early 1980s that different groups revived this concept [14-19]
and started to immobilize covalently various mildly hydrophobic polymers on
chromatographic supports, to produce stationary phases less denaturing towards
biomolecules than those used in traditional HIe.

This paper is intended to review our own work in this field over the past few years
[20-24]. The synthesis and physico-chemical characterization of the stationary phases,
fractionation achievements and future trends will be discussed.

2. STATIONARY PHASES: SYNTHESIS AND PHYSICO-CHEMICAL CHARACTERIZATION

Water-soluble polymers, such as those involved in aqueous two-phase systems,
are generally regarded as hydrophilic species, obviously because of their solubility in
this solvent. However, a closer look at thermodynamics-related parameters, such as
surface tension, reveals the relative nature of the hydrophilicity-hydrophobicity
concept. The surface tension of polyethylene glycols (PEGs) for instance, in the range
Ysv ;::::; 42-46 mJ/m 2 [25], is situated mid-way between those of water (i'sv ;::::; 70 mJ/m 2

)

and of low-energy materials such as C6-C16 alkanes (Ysv ;::::; 18-28 mJ/m 2
) [26]. PEGs

are slightly more hydrophobic than various other water-soluble polymers such as
poly(vinyl alcohol) (PVA), polyvinylpyrrolidone (PVP), polyacrylamide or dextran
[27], but less hydrophobic than, for instance, polystyrene (Ysv ;::::; 32 m]1m2

) [28] and
a fortiori than the C6-C16 alkanes, which are the most commonly used ligands in
traditional HIC.

From this point of view, it is clear that PEGs, and also the other polymers used in
the partition technique, and which all fall within a narrow range on the hydrophobicity
scale, may definitely be considered as hydrophobic materials. Conversely, when
compared with alkyl chains, their designation as "mild hydrophobic ligands" [15] is
perfectly justifiable (Fig. 1).

As many other groups, we selected the polyethers as ligands for mild
hydrophobic chromatography studies. PVA is the only other polymer, used in a few
instances in this field [15,19].

The polyether class includes the following: polyethylene glycols (PEGs),
HO(CH2CH20)nH; polypropylene glycols (PPGs), HO[CH2(CH3)CHO]nH; poly-
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tetramethylene glycols (PTMGs), HO(CHzCHzCHzCHzO)lIH; and various PEG
PPG copolymers which are also commercially available as Pluronics (Serva) or
leffamines (Texaco).

The hydrophobic character of these polymers increases with increasing number
of carbon atoms (2-4) in the repeating unit: PEGs < PEG-PPG copolymers <
PPGs < PTMGs. Further, as all these polymers are available with a large range of
molecular masses, the polyethers thus form a family of wide potential.

Covalent immobilization of polyethers on Sepharose requires a preliminary
activation of either the matrix or the polymer. As we are dealing with mild
hydrophobic interactions, much care should obviously be taken not to introduce
strongly interacting spacer arms on the gels, as they would lead to erroneous
interpretations of the phenomena observed.

This was effectively experienced [20,21] when performing the activation reaction
with certain commonly used bisepoxides such as 1,4-butanediol diglycidyl ether or
ethylene glycol diglycidyl ether (Fig. 2). In fact, these activation groups remained in
large amounts on the gel after the coupling step and, owing to the presence of (CH z)lI
units in their structure (n = 2 or 4), acted as hydrophobic ligands, to afford strongly
adsorbing stationary phases, even in the absence of any immobilized polyether. No

l,,;.•:...::,~i~·....:~.~,;.,;.~...: O-CH2-:t:-CH2-0- (CH,). -O-CH

2

-;;-CH

2

-OH

:.: O-CH2-CH-CH2·O· (CH,). ·O-CH2'CH-CH2.O- Polyether
I I

OH OH

n; 0, 2 or 4
Sepharose

Fig. 2. Schematic representation of the stationary phases obtained by coupling a polyether to Sepharose
previously activated by various bisepoxides.
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such undesirable side-effect was observed when (± )-1 ,3-btitadiene diepoxide was used
(n = 0) (Fig. 2).

Unambiguous immobilization of polyethers on chromatographic supports, by
means of spacer arms not liable to interfere in the hydrophobic interaction, can be
obtained using carbonyldiimidazole (COl) or p-nitrophenyl chloroformate as activa
tion reagents. However, the reaction of the matrix thus activated, with polyethers,
directly via their terminal hydroxyl groups, would result in both instances in carbonate
spacer arms which are sensitive to hydrolysis. More stable immobilization is afforded
by the urethane group, formed when the coupling of the activated matrix is carried out
with the polyethers, after prior transformation into their corresponding amino
derivatives [29].

3. QUANTIFICATION OF IMMOBILIZED POLYETHERS

Obviously, the quantification of polyethers immobilized on inorganic supports
such as siliceous materials presents no major difficulties, as their high content of
carbon atoms allows their direct measurement by elemental analysis. Conversely, with
polysaccharide supports such as agarose, no such distinctive feature can be exploited,
and one must therefore turn to more sophisticated methods.

The agarose thermoreversible gel results from the rigid helical conformation
adopted by the molecule when the solution conditions (temperature, ionic strength,
solvent, etc.) are no longer favourable to the coil state [30]. A direct non-destructive
NMR analysis in solvents [dimethyl sulphoxide (DMSO) or hot water] preventing the
formation of the ordered conformation may, therefore, be considered, provided that
immobilized polyethers contain distinctive CH3 or CH z groups, resulting in signals
sufficiently resolved from the peaks corresponding to the saccharide backbone. All
polyethers, except PEGs, fullfil this condition.

This approach affords perfect calibration graphs when artificial mixtures of
Sepharose and various amounts of polyethers are analysed. Unfortunately, all the
Sepharose-polyether stationary phases obtained are no longer soluble, either in hot
water or in DMSO. This phenomenon can be explained either by a profound
modification of the physico-chemical properties of the Sepharose (water solubility
cannot be re-established even on addition of strong aggregation-disrupting agents
such as urea or NaSCN [31]) or by a cross-linking phenomenon, due to the bifunctional
character of the polyethers and despite their large excess used during the coupling step.
The synthesis of a stationary phase starting from strictly monofunctional polyethers
(such as monomethoxy PEGs) would allow one to distinguish between these two
hypotheses. However, the commercially available "monofunctional compounds" have
been proved to be contaminated by various amounts of difunctional species,
sometimes as high as 20% [32].

As ether bonds are sensitive to acidic c1eavage, many degradation techniques can
be considered. We attempted to hydrolyse our stationary phases with formic or
hydrochloric acid treatment and subsequently analyse the resulting mixture by 1HoI'
13C NMR, according to the procedure described by Shibusawa et al. [18]. The
construction of a calibration graph is a prerequisite for this approach. It permits
a comparison of the integral of the distinctive CH 3 (or CHz) signal of the polyether in
the hydrolysed stationary phase spectra with those obtained with artificial mixtures
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containing Sepharose and known amounts of polyether. In our own experience,
reproducible linear correlations are difficult to obtain for the calibration graph itself.
This unreliability is due, in our opinion, to the experimental conditions under which
the crude hydrolysis mixture is prepared for the NMR sample. It seems likely that
some of the hydrolysis fragments are sufficiently volatile to be eliminated along with
the solvent during its removal at 70°C under reduced pressure. Clearly, a far better
approach consists in performing the hydrolysis experiment in dilute 2H 2S04 ,

according to the procedure described by Andrade [33]. In fact, in this instance, the
hydrolysis mixture can be directly analysed by NMR, without further work-up liable
to produce undesirable effects.

In order to determine the PEG content of Sepharose-PEG samples, we tested
another method, based on degradation by boron tribromide (BBr3), proposed by
Drevin and Johansson [34]. The cleavage fragments (e.g., for PEGs, 2-bromoethanol
and 1,2-dibromoethane) are subsequently analysed by gas chromatography (GC).
Satisfactory results were reproducibly obtained with our own Sepharose-PEG
samples with this method. Its ability to afford reliable results with more complex
mixtures resulting from BBr3 cleavage of PPGs (three types of fragments) or
PEG-PPG copolymers (five types of fragments) is currently under investigation.

4. FRACTIONATION ACHIEVEMENTS

Up to now, most of the work devoted to mild HIC by other groups has been
carried out on standard protein mixtures or simple extracts, and has been mainly
intended for physico-chemical or thermodynamic investigations. Obviously, this
approach is of great value for a better understanding of the principles governing this
new technique.

We started with a different strategy, attempting to investigate the ability of this
non-specific technique to cope with actual fractionation problems with complex
mixtures, and to afford high purification ratios together with a high recovery of
enzymatic activities. Fractionation challenges concerning enzymes acting on hydro
phobic substrates were selected in the steroid and lipid fields.

A crude extract of Pseudomonas testosteroni, containing L15~4 3-oxosteroid
isomerase (isomerase), was chromatographed on a Sepharose-PEG stationary phase
with various concentrations ofdextran T70 in the mobile phase. The chromatographic
behaviour of this enzyme, and that of contaminants, may be correlated with batch
partition studies in PEG-dextran two-phase systems. Earlier experiments [35] showed
that contaminants favoured the dextran-rich bottom phase (partition coefficient
Kcontaminants :::::: 0.4), whereas isomerase established preferential interactions with the
PEG-rich top phase (Kisomrase :::::: 4). The chromatographic elution profile was in
agreement with this partition result.

An increased dextran concentration in the mobile phase resulted in an enhanced
separation of the peaks corresponding to isomerase and contaminants. Complete
resolution could even be obtained with high concentrations of dextran in the mobile
phase (Fig. 3).

Solutions of potassium phosphate [20], a salt known to produce two-phase
systems with PEG, may advantageously be used as the mobile phase instead of the
viscous dextran solutions. In this instance, total retention of isomerase was obtained
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Fig. 3. Extraction of isomerase from a Pseudomonas leslOSleroni crude extract on Sepharose-PEG, with
12% (wjv) dextran T70 in the mobile phase. See ref. 20 for more detailed experimental conditions.
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(potassium phosphate ca. 10%), whereas this enzyme was only retarded in the previous
experiment with dextran. Stepwise elution with a decreased potassium phosphate
concentration (ca. 1%) resulted in the recovery of isomerase in good yield (ca. 60%)
and the removal of most of contaminants (ca. 7 J.1g compared with ca. 5 mg in the
injected sample) (Fig. 4).

Similar purification results were obtained for an esterase from Bacillus pumilus
(86% yield, 140-fold purification) on a Sepharose-Pluronic stationary phase [22].

Further, more sophisticated fractionations were attempted on Sepharose~PEG

and Sepharose-Pluronic with three different enzymes [isomerase, 3a-hydroxysteroid
dehydrogenase (a-HSD) and 313,17f3-hydroxysteroid dehydrogenase (f3-HSD)] con
tained in the same Pseudomonas testosteroni crude extract. According to the
hydrophobicity scale proposed by Bigelow [36], the purification of these three enzymes
represents a real challenge [37].

Their chromatographic behaviours were predicted using "partition between
aqueous two-phase systems" experiments [24]. These two-phase systems were
prepared by mixing potassium phosphate (final concentration 10, 15 or 20%, w/w)
with PEG and Pluronic mixtures of various compositions. The resulting systems are
thus composed of a phosphate-rich bottom phase and a polyether-rich top phase, of
increasing hydrophobicity with its Pluronic content. The partition coefficient of any
considered enzyme therefore gives a direct estimation of its ability to establish
preferential interactions with the polyethers. Consequently, when chromatography is
carried out using Sepharose-PEG or Sepharose-Pluronic stationary phases and
a potassium phosphate mobile phase, high partition coefficients (K > 1) should
correspond to retention or retardation. Conversely, biomolecules with low partition
coefficients (K < 1) favour the phosphate-rich bottom phase and should be eluted with
no retardation.

The main information obtained from batch partition analysis was as follows: (1)
Kisornerase > K 13-HSO » K a- HSO in all experiments; (2) the possibility of shifting the
partition coefficient of a-HSD above 1 by increasing the phosphate concentration or
(and) the hydrophobic character (i.e., the Pluronic content) of the top phase; and (3)
enhanced LlK (Kisornerase - K 13-HSO) as the hydrophobic character of the polyether-rich
top phase is increased. This perfectly paralleled the chromatographic experiments, i.e.,
(1) elution in the order a-HSD, f3-HSD, then isomerase; (2) retention or not ofa-HSD,
according to the ionic strength in the mobile phase and the nature of the stationary
phase (PEG or Pluronic); and (3) better separation of f3-HSD from isomerase on
Sepharose-Pluronic than on Sepharose-PEG.

This preliminary information allowed us to develop a strategy for optimum
chromatographic resolution (Fig. 5). Good enzymatic activity recovery (a-HSD, 60%;
f3-HSD, 40%; isomerase, 65%) together with almost quantitative removal of
contaminants in each fraction could thus be obtained (residual contaminants
expressed as a percentage of total protein in the starting crude extract: a-HSD, 1.5%;
f3-HSD, 2%; isomerase, not detectable).

5. FUTURE TRENDS

As mild HIC has already proved to be very efficient for sophisticated
fractionation problems with complex mixtures, our future concern in this field ought
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to turn to physico-chemical characterizations, rather than to additional biological
studies. However, other polyethers such as PPOs or PTMGs have been immobilized on
Sepharose and the resulting stationary phases should be tested, in order to obtain
a complete study through the whole polyether family.

Further, the determination of immobilized polymers remains an important
question, as the ligand concentration on the gel plays a prominent role in the
interaction process. The solutions already exist but, in our opinion, should be more
thoroughly investigated.

Ultimately, it would be of interest to quantify the hydrophobic character of the
stationary phases. If the hydrophobicity of the polyethers is an important parameter,
the interaction of the solute with the stationary phase is probably a global process, in
which not only the nature of the immobilized polyether, but also the support itself and
the amount of hydrophobic ligands, also playa role.

Surface tension is one of the most indicative measure of this hydrophobic
character. Whereas the measurement of surface tension of liquids in straightforward,
that of solid surface and especially of beads is far more complicated. However, certain
methods already exist, such as contact angle measurements [38], reverse GC [39] and
the sedimentation volume technique [40,41], and we are currently working on their
application to the problems posed by our stationary phases.

This determination of the surface tension of the stationary phase (Ysv) could be
the first step in characterizing, in terms of thermodynamics, a three-component
(sorbent-mobile phase-protein) system. In fact, the adsorption of a protein on
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a sorbent being comparable to an adhesion process, the free energy of association may
be given by the expression [42]

LlFsmp = Ysp - Ysm - Ymp

where Yis the interfacial tension and the subscripts s, m and p represent sorbent, mobile
phase and protein, respectively. All these interfacial tensions may be calculated
through an equation of state [43] from the measurable individual surface tensions of
the stationary phase (Ysv), the protein (Ypv) and the mobile phase (Ymv). This makes
possible explicit thermodynamic predictions of the relative extent of adhesion of the
considered biomolecule (p) to a given sorbent (s), under various mobile phase (m)
conditions.

In addition, as the measurement of chromatographic parameters such as
retention volumes and capacity factors also leads to the determination of the
association constant or the free energy of association [19,44], a second approach is
therefore available for characterizing the three-component system in terms of
thermodynamics.
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ABSTRACT

Radiation-grafted polyamide in microparticulate form was used for the affinity chromatographic
separation offibronectin, human immunoglobulin IgG I and human serum albumin using gelatin, histidine
and Cibacron Blue F3G-A as affinity ligands. The chromatographic properties, in particular the protein
adsorption capacities of the grafted carriers, were tested in comparison with several commercial media
(Sepharose, Spherosil, Eupergit, Fractogel, VA-Epoxy). As a result of grafting, long molecular spacers are
introduced into the polymer carrier, leading to high ligand binding and protein loading capacities well
above those achieved with commercial media. A novel support based on poly(vinyl alcohol) carrying a
blood group-specific trisaccharide ligand for the removal of blood group antibodies from human serum is
described. The poly(vinyl alcohol) carrier exhibits excellent antibody binding capacities when compared
with supports carrying protein G and protein A ligands. New perspectives opened up by the new support
with regard to in vivo haemoperfusion are discussed.

INTRODUCTION

A number of carrier media based on silica gels, polysaccharides or synthetic
organic materials have been described for diverse chromatographic applications [I].
The increasing importance of separation technology in different areas has led to
improved chromatographic media which are mainly used for the production of
biologically active substances. Prominent examples include the purification of
antibodies, blood components, growth factors, interferon, insulin and fibronectin. If
one considers technical applications, affinity chromatography offers enormous
advantages over other separation methods.

Depending on the degree of biorecognition of the ligand, the separation of
biomolecules can be obtained in a single step, thereby simplifying the commonly used
separation procedures which generally require several purification steps. Affinity
chromatography can therefore offer a significant reduction in cost, time and technical
effort.

Despite the enormous effort invested in the field of affinity chromatography,

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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a few aspects still remain critical, including insufficient ligand binding capacity of the
support, the cost, the physical and chemical stability and the lack of biospecificity of
the affinity ligand [2]. Another essential point is the different coupling method, the
drawbacks of which have been critically discussed [I].

We have demonstrated recently that radiation-grafted polyamide-6 in micro
particulate form and newly developed poly(vinyl alcohol) carriers exhibit distinctly
higher protein and ligand binding capacities than those achieved with well established
commercial media [2,3].

In this work, the performances of grafted polyamide-6 (Biograft) and poly(vinyl
alcohol) (PVA) gels as carriers were tested in comparison with several commercial
media.

Gelatin, Cibacron Blue F3G-A and I-histidine were used as affinity ligands for
the separation of human fibronectin (Fn), human serum albumin (HSA) and human
immunoglobulin IgG I. Likewise, a trisaccharide hapten specific against blood group
A antibodies was coupled to different supports, the aim being to assess the feasibility of
these carriers for in vivo haemoperfusion.

EXPERIMENTAL

Materials
The materials were purchased from the following sources: Sepharose and

Superose media, Pharmacia-LKB (Freiburg, Germany); Fractogel TSK HW-75F,
Merck (Darmstadt, Germany); Eupergit C, Rahm Pharma (Darmstadt, Germany);
VA-Epoxy and VA-Hydroxy, Riedel-de Haen (Seize, Germany); Synsorb A and blood
group A trisaccharide, Chembiomed (Edmonton, Canada); Spherosil, Rhone Poulenc
(Paris France); IgG I protein solution from human placenta, Institut Merieux (Lyon,
France); and PYA, Hoechst (FrankfurtjM, Germany). All other chemicals were
supplied by Fluka (Freiburg, Germany) and Merck._

Preparation of grafted polyamide and poly (vinyl alcohol) carriers
The grafting of polyamide-6 and the synthesis of the PVA carriers were carried

out according to previously described procedures [4,5]. For grafting, 2-hydroxyethyl
methacrylate together with N-vinylpyrrolidone and acrylamide were used, resulting in
a graft uptake of 74% (wjw). Activation was carried out with epichlorohydrin in
I M sodium hydroxide solution [4].

PVA was synthesized as follows [5]: PVA was dissoved with heating in ethylene
glycol to obtain a 5% solution. The hot solution was dispersed in vegatable oil with
stirring at 400-1000 rpm. The suspension was cooled and the beads formed were
separated from the oil by several extractions with acetone. The diameter of the beads
depends on the stirring speed, and ranges from 50 to 500 J.lm. Cross-linking was
performed using epichlorohydrin in 3 M sodium hydroxide solution. Epoxy-activation
with epichlorohydrin was performed as for the grafted polyamide.

Preparation of affinity supports
Gelatin support. Ten millilitres of a 1% gelatin (porcine skin, Fluka) solution in

I M potassium phosphate (pH 7.5) were added to 3 ml of epoxy-activated support
(Biograft, Eupergit C or VA-Epoxy) and the mixture was left for 30 h at 30°C with



AFFINITY CHROMATOGRAPHY USING POLYAMIDE AND PVA 309

gentle stirring. The excess of protein was removed by washing with 0.5 M potassium
phosphate. The remaining oxirane groups were blocked by incubation for 2 h with
I M ethanolamine solution (pH 8.0). The support was stored in 0.05 M Tris-HCl
buffer (pH 7.5) containing 0.02% sodium azide.

Fractogel TSK HW-75F was activated for coupling with gelatin using 2-fluoro
l-methylpyridinium toluenesulphonate according to the method described by Ngo [6].

Cibacron Blue support. Coupling of Cibacron Blue F3G-A to 3 ml of Biograft
and PVA was effected in a solution containing 20% sodium chloride and I M sodium
carbonate for 2 days at 40°C [7]. In order to ensure maximum binding, a high dye
concentration (100 mg/ml resin) was used. Extensive washing with water and
4 M sodium chloride solution containing 40% (v/v) ethylene glycol followed until all
unbound dye had been removed. Before use, the matrices were equilibrated in 0.01
M potassium phosphate (pH 7.5).

Histidine support. Histidine was covalently coupled to epoxy-activated Biograft
as described elsewhere [8]. Two coupling agents were used, epichlorohydrin and
1,4-butanediol diglycidyl ether.

Bloodgroup A immunoadsorbent. For the preparation of the immunoadsorbents,
0.5 ml of epoxy carrier (Biograft or Eupergit C) was incubated with I ml of borate
buffer (pH 9.5) containing 0.5 mg of the blood group hapten. After reaction for 20 h at
room temperature, the adsorbent was washed several times with I M sodium chloride
solution. Fractogel TSK HW-75F was activated with 2-fluoro-l-methylpyridinium
toluenesulphonate as described above.

The activation of PYA using 1,6-hexamethylene diisocyanate dissolved in
dimethyl sulphoxide and the subsequent coupling of the blood group hapten were
carried out as described previously [2]. After the reaction, the matrix was washed with
water and dimethyl sulphoxide. Before use, all supports were equilibrated with
physiological sodium chloride solution.

Determination oj'immobilized Cibacron Blue
The amount of Cibacron Blue F3G-A coupled to the support was determined

spectrophotometrically by measuring the differences in absorbance at 610 nm between
added and unbound dye [7].

Chromatographic procedures
Gelatin support. Gelatin affinity support (3 ml) was packed into a chromato

graphic column (5 x 0.9 cm J.D.). After equilibration with 50 ml of phosphate
buffered saline (pH 7.5) containing 0.01 M citric acid and 0.02% sodium azide (buffer
A), 20 ml of freshly prepared pooled citric human plasma (obtained by centrifugation
for 10 min at 3000 g) were loaded on the column at a flow-rate of 50 cm/h. After the
major unretained peak had eluted and the absorbance monitored at 279 nm had
reached zero, the Fn was eluted with 3 M urea in buffer A. The Fn content of the eluted
fraction was determined by a standard turbidimetric immunoassay test [9]. Briefly,
antiserum to human Fn is added to the plasma sample and the absorbance is measured
with a Behring laser nephelometer. The Fn content is automatically evaluated from the
corresponding protein concentration of a standard dilution [9].

Cibacron Blue support. Cibacron Blue F3G-A affinity resin (3 ml) was packed
into the column described above and equilibrated in 0.05 M sodium phosphate buffer
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(pH 7.0) at a flow-rate of 25 em/h. A 10-ml volume of sample solution containing 30
mg ofHSA was loaded on the column. Unadsorbed protein was washed off the column
with 20 ml of buffer solution. The bound HSA was subsequently eluted with 10 ml of
4 M sodium chloride and the fractions were collected at a flow-rate of 25 em/h. The
protein content was determined spectrophotometrically at 280 nm.

Histidine support. A 20 x I em J.D. column was packed with I ml of support.
Adsorption and washing were performed in 0.025 M Tris-HCI buffer (pH 7.4). The
same buffer containing 0.2 M sodium chloride was used for desorption. The
experiments were conducted at 4°C, except for Spherosil columns, for which the
optimum retention was obtained at room temperature. The concentration of the eluted
IgGI was determined spectrophotometrically at 280 nm.

Bloodgroup immunoadsorbent. Pooled human serum type 0 (I ml) was added for
10 min at room temperature to a given amount of support (batch procedure; for details
see Table IV). The content of antibody adsorbed was determined by the agglutination
test as described previously [2].

RESULTS AND DISCUSSION

The performance of Biograft and PVA carriers was tested in comparison with
seven different commercial supports: Sepharose, Superose, Fractogel, Eupergit C,
VA-Epoxy, Synsorb A and Spherosil. As the commercial matrices chosen here are
frequently used in practice, the results obtained should provide important data with
regard to the performance of Biograft and PVA.

All supports were coupled under identical conditions, with the exception of
gelatin Sepharose, protein A/protein G Sepharose and Synsorb A, which were used as
supplied by the manufacturer.

As shown in Table I, the Fn adsorption capacity ofgelatin Biograft is about 80%
higher than that of Gelatin Sepharose. VA-Epoxy shows the best performance among
the commercial media, which is in line with recent findings regarding the performance
of this matrix in immunoaffinity chromatography [2]. Although the study of the
different supports under identical test conditions is the main topic, it should be stressed
that the performance of the separation can still be optimized by modifying certain test

TABLE I

ADSORPTION CAPACITY OF FIBRONECTIN ON DIFFERENT GELATIN AFFINITY RESINS

Human plasma (20 ml) was applied to 3 ml of adsorbent at a linear flow-rate of 50 cm/h at room
temperature. The Fn concentration in the elution fraction was determined using an immunoturbidimetric
standard test method [9]

Support Approximate Capacity
bead size (/lm) (mg Fn/ml gel)

Biograft 150
Gelatin Sepharose 4B 70
Fractogel TSK HW-75F 40
Eupergit C 150
VA-Epoxy 110

2.8
0.6
0.9
1.4
2.1
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TABLE II

ADSORPTION CAPACITY OF HSA ON DIFFERENT CIBACRON BLUE F3G-A GELS

Flow-rate: 25 cm/h.

311

Support matrix Approximate Ligand bound
bead size (/lm) (mg/ml gel)

HSA adsorbed
(mg/ml gel)

Biograft 150
PVA 80
Sepharose CL-6B 70
Fractogel TSK HW-75F 40
VA-Hydroxy 110

0.5
1.4
0.2
0.3
0.3

0.59
0.81
0.19
0.65
0.21

parameters, e.g., amount of ligand bound, flow-rate, temperature and amount of
protein loaded onto the column, as recently demonstrated by Regnault et al. [10] for
the separation of Fn. This leaves room for further improvements when using grafted
polyamide carriers.

HSA adsorption capacities on different Cibacron Blue resins are given in Table
II. Biograft binds about three times as much HSA as VA-Hydroxy and Sepharose
CL-6B. This correlates directly with the ligand uptake of these supports: 0.5 mg/ml
(Biograft), 0.3 mg/ml (VA-Hydroxy) and 0.2 mg/ml Cibacron Blue (Sepharose) under
the chosen test conditions. PVA shows the highest protein adsorption with 0.81 mg/ml,
yet this amount is relatively low considering the large amount of the ligand bound (1.4
mg/ml). The performance of Fractogel TSK HW-75F is not in accordance with the
other results of this test series, insofar as it adsorbs relatively large amounts of HSA
(0.65 mg/ml), which is in contrast to its low Cibacron Blue uptake. An explanation of
this could be the non-specific adsorptions due to the partly non-polar nature of the

TABLE III

COMPARISON OF IgGl ADSORPTION CAPACITIES OF DIFFERENT HISTIDINE-COUPLED
AFFINITY RESINS

For details see Experimental.

Support Approximate Capacity
bead size (/lm) (mg IgCI/ml gel)

Biograft 150 0.69
Sepharose 4B

Without spacer" 70 0.05
With spacerb 0.23

Superose 12 with spacerb 30 0.29
Spherosil

Without spacer 80 0.15
With spacerd 0.28

a Activated with epichlorohydrin.
b Activated with 1,4-butanediol diglycidyl ether.
, Activated with y-glycidyloxypropyltrimethoxysilane.
d Activated with y-glycidyloxypropyltrimethoxysilane and subsequently reacted with aminocaproic

acid; coupling of histidine was conducted using carbodiimide [8].
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Fractogel structure. A reason for the relatively low protein adsorption achieved with
PVA regarding the very high ligand binding density could be that a high ligand density,
owing to steric effects, prevents an appropriate interaction of the non-polar moiety of
the ligand with the non-polar region of HSA [11].

A comparison of the IgGl binding capacities on different histidine affinity
supports is shown in Table III. Grafted polyamide adsorbs about three times more
IgGl than Sepharose 4B, Superose 12 and Spherosil. The influence ofa spacer molecule
on the protein binding efficacy is demonstrated by comparing the results obtained with
1,4-butanediol diglycidyl ether, which functions as a spacer, and epichlorohydrin. The
differences between these two coupling modes are obvious, especially with Sepharose
4B: 0.05 mg IgGljml bound without spacer and 0.23 mg IgGljml bound with spacer. Tn
contrast, the grafted support does not require an additional spacer-like coupling agent,
which would also contribute to the overall high costs of affinity media.

The above-described ligands have one common feature, namely that they are all
pseudo-specific. However, as they are inexpensive and are readily available, they are
frequently used in the laboratory. This applies especially to the use of some textile dyes
such as Cibacron Blue, Remazol Yellow and Procion Red (I2]. Although these ligands
interact with a number of proteins [7], Cibacron Blue F3G-A has been applied
successfully to the separation of HSA, enzymes, growth and coagulation factors and
interferon [12]. HSA is technically produced by a chromatographic process using
Cibacron Blue columns [13]. A comparison of the performances of different Cibacron
Blue supports is hence of fundamental interest with regard to technical applications.

By adopting defined adsorption or desorption modes, a resolution and degree of
purification comparable to those of immunoadsorption can be obtained with
pseudo-specific ligands. This applies especially to histidine, which interacts through its
carboxyl, amino and imidazole groups with several proteins at or around their
isoelectric point and has shown particular efficacy in separating IgG subclasses [14].
This mode of chromatography also has some potential if one considers its technical
application [15].

TABLE IV

REMOVAL OF BLOOD GROUP A ANTIBODIES FROM HUMAN SERUM

Pooled human serum type 0 (I m!) was incubated for 10 min at room temperature (batch procedure). The
antibody content was determined by agglutination test [3].

Support Sample volume Approximate Antibody bound
(m!) bead size (/lm) (%)

PYA 1.0 500 >90
Biograft 0.5 150 >90
Eupergit C 0.5 150 >90
Fractogel TSK HW-75F 0.5 40 <30
Synsorb A 1.0 500 <50
Protein A
Sepharose CL-4Ba 0.3 70 <10
Protein G
Sepharose 4a 0.3 70 <10

a Used as supplied by the manufacturer without blood group hapten.
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The reason for the overall superior performance of the grafted supports in
comparison with well established media lies in their special molecular structure.
Grafting leads to long tentacle-like molecular chains which function automatically as
spacer arms [4]. These grafted chains obviously possess a high accessibility for ligands
and proteins, as shown in recent enzyme and antibody immobilization tests [3,16].

Affinity chromatography has also been successfully used in the medical field. In
bone marrow transplantation, ABO incompatibilities can be circumvened by anti-A
and anti-B antibody removal from blood and serum. For this purpose, a novel PYA
carrier was developed to which a specific blood group oligosaccharide was attached

Fig. I. Scanning electron micrographs of (a) PYA and (b) Synsorb A immunosorbent carriers, showing the
smoothness of the surface morphology of PVA beads in comparison with Synsorb.
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[2,17]. A comparative study of the blood group antibody adsorption capacities on
different immunosorbents is shown in Table IV.

PYA, Biograft and Eupergit C bind over 90% of the antibody, whereas
Fractogel and Protein A and Protein G Sepharose adsorb relatively low protein
contents « 30% and < 10%, respectively). The PYA protein binding ability is
outstanding ifone considers the large bead size of this gel (ca. 500 )lm). This underlines
both the efficacy of the isocyanate coupling technique and the suitability of PVA as an
affinity support. Further, it becomes obvious that the blood group trisaccharide ligand
exhibits distinctly better specificity and hence binding properties than protein A and
protein G, ligands frequently used for IgG separations [18].

Although Biograft and Eupergit C also show good protein adsorptions, these
carriers are only suitable for in vitro usage owing to their small bead sizes. Synsorb A,
a commercial immunosorbent based on silica gel [19], also has a bead size of ca. 500 )lm
and shows reasonable adsorption properties. However, this support might not be
useful for in vivo application as it consists of very small single building blocks (Fig. I)
which produce a rough surface morphology. The surface morphology, however, is
vital for biocompatibility as it directly influences the mode of blood flow. Rough
surfaces can cause micro turbulences and thus promote thrombus formation [20].
Another detrimental reaction is the activation of the complement system [21]. Hence
PVA remains the only choice for practical haemoperfusion because of its excellent
adsorption capacity, smooth surface morphology (Fig. I) and good blood compa
tibility, which is superior to that of common carrier types [21].

Apart from the biochemical performance, the newly developed media possess
excellent chemical stability. Treatments in 1-6 M sodium hydroxide are possible
without detectable destruction [5]. This is a unique feature among all common
chromatographic supports and it seems that these media are useful alternatives to
currently used supports.
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Microfiltration membranes as pseudo-affinity adsorbents:
modification and comparison with gel beads
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many)

ABSTRACT

Microfiltration membranes were studied as alternative adsorbents to the usual spherical hydrogels
beads for the purification of proteins. Assumption of monolayer adsorption onto the internal area allowed
the capacity measured by adsorption of model proteins to be predicted. The membrane could be modified
with triazine dyes to yield an affinity-like support. The capacity of the dyed membrane was similar to the
capacity of dyed Sepharose and the membrane could be used repeatedly. Enzymes from a crude extract of
baker's yeast were selectively adsorbed in both batch and continuous experiments, allowing purification
factors of at least ten.

INTRODUCTION

Dye ligand chromatography has long been known as a versatile and robust tool
for purifying proteins from the analytical to the preparative scale [I]. In order to
shorten the process time, more efficient adsorbents have been sought. The application
of beads with small diameters allows the restrictions set by diffusive transport of the
proteins to the ligand to be reduced considerably [2]. However, high operating
pressures are required. Alternatively, porous polymer matrices modified as ion
exchangers (Memsep, Millipore; Zetaprep, Cuno) have been introduced recently
because of their high surface area, convective solute transport and low pressure
drops [3].

Microfiltration membranes are potentially attractive adsorbents because they
offer the same advantages as the matrices mentioned above together with mechanical
strength, a highly porous structure and a large range of configurations for operation.
Moreover, membranes are capable of handling unclarified solutions. Capillary
membrane modules modified to yield affinity supports allowed, for instance,
antibodies to be isolated from a cell culture medium [4].

In this work, microfiltration membranes made of nylon were tested as
affinity-like adsorbents. The available capacity of the basic material was evaluated in
two ways: from measurements of the inner surface area available in principle for
adsorption and from experiments involving adsorption of model proteins. Modifica
tion of a nylon membrane with various pseudo-affinity ligands (triazine dyes) was

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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performed and the modified membranes were tested as adsorbents. A proprietary dye
ligand membrane was used for enrichment of enzymes from a crude yeast extract.
Batch and filtration mode experiments were compared with the different membranes
and their reusability was assessed. The results were compared with those obtained with
pseudo-affinity agarose gels.

EXPERIMENTAL

Materials
Microfiltration membranes (Vltipor) were obtained from Pall (Dreieich,

Germany). According to technical information from the manufacturer, Vltipor are
isotropic membranes made of nylon 66 with a high surface concentration ofamine and
carboxylate groups in a I: 1 ratio. Modified nylon membranes with a positively charged
surface, Zetapor (0.2 pm) and Zetabind (0.45 pm), were acquired from Cuno Europe
(Cergy-Pontoise, France). Zetabind is intended for DNA and protein blotting.
Samples from a proprietary nylon-based membrane modified with triazine dyes were
a gift from Sartorius (G6ttingen, Germany).

Cibacron Blue F3G-A was purchased from Ciba Geigy (Basle, Switzerland),
Procion dyes from ICI (Frankfurt, Germany), polyethylenimine (PEl) from Sigma
Chemie (Deisenhofen, Germany) and glutaraldehyde from Fluka (Neu-Vlm, Ger
many). All other reagents were of analytical-reagent grade.

Bovine serum albumin (BSA), fraction V (Boehringer Mannheim, Tutzing,
Germany) was dissolved in water and hen egg lysozyme (Fluka) in I mM potassium
phosphate buffer (pH 7.0).

A crude enzyme extract was prepared from commercial baker's yeast (Saccha
romyces cerevisiae). A 40% (wjv) suspension in 100 mMpotassium phosphate buffer
(pH 6.0)-1 mM EDTA-5 mM mercaptoethanol was disintegrated in a high-pressure
homogenizer, centrifuged and filtered through a 0.2-pm filter. The extract was stored
at - 20°e. Before use, samples were again clarified by centrifugation and diluted
4-fold with a 1 mM EDTA solution.

Dye ligand immobilization
The dye ligands were coupled to Vltipor membranes (OJ-pm nominal pore size)

either directly or using PEl as spacer. The latter was first bound to membranes
previously activated by glutaraldehyde at pH 8.0 [5J. The dyeing was carried out in two
steps: a I-h dye adsorption at room temperature from 6% NaCI solution, followed by
reaction for 1 h at 50°C after raising the pH to 10.8 with carbonate buffer. A large
excess of reagents were used and the membranes were rinsed repeatedly after every
reaction step. After a final rinse with water and methanol, the membranes were stored
dry at room temperature. The amount of dye coupled to the membrane was
determined spectrophotometrically after dissolution of samples in phenol-methanol.
Dyeing of Sepharose CL-4B was performed as described for the membranes.

Batch adsorption experiments
Samples of membrane were contacted with the solution of proteins in a shaken

vessel for about 3 h. No significant change in protein concentration in the liquid
occurred typically after 90 min up to 24 h. The amount adsorbed was calculated from
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the mass balance. The experiments were performed in flasks for BSA and lysozyme and
in micro test-tubes (Eppendorf) for yeast extract. The support volume was about 2%
of the solution volume. Blanks without membranes were incubated in parallel to check
that no deactivation or unexpected losses occurred. Before the adsorption experi
ments, the membranes were equilibrated with the corresponding solution without
protein.

Adsorption and desorption in filtration mode
Membranes discs of 25 mm diameter were used; the effective filtration area was

3.3 cm z.
To perform the adsorption experiments with lysozyme, filter holders (Sartorius,

SM16517E) connected to a syringe were used. The following solutions (5 ml) were
successively passed through the filter: buffer, 0.1 gil lysozyme, I M sodium chloride
and then 10 ml buffer. Residual liquids were flushed out of the holder with air.
Lysozyme adsorption was measured by the decrease in concentration on filtration. The
above cycle was performed three times.

For the experiments with the yeast extract, a filter holder with a minimum dead
volume was constructed and inserted into an a fast protein liquid chromatography
(FPLC) system (Pharmacia, Uppsala, Sweden). One to ten membranes could be fitted
in the holder. Samples of500 J11 were injected. The membrane was washed with 10 ml of
buffer. Unless stated otherwise, elution was carried out with a 10-mllinear gradient
from 0 to 0.25 M KCl, a 5-ml step with 2 M KCI in buffer and a 5-ml step with starting
buffer. Fractions of 5 ml were collected. Before the next run, a few milliliters of starting
buffer were passed through the module without collecting the fractions.

Assays
Lysozyme concentrations were measured at 280 nm. BSA and yeast proteins

were assayed with the Coomassie or with the micro-BCA test using kits purchased
from Pierce (Oud Beijerland, The Netherlands). Malate dehydrogenase (MDH) and
glucose-6-phosphate dehydrogenase (G6PDH) activities were measured according to
Bergmeyer [6] and adenylate kinase according to Ito et al. [7].

RESULTS

Preliminary evaluation of membrane capacity for model proteins
The capacity of the membranes considered as adsorbents for proteins was

evaluated in two ways: first by calculating the amount that could be adsorbed in
a close-packed monolayer using literature data for the physical dimensions of model
proteins and measuring the surface area available within the matrix; and second by
measuring the adsorption of BSA under conditions favourable to adsorption.

The internal surface areas of the membranes were measured by nitrogen
adsorption [8] using a Sorptomatic apparatus (Carlo Erba, Milan, Italy). The results
for Ultipor membranes of various nominal pore sizes are shown in Fig. I. Together
with monolayer adsorption values calculated from the BSA and lysozyme dimensions
(3.8 nm diameter x 15.0 nm length and 4.5 x 4.4 x 3.0 nm, respectively [9,10)), the
overall surface would allow ca. 150 J1g of lysozyme and 150-600 J1g of BSA to bind to
a I-cmz piece of membrane with O.I-Ilm nominal pore size. The two values for BSA
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Fig. I. Inner surface area ofmicrofiltration membranes (Ultipor, Pall) with differents pore sizes, determined
by nitrogen adsorption.

refer to adsorption of the protein molecule with its main axis parallel or perpendicular
to the support surface.

The adsorption measured with BSA in aqueous solution at concentrations of
0.25 and 0.5 gil on two positively charged membranes (Zetapor, Zetabind) and an
amphoteric membrane (Ultipor) are shown in Table I. At the end of the experiment, an
excess ofBSA remained in solution. On doubling the initial concentration, the increase
in the amount adsorbed was small relative to the concentration left in solution for
Ultipor and Zetapor, therefore indicating saturation.

Immobilization of dye ligands to Ultipor membrane
The amounts ofcrude dye immobilized on the Ultipor membrane in two batches

were in good agreement (Table II). A five to ten times higher dye concentration was
bound when PEl was used as spacer. Dye concentrations in the same range were
obtained with mono- (Cibacron, Procion H) and dichlorotriazinyl (Procion MX) dyes.

Adsorption of lysozyme to dyed Ultipor membrane
Batch adsorption was performed in duplicate. Adsorption in the filtration mode

was repeated three times with every membrane specimen, the membrane being washed
with sodium chloride solution and buffer between runs. As the amounts adsorbed did
not show any trend, the averages from three data are reported. The amounts of
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TABLE I

AMOUNTS OF BSA ADSORBED IN BATCH FROM 0.25 AND 0.5 gil SOLUTIONS IN WATER ON
CATIONIC (ZETAPOR. 0.2 /lm; ZETABIND, 0.45 /lm) AND AMPHOTERIC (ULTIPOR, 0.[ lim)
NYLON MEMBRANES

Membrane Introduced Adsorbed Rcmaining in solution
(/lg/cm 2

) (Itg/cm2
) (/lg/ml)

Ultipor 159 80 126
320 108 337

Zetapor 158 144 22
320 176 264

Zetabind 132 47 161
264 106 307

lysozyme introduced in the experiment were similar in the batch and filtration modes,
namely 126 and 152 f.1g per square centimetre of filter, although the initial
concentration was 2.5 times higher in the batch experiment. Table III shows that the
amounts of lysozyme adsorbed per square centimetre of filter were very similar in the
batch and filtration modes. Adsorption was systematically higher on the dyed
membrane. The highest adsorption was observed with the blue membrane modified
first with PEL

Adsorption of yeast proteins to dyed membranes or Sepharose CL-4B
The proprietary membrane from Sartorius and Sepharose CL4-B carrying the

blue (Cibacron F3G-A) or the yellow ligand (Procion Yellow HE3-G) were compared
in batch experiments. A large excess of bulk protein was incubated in contact with the
support in order to test the selectivity of the binding for the target enzymes. About
1000 times more protein than the expected capacity was used. As a consequence, the
concentration change in solution was negligible and a mass balance would not allow
the amount of proteins adsorbed to be measured. Also, an overestimation of protein

TABLE II

AMOUNTS OF DYE LIGANDS COUPLED TO ULTIPOR MEMBRANES (0.1 lim) IN lig OF
CRUDE DYE PER mg OF DRY MEMBRANE

Ligands were coupled directly or using polyethylenimine as a spacer (denoted PEI-).

Dye Dye coupled (/lg/mg membrane)

PEI-Cibacron Blue F3G-A
Cibacron Blue F3G-A
Procion Blue MX-R
Procion Red MX-5B
Procion Red HE3-B
Procion Yellow HE3-G

Batch I

21.4
2.71
6.65
4.04
4.14
0.56

Batch 2

15.5
2.57
6.6
3.38
5.4
l.l
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TABLE IIf

AMOUNTS OF LYSOZYME ADSORBED ON DYED MEMBRANES FROM A BUFFER SOLU
TION (POTASSIUM PHOSPHATE, pH 7.0,1 mM) IN BATCH AND FLOW-THROUGH MODES

The amounts introduced were 126 and 152 /lg/cm 2 membrane, respectively. Membrane sample: Ultipor
(0.1 /lm). Average and standard deviation are from duplicate and triplicate experiments, respectively.

Dye Amount of lysozyme adsorbed
(/lg/cm 2 membrane)

PEI-Cibacron Blue F3G-A
Cibacron Blue F3G-A
Procion Blue MX-R
Procion Red MX-5B
Procion Red HE3-B
Procion Yellow HE3-G
Not dyed

Batch

122 ± 4
78 ± 2
90 ± 22
85 ± 15
94 ± 21
87 ± 4
40 ± 13

Flow-through

110 ± 18
83 ± 4
92 ± II
81 ± 38

102 ± 2
87 ± 8
62 ± 6

desorption values (about 50%) was caused by the transfer of a significant amount of
bulk proteins with interstitial liquids in the supports. Desorption was attempted by
resuspending the drained support in buffer containing 0.5 M KCI. The amount of
proteins and enzyme activity adsorbed or desorbed were related to the unit volume of
support derived from the membrane dimensions or from weighing the drained gel and
assuming a density of unity, respectively.

TABLE IV

COMPARISON OF PROPRIETARY DYE LIGAND MEMBRANES WITH SEPHAROSE CL-4B AS
CARRIERS WITH BLUE OR YELLOW LIGANDS, FOR THE ADSORPTION OF ENZYMES
FROM A CLARIFIED YEAST HOMOGENATE

Amounts ofMDH, adenylate kinase, G6PDH activities and protein adsorbed and desorbed per millilitre of
support. Variations are standard deviations.

Support MDH Adenylate G6PDH Proteins
(U/ml) kinase (U/ml) (mg/ml)

(U/ml)

Adl'Orption
Sartorius blue 800 ± 100 350 ± 60 120 ± 10 nd"
Sartorius yellow 990 ± 120 260 ± 70 70 ± 10 nd
Sepharose blue 250 ± 50 430 ± 30 20 ± 10 nd
Sepharose yellow 780 ± 140 100 ± 70 20 ± 10 nd

Desorption
Sartorius blue 200 ± 30 50 ± I 5 ± 0.5 10.7 ± 0.5
Sartorius yellow 610 ± 30 50 ± 10 10 ± I 12.0 ± 0.9
Sepharose blue 240 ± 10 210 ± 10 2 ± 0.4 13.4 ± 1.3
Sepharose yellow 620 ± 10 140 ± 10 4 ± 0.3 14.1 ± 1.0

" nd = Not determined.
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The results in Table IV show that the amounts of proteins or individual enzymes
involved in adsorption or desorption were of the same order regardless of the support
material. The ligand had no general effect on the binding. However, more MDH was
bound to the yellow ligand on both supports and more adenylate kinase to the blue gel.

On desorption, a low recovery (below 20%) was found for G6PDH on all the
supports and for adenylate kinase on the membranes. The MDH recovery was higher
than that of the other enzymes, and better with the gel supports.

The comparison of the specific activities in the original extract and the
corresponding values in the desorption solutions (data not shown) revealed that
significant enrichments occurred for MDH irrespective of the support, with a factor of
5 on the blue ligand and 12-14 on the yellow ligand. Enrichment factors for adenylate
kinase were about 3 with membranes and 6-9 with gels, as a result of the better
recovery on the latter. No significant enrichment of G6PDH could be measured.

Binding of yeast proteins to dyed membranes in filtration mode
The reusability of the dyed membrane was tested by repeated loading and elution

(0 to 0.25 M KCl gradient and then a step with 2 M KCI) of proteins from the yeast
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Fig. 2. Repeated use of a stack of ten membranes as stationary phase for binding proteins from the yeast
extract. A 500-ltl aliquot of the extract was loaded on the membrane, previously equilibrated with starting
buffer; the membrane was washed with 10 ml of starting buffer followed by a 10-ml KCl gradient up to 0.25
M, a 5-ml step with 2 M KCl and a 5-ml step with starting buffer. Linear velocity, 0.3 em/min. Succession of
runs: D, 0, 6, x, V.
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TABLE V

REUSABlLlTY OF A MEMBRANE SPECIMEN (3.3 cm 2) FOR BlNDING ENZYMES FROM THE
YEAST EXTRACT

A SOO-Ill aliquot of the extract was loaded on the membrane previously equilibrated with starting buffer; the
membrane was washed with 20 ml of starting buffer followed by a 40-ml KCI gradient up to 2 M. Proteins,
G6PDH, MDH and adenylate kinase .recovered in the eluted peak.

Run Proteins G6PDH MDH Adenylate kinase
No. (Ilg) (U) (U) (U)

I 308 0.21 16.36 1.89
2 319 0.21 12.24 1.69
3 294 0.28 12.24 0.05

crude extract. A stack of ten membranes was used in the FPLC system. The elution
profiles observed in five successive runs were highly reproducible (Fig. 2). The amount
of proteins recovered was constant within 3% error. However, the elution peak was
spread over about 7.5 ml.

The same kind ofexperiment was repeated with only one disc ofmembrane in the
holder and using 20 ml of starting buffer to wash unbound proteins and a 40-mllinear
gradient up to 2 M for elution. A frontal application of the sample was used to
overload the support capacity as in the batch adsorption experiments. The flow-rate
for elution was 1.0 mllmin in the first two runs and 0.05 mllmin in the third. MDH,
G6PDH, adenylate kinase and the bulk of the eluted proteins were recovered in
a typical broad peak without apparent separation from each other. The amount of
proteins and enzymes found in the gradient was stable, in general (Table V). However,
the recovery of adenylate kinase was lower in the third run, possibly because of
deactivation over several hours.

The data in Table V, when related to the support volume, yield 3.6 U/ml
G6PDH, 205 U/ml MDH and 27 U/ml adenylate kinase (first two runs only), in good
agreement with the desorption from the blue membrane in the batch mode (Table IV).
The desorption of protein, yielding 4.65 mglml, was notably lower than in the batch
mode, but the latter value was biased, as mentioned above. In consequence, the
enrichment factors were found to be about twice as high as in the batch mode.

DISCUSSION

Preliminary evaluation of the capacity of microfiltration membranes as
adsorbents for proteins showed that experimental values obtained with BSA were in
good agreement with the calculated value of 150 /lg/cm 2 membrane, based on the
actual inner area of the support and the assumption of adsorption in a monolayer of
BSA on the surface. Under the conditions chosen, namely a low ionic strength,
electrostatic attraction of protein to the support with the cationic membranes was
expected to yield a high affinity of BSA for the support (Table I). The positively
charged membrane Zetapor showed prompt saturation, as a very small increase in
adsorption was observed while the remaining concentration in solution differed by
a factor of about lO. On the other hand, the small residual concentration left in



MICROFILTRATION MEMBRANES AS ADSORBENTS 323

solution with the smallest amount ofBSA introduced showed that the affinity was very
high. In fact, the concentration in the support matrix was about 470 times higher than
that in the solution. The Ultipor membrane showed saturation to a lesser extent, but
the amphoteric nature of the membrane made a net electrostatic attraction less evident
as the unadjusted pH of the aqueous solution was close to the isoelectric point of the
membrane, reported as 6.5 [II]. The Zetabind membrane surprisingly showed no
saturation at all, despite the excess of BSA remaining in the solution. The latter shows
that the affinity for BSA was low in comparison with the other two membranes.
Gershoni and Palade [12] found a steady increase in BSA binding up to 500 /lg/cm2

when a large excess (up to 37 mg/cm2
) was contacted with a Zetabind membrane,

which was then rinsed before counting the 112s-labelled BSA. The requirement for
such a high concentration to achieve high adsorption values and the resistance to
rinsing are contradictory if one assumes an equilibrium between adsorbed and soluble
BSA. The binding mechanism on that membrane could therefore be particular, i.e.,
a form oflow affinity but irreversible insolubilization on the surface. Our experimental
set-up based on mass balance to determine adsorption did not allow that range of
concentrations to be investigated. Nevertheless, the high concentrations of BSA
remaining in solution (Table I) indicated that no binding sites with high affinity were
left on any of the membranes.

The lysozyme capacity on dyed membranes (Table III) was consistent with the
monolayer capacity calculated for the Ultipor membrane. Moreover, the monolayer
values predicted well the capacity measured on the proprietary ligand membrane (see
Table V, values for 3.3 cm 2 sample area) with a protein mixture.

Fig. I suggests that the capacity of Ultipor membranes with larger pore sizes up
to 1.2 /lm would correspond to only a three times reduction in capacity.

The modification of nylon membranes with triazine dyes is reproducible,
regardless of the dye reactivity (Table II). Concentrations of 0.5-3.6 /lmol/ml
membrane can be calculated for Cibacron Blue without and with PEl as spacer. The
values reported for agarose gels were in the range 1-10 /lmol/ml [1].

The adsorption of lysozyme under conditions favourable to electrostatic
attraction showed the positive effect of the dye ligand on the membrane capacity
(Table III) as a 2-fold adsorption was observed compared with the parent membrane.
The value measured on the latter cannot be considered as a background for dyed
membranes as the original binding sites could be masked by dye ligands. The
maximum values in Table III can be converted to a concentration of 8.6 mg/ml
support, which corresponds to about 60% of the maximum concentration reported on
blue Sepharose CL-6B [13].

The good correlation between batch and flow-through data for lysozyme
adsorption (Table III) indicated two important properties of the membranes as dye
ligand adsorbents: first, no irreversible binding occurred, as washing of the support
with 1 M NaCI restored the initial capacity; second, flow-through conditions allowed
the adsorption to be achieved in a few minutes, even with a more dilute solution. The
first point was confirmed with the proprietary dye ligand membrane and yeast proteins
and enzymes (Fig. 2, Table V).

Batch and flow-through experiments with the latter membrane showed the
applicability of the support to the isolation of specific enzymes from crude mixtures.
The amounts of enzymes recovered were similar in both procedures (Tables IV and V).
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Enrichment factors in the region of 10 would be very attractive in early separations as
a large proportion of the bulk proteins would be discarded.

The volumetric capacity of the membranes was found to be comparable to that
of the corresponding Sepharose gels, at least as measured by enzyme adsorption or
protein desorption (Table IV).

The method adopted here to desorb enzymes showed a poor performance; in
batch adsorption the recovery was not complete and notably inferior on membranes
than on gels; in the flow-through mode, extensive peak spreading occurred. The latter
may reflect sequential desorption ofdifferent proteins or axial dispersion in the holder
or the lines. However, individual enzyme peaks were fairly broad also, covering at least
5 ml for the data in Table IV, and axial dispersion would account only for peaks of2.5
ml duration as measured in complementary experiments (data not shown). In fact, no
optimization of the desorption step has been attempted so far. Several possibilities
exist for improving the desorption behaviour: optimization of the buffer composition
and pH for a particular enzyme or eluting specifically with substrate or cofactor.

This paper demonstrates that the inner surface of microfiltration membranes
made of nylon could be modified with dye ligands and used for adsorption of proteins,
yielding volumetric capacities close to those ofthe corresponding agarose support. The
binding capacity could be used repeatedly and no irreversible fouling was apparent.
However, desorption using high salt concentrations was not satisfactory and notably
worse than with dye ligand gels. Optimizing the desorption step is still possible.

Interestingly, the available area was not dramatically reduced when membranes
with larger nominal pore sizes were considered. This might yield a very favourable
opportunity to optimize the space-time yield of membrane adsorbents, as membranes
with high permeabilities could be chosen without affecting the capacity.
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ABSTRACT

Aluminium ions, immobilized on iminodiacetate-agarose, were used as a chromatographic adsor
bent. At pH 6.0, in strong salt solution, phosphoamino acids, phosphopeptides, phosphoproteins and
nucleotides that contained terminally bound phosphate were retained. At pH 7.5 most of the phosphorus
compounds were desorbed. Conversely, phosphate-free compounds were unretained at both pHs and the
same behaviour was displayed by nucleotides which contained only internally bound phosphate. These
findings might be useful as a basis for the development of a procedure for isolating phosphoproteins.

INTRODUCTION

Studies of the chromatographic behaviour on immobilized Cu(ll), Ni(II), Zn(II)
and Co(II) ions of selected thiol-free model proteins have demonstrated that surface
histidyl groups are the primary electron donors in the interaction between metal and
protein [I]. Other metals, such as Fe(III) and especially AI(III), can be assumed to have
a higher affinity for oxygen as the electron donor [2]. Chromatography of model
compounds on immobilized Fe(III) seems to support this hypothesis. For instance,
phosphate compounds are strongly bound, presumably via oxygen [3,4]. Immobilized
AI(III) has limited use for the separation of biological molecules. The free metal ion is
known to form strong complexes with phosphate, citrate and other oxygen-rich
compounds [5]. This property is the basis upon which a new separation method has
been attempted. This paper describes the properties of Al(III) immobilized on agarose
gel and its possible utility as an adsorbent for phosphorus-containing compounds.

EXPERIMENTAL

Iminodiacetic acid(IDA)-agarose (Chelating Sepharose Fast Flow) was ob
tained from Pharmacia-LKB (Uppsala, Sweden), or was prepared in this laboratory
[6]. The Cu(II)-binding capacity was 30 and 70 ,umol/ml wet gel, respectively. A glass
column (20 x 10 mm 1.D.) containing Chelating Superose was purchased from
Pharmacia. The gel consists of the high-performance matrix Superose 12 onto which
iminodiaetic acid is coupled. Carboxymethylaspartyl-agarose (CM-asp-agarose) was

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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described previously [7] and tris(carboxymethyl)ethylenediamine (TED)-agarose were
synthesized according to a previous report [8]. Binding capacities were 42 and 90 ,umol
of Cu ions per millilitre, respectively. However, CM-asp-agarose displayed poor
aluminium binding and was not studied further. Aluminium binding to TED-agarose
was strong but neither the model compounds, i.e., phosphoprotein and phosphoamino
acids, nor the other proteins used in this work were bound to TED-AI(lII)-agarose.
Those results confirm some observations made earlier [9].

Ovalbumin, pepsin (4300 U/mg protein), pepsinogen (porcine stomach, grade
I-S, 3900 U/mg protein), rabbit muscle phosphorylase a and phosphorylase b were
purchased from Sigma (St. Louis, MO, U.S.A.). Chicken muscle glycogen phospho
rylase was prepared following the procedure of Petell et al. [10]. Assays for phos
phorylase a and phosphorylase b activity were carried out according to the procedure
of Hedrick and Fischer [11], slightly modified. It was found that the chicken muscle
extract contained high phosphorylase b activity. Alkaline phosphatase (calf intestine,
grade I) was obtained from Boehringer (Mannheim, Germany). Ovalbumin was
fractionated on immobilized IDA-Fe(III) into components containing no, one and
two phosphate groups, according to an earlier report [3]. L-Amino acids, phospho-L
serine, phospho-L-threonine, phospho-L-tyrosine, nucleotides and nucleotide deriva
tives were of analytical-reagent grade. The synthetic peptides Arg-Arg-Ala-Ser-Val
Ala and its phosphorylated analogue Arg-Arg-Ala-P-Ser-Val-Ala were a gift from
Dr. B. Fransson of this institute.

The aluminium concentration in the column eluates was determined according
to a procedure in which the metal is complexed with Alizarin S [12]. Dephosphoryla
tion of ovalbumin and pepsinogen was done by incubation with alkaline phosphatase
(1-2 units/mg protein). Protein samples were analysed by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) on microplates (Phast System,
Pharmacia), or by electrophoresis in 1% agarose gel slabs. Staining was done in
solutions of Coomassie Brilliant Blue.

Preparation of columns and chromatography
Metal-free gel was suspended in water, degassed and poured into a chromato

graphic column (60 x 10 mm J.D., bed volume 5 ml). Columns were charged with
a solution of aluminium chloride (50 mM) in distilled water. The charging was
considered to be complete when a precipitate of aluminium hydroxide was formed
from a small aliquot of the eluate after addition of one drop of 5% sodium carbonate
solution. After washing out unbound metal with three column volumes of water, the
column was equilibrated with five column volumes ofstarting buffer. Freeze-dried and
salt-free samples were dissolved in starting buffer; in some instances they were desalted
in this buffer on a small Sephadex G-25 column prior to chromatography. Runs were
made at room temperature with a flow-rate of 15-20 ml/h. Fractions of 1.0 or 1.5 ml
were analysed for protein and enzymic activity. The metal was removed after each run
with 0.1 M EDTA (0.5 M NaCI; pH 7) and occasionally with a portion of 0.1
M sodium hydroxide. Chromatographic runs on Chelating Superose were accom
plished using an LKB high-performance liquid chromatographic system consisting of
pump (Model 2150), a controller (Model 2152) and a two-channel recorder (Model
2210).

The following buffer systems were used, unless indicated otherwise: pH 5.0, 0.05
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M acetic acid-NaOH (1 M NaCl); pH 6.0, 0.05 M MES-NaOH (1 M NaCl); pH 7.0,
0.05 M PIPES-HCI (1 M NaCI); and pH 8.0, 0.05 M Tris-HCI (1 M NaCI), where
MES = 4-morpholinoethanesulphonic acid and PIPES = 1,4-piperazinodiethane
suiphonic acid.

RESULTS AND DISCUSSION

Aluminium binding and stability of the chelating gel
The binding capacity was determined by frontal analysis. The copper- and

aluminium-binding capacities were 30 and 14 /lmol per millilitre wet gel, respectively,
for Chelating Sepharose or Superose and 70 and 32 /lmol/ml, respectively, for the
"home-made" [DA-agarose. The stability of the metal chelates was checked by
measuring the aluminium ion concentration at pH 5.0, 6.0, 7.0 and 8.0 in eluates from
a column that was completely loaded with metal. The leakage from Chelating
Sepharose was found to be 0.015, <0.004, <0.004 and 0.020 /lmol/ml, respectively,
which indicates good stability in this pH range. From TED-agarose it was less than
0.004 /lmol/ml eluate at these pH values.

Chromatography of low-molecular-mass compounds
Amounts of 0.5-1 mg of compounds containing bound phosphate and

phosphate-free analogues, amino acids, nucleosides, nucleotides and peptides were
dissolved in starting buffer and chromatographed, one by one, on AI(III)-IDA
agarose at different pH values. The results are given in Table I. Evidently none of the
phosphate-free substances was retained. All the substances that were retained at pH
6.0 (I M NaCI) contain an external (terminal) phosphate group. The absence of
retention ofGpU, ApG, NAD and UDPG indicates that internal phosphate groups do
not contribute significantly to adsorption. The increased affinity of ADP, GTP and
ATP might be due to metal chelation. Strong chelating of AI(III) ions to ADP has been
reported [2]. Compounds adsorbed on AI(IU)-IDA-agarose and containing mono
esterified phosphate group(s) could be desorbed either by increasing the pH to 8 or by
adding 20 mM phosphate. ADP, ATP and GDP, once adsorbed, resisted desorption at
pH 8 or 9, but their elution proceeded reasonably well at pH 11.

Chromatography of model proteins
Porcine pepsinogen and pepsin are single-chain polypeptides composed of 370

and 329 amino acid residues, respectively. In each protein there is a single
phosphorylated serine that is positioned fairly near the amino-terminus. On activa
tion, pepsinogen loses its 41-residue N-terminal peptide. Both pepsinogen and pepsin
were weakly retained in MES buffer (pH 6.0) (1 MNaCI). The retention became strong
if 0.5 M potassium phosphate was substituted for 1 M sodium chloride. Both enzymes
were desorbed with good recoveries «90% for pepsinogen, 70% for pepsin) by 20
mM phosphate buffer (0.5 M K 2S04). In a control experiment, dephosphorylated
pepsinogen was run under similar conditions. Fig. 1 shows that pepsinogen was
strongly retained but the dephosphorylated enzyme unretained at pH 6. Presumably,
little or no conformational change takes place after the dephosporylation because
there is no significant loss in activity. These results suggest that immobilized AI(III)
can recognize a seryl-phosphate group among more than 300 residues.
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TABLE I

RETENTION OF LOW-MOLECULAR-MASS SUBSTANCES ON Al(lll) IONS IMMOBILIZED ON
CHELATING SEPHAROSE FAST FLOW

Substance" pH of buffers in I M NaCl

5.0 6.0 7.0 8.0

L-Amino acids
Phosphoserine + +
Phosphothreonine + +
Phosphotyrosine + +
Arg-Arg-Ala-Ser-Val-Ala
Arg-Arg-Ala-P-Ser-Val-Ala + +
Nucleosides
AMP + + +
ADP + + + +-
ATP + + + +-
GMP + + +
GDP + + + +-
CMP + + +
NAD+ n.d.
NADP n.d. +
FAD
GpU
ApG
UDPG
cAMP

" Standard abbreviations; also GMP = guanosine 5'-phosphate; CMP = cytidine 5'-monophos
phate; NADP = nicotinamide adenine dinucleotide phosphate; FAD = flavin adenine dinucleotide;
GpU = guanosine phosphate uridine; ApG = adenosine phosphate guanosine; UDPG = uridine
diphosphate glucose; cAMP = cyclic adenosine 3',5'-monophosphate.
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Fig. I. Chromatography of pepsinogens on Al(lll)-IDA y-agarose. A sample of 4 mg ofpepsinogen in 5 ml
was applied and the column was washed with 45 ml of 0.05 M MES-NaOH (0.5 M K 2S04 ) (pH 6.0). The
column was then rinsed with 20 mM phosphate buffer (0.5 M K2S04 ) (pH 7); the buffer change is indicated
by an arrow. D = Porcine pepsinogen; • = dephosphorylated porcine pepsinogen.
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Fig. 2. Recorder trace from chromatography of ovalbumin on AI(III)~IDA-Superose column. 2 mg of
ovalbumin were dissolved in 0.05 M MES-NaOH (I M NaCl) buffer (pH 6.0) and injected into the column.
The column was then rinsed with starting buffer and developed with a pH gradient formed by mixing
starting buffer with 0.05 M PIPES-HCI (I M NaCl) buffer (pH 7.2). The flow-rate was 0.25 ml/min. Time
scale: I em = 10 min.

Native ovalbumin was chromatographed on AI(III)-Chelating Superose. A
2-mg amount was dissolved in MES buffer (pH 6.0) (I M NaCl) and applied. After
washing out weakly bound protein, the column was developed with a pH gradient
from 6.0 to 7.3. The results are il1ustrated in Fig. 2. Purified ovalbumins with no, one
and two phosphate groups were chromatographed, one by one, in the same way. By
comparison, the first peak in Fig. 2 was identified as ovalbumin with no phosphate, the
second peak as the monophosphate ovalbumin and the third peak as the diphosphate
ovalbumin. The poor retention of the monophosphate ovalbumin might be due to
partial masking of the phosphate group. The resolution was greatly dependent on the



332 L. ANDERSSON

flow-rate, which suggests slow desorption kinetics. The overall protein recovery was
always near 100%. It was found, by analysis, that diphosphate ovalbumin scavenged
some aluminium from the adsorbent.

Muscle glycogen phosphorylase may exist in the form of phosphorylase a, which
is produced from phosphorylase b phosphorylation of one seryl residue per subunit,
A priori, this enzyme seems rather complicated to choose as a model protein. Both the
a and b forms contain one bound pyridoxal phosphate; however, this group is
contained deep within the interior of the protein. Depending on the conditions, the
a and b enzyme may be built up of two four subunits. Phosphorylase b was unretained
when chromatographed on Al(III)-IDA-agarose under the usual conditions. Phos
phorylase a, on the other hand, was always adsorbed. However, depending on the
enzyme source, the adsorption was sometimes strong and sometimes weak. This
variation might be due to the different aggregation and/or conformational states that
have been reported [13]. These states are assayed only with difficulty and therefore any
further interpretation seems impossible. However, the outcome of these experiments
does not contradict the hypothesis that binding occurs via phosphate groups.

Some other model proteins that are known to interact through histidyl groups
with Cu(II)- and Ni(II)-IDA-agarose gel were chromatographed using the same
procedure. None of them, i.e., horse cytochrome c, human serum albumin, whale
myoglobin and hen's egg lysozyme was, however, adsorbed at pH 6.0, 7.0 or 8.0. This
means that immobilized AI(III) does not recognize one or several surface histidyl
side-chains.

Adsorption of proteins in crude extracts
A 3-ml volume of dialysed human serum were chromatographed on Al(IIJ)

Chelating Sepharose at pH 6.0 in the presence of I or 2 M sodium chloride or 0.5
M potassium sulphate. After washing with 25 ml of starting buffer desorption was
effected with 20 mM phosphate (I M NaCl) (pH 7) and subsequently with 0.1
M EDTA (0.5 M NaCl). However, only small amounts of protein (0.1-0.5%) were
desorbed and therefore no attempt was made to analyse this material. Hen's egg white
was filtered and diluted 10-fold with 0.05 MMES (l MNaCl) (pH 6.0). A I-ml volume
was applied, the column was washed with buffer and proteins were desorbed with 0.05
M Pipes (1 M NaCl) (pH 7.2) (Fig. 3a). The desorbed material was analysed by
SDS-PAGE and was found to be homogeneous with the same molecular mass as
standard ovalbumin (not shown). Agarose gel electrophoresis revealed that the
material behaved as diphosphate ovalbumin (Fig. 3b). The experiments on extracts
suggest that Al(JII)-Chelating Sepharose has a high selectivity for the phospho
protein.

Rat liver acetone powder (Sigma L 1380) was extracted with MES buffer
(pH 6.0) (l M NaCl) at room temperature for 20 min. After centrifugation the extract
was applied to the Al(IJI) column and chromatographed. A large amount of UV
absorbing material was desorbed on increasing the pH. The UV spectrum and protein
analysis showed that this material contained a mixture of nucleotides but no protein.

Extracts ofchicken muscle were transferred to MES buffer (pH 6.0) (l M NaCl)
to remove EDTA and phosphate ions. Ten milIilitres were chromatographed on
AI(IIJ)-IDA-agarose gel in the same buffer. There was virtually no adsorption of
protein and all of the applied phosphorylase b activity appeared in the breakthrough
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Fig. 3. (a) Chromatography of crude egg white on Al(I1I)--IDA l'-agarose. A I-ml sample of diluted egg
white extract was applied and the column was rinsed with 25 ml of starting buffer. The column was then
developed with a pH gradient formed by mixing 25 ml of starting buffer with 25 ml of 0.05 M PIPES-HCI
(1 M NaCl) buffer (pH 7.2). Finally, the column was rinsed with the second buffer. (b) Agarose electro
phoresis ofhen's egg-white proteins. Lanes: 1 = crude extract ofegg white; 2 = pooled fractions from peak 2
(at 55 ml) in (a).

peak. In another experiment the extraction procedure was done in the absence of
EDTA but in the presence Mn(II) ions. This extract displayed phosphorylase
a activity. After chromatography on Al(III}-IDA y-agarose gel in the same buffer as
before, all of the phosphorylase a was found to be adsorbed. It was, however, difficult
to recover the enzyme in the usual manner. However, even in this complicated case,
immobilized Al(III) appears to recognize bound phosphate groups.

In summary, it seems that aluminium ions can recognize a phosphate group
having an external position within a molecule. With proper handling, the adsorbent
might be useful for the group isolation of certain compounds, including proteins,
containing a small number ofexternally bound phosphate groups. All evidence in this
work suggests that the specificity for phosphorylated protein among other proteins is
remarkably high, let alone the possible interference of nucleotides containing an
external phosphate group that may be present in biological extracts.

The data from this and from previous studies [3,8,14,15] allow some comparison
between the properties of immobilized Fe(III) and immobilized Al(III). Obviously, the
latter adsorbent has a superior selectivity for phosphoprotein. On the other hand,
binding of phosphorylated proteins to Al(III}-IDA y-agarose gel seems comparatively
weaker and therefore requires the presence of high concentrations ofsalt. Therefore, it
may be advantageous that both adsorbents, combined, be used for ~he purpose of
purifying proteins, especially phosphoproteins. .
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ABSTRACT

A novel method for enzyme immobilization to achieve highly active enzyme preparations is de
scribed. The enzyme is first reacted in solution with a specific monoclonal antibody (mAb) which does not
interfere with its enzymic activity and which possesses a high affinity towards the enzyme. The immuno
complex is then reacted with immobilized anti-Fc antibodies which are coupled to the matrix by methods
that preserve maximum immunological activity. Horseradish peroxidase (HRP) immobilization on epoxy
activated beads (CB6200) was chosen as a model system for this approach. Coupling of HRP via its mAbs
to anti-Fc antibodies immobilized yielded the best results, corresponding to binding of 325 ng of fully
active enzyme per bead. Binding of the enzyme to anti-HRP mAb directly immobilized on the beads was
considerably lower.

INTRODUCTION

During the last two decades, reactions which involve catalysis by immobilized
enzymes have been widely used on both the laboratory and industrial scales with
preparative, analytical and diagnostic applications. Many matrices and covalent
binding methods have been developed in order to achieve highly active enzyme-matrix
conjugates [1]. However, enzymes often tend to lose their biological activity on
coupling to a matrix owing to masking of their active sites or multi-point attachments
which restrict local movements necessary for the activity of the enzyme. In such cases,
coupling of the enzymes via monoclonal antibodies (mAbs) which do not affect their
activity and possess a high binding affinity towards the enzyme may be advisable [2].

Previously we have shown that the binding of such antibodies to insoluble
carriers, e.g., Eupergit C, yields matrix-conjugated mAb preparations which efficiently
bind the corresponding enzymes to yield highly active immobilized enzymes [3]. In
such preparations, the enzyme is bound via specific preselected and well defined sites.
Apparently, in this instance, mAbs form an extended spacer separating the enzyme
from the carrier. In addition, the mAbs bind the respective enzymes via epitopes
remote from the active site so that the active sites face the outer solution. Multi-point
attachments are also eliminated and the enzymes are relatively free to move to express
higher activity.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Since, in principle mAbs, which do not affect enzymatic activity and which bind
the enzymes at high affinity, may be prepared against almost any enzyme, this
technique may represent a general solution to the preservation of high activity of
immobilized enzymes. At present, the main restriction on the use ofmAbs is their high
cost, but improvements of the techniques for their large-scale production is expected to
lead to a marked decrease in price [4].

We expected that the formation of soluble complexes of enzymes with specific
mAbs, followed by immobilization via reaction with anti-Fe antibodies, should lead to
a higher capacity for enzyme binding than direct coupling of the enzyme to
immobilized antibodies. Further, optimization of anti-Fe immobilization onto the
solid carrier with respect to antigen binding activity should eventually lead to even
higher activity of the immobilized enzyme. We have tested various methods for
antibody immobilization in order to achieve the highest antigen binding activity.

The carrier used in this study was Eupergit ClZ-coated poly(methyl meth
acrylate) beads (6 mm, CB6200). These beads are especially suitable for application in
immunodiagnostic assays. Immunoassays performed with such beads are expected to
be more reproducible and reliable than those performed with enzyme-linked
immunosorbent assay (ELISA) microtitre plates owing to the covalent binding, rather
than hydrophobic adsorption, of the first antibody to the surfact of the matrix.
Nevertheless, assays based on these beads have to be optimized with respect to
protein-binding capacity, antigen-binding activity of the immobilized antibodies and
reproducibility of the results.

As a model system we chose immobilization of horseradish peroxidase (HRP)
via specific mAbs. Two approaches were examined and compared; (a) binding ofHRP
to immobilized mAband (b) binding of a soluble complex of HRP with its mAb to
immobilized anti-Fe antibodies. This enzyme, which is commonly used in immuno
diagnostics as a reporter enzyme, contains only a small number of lysine residues and
a blocked N-terminus [5] and, therefore, does not react directly with the oxirane groups
of the matrix. Thus any matrix-associated enzymatic activity may be attributed to
antibody-modulated immobilization of the enzyme.

EXPERIMENTAL

Materials
Eupergit CIZ-coated poly(methyl methacrylate) beads (6 mm, CB6200) were

obtained from Rohm-Pharma (Darmstadt, Germany). Horseradish peroxidase (HRP)
was purchased from Sigma (St. Louis, MO, U.S.A.).

Chemical mod(fication of CB6200 beads
Fifty beads were incubated with 25 ml of 0.1 M adipic dihydrazide (ADH),

hexarnethyIenediamine (HMD) or hydrazine hydrate (HH) in 0.2 M phosphate buffer
(pH 8.8) for 16 h at room temperature. The beads were then extensively washed and
unreacted oxirane groups were blocked with 0.2 M p-mercaptoethanol. The modified
beads were extensively washed and kept for further use in phosphate-buffered saline
(pH 7.4) (PBS) at 4°C.
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Assay oj the enzymic activity oj horseradish peroxidase
HRP (l0-100 Ill, 0.1-10 ng) was incubated in ELISA microtitre plates with

100 III of HRP substrate solution [2 mg/ml of o-phenylenediamine (Fluka, Buchs,
Switzerland) and 0.008% hydrogen peroxide in 50 mM citrate buffer (pH 5.0)] for
1 min at room temperature. Colour development was stopped by the addition of
4 M hydrochloric acid (50 Ill) into each well. The intensity of the colour developed was
measured with an ELISA reader (SLT, Grodig, Austria) at 492 nm (with a reference
beam at 405 nm).

Preparation and purification oj monoclonal antibodies
The preparation of anti-HPR antibodies has been described previously [6].

A monoclonal antibody (HRP2) which did not interfere with the enzymic activities of
HRP was selected using the microassay described above. This antibody was purified by
high-performance immunoaffinity chromatography using Eupergit C-bound HRP as
described previously [7]. The apparent binding constant of this antibody was
determined according to the procedure of Pinckard and Weir [8], i.e., as derived from
the reciprocal of the free monoclonal antibody concentration at which 50% of the
maximum binding to HRP was achieved.

Immobilization of anti-Fe antibodies on CB6200 beads
Polyclonal anti-Fe antibodies were coupled to oxirane groups of the beads either

directly or after reversible protection of their amino groups by reaction with
dimethylmaleic anhydride (DMA). By the direct immobilization procedure the
antibodies (0.1 mg) were incubated with ten beads in 5ml of 1 M potassium phosphate
buffer (pH 7.4) for 16 h at 4°C. Blocking ofunreacted oxirane groups was achieved by
incubation with 0.2 M f3-mercaptoethanol (pH 8.0) for an additional 4 h at room
temperature. By the DMA procedure the antibodies (0.1 mg) were incubated first with
DMA for 1 h and then coupled to the beads as described previously [9].

Alternatively, oriented immobilization of anti-Fe antibodies was achieved by
coupling of periodate-oxidized antibodies to ADH-, HH- or HMD-modified CB6200
beads as described previously [6].

Anti-Fe antibodies were also coupled to chemically modified CB6200 by
incubation of the antibodies (0.1 mg) with ten beads in the presence of 10%
glutaraldehyde in water for 16 h at room temperature.

Immobilization of the monoclonal antibody HRP2 on CB6200 beads
Monoclonal antibody HRP2 was coupled to CB6200 beads either directly (as

described above for the anti-Fe antibodies) or via its immunological reaction with the
immobilized anti-Fe antibodies. Beads containing anti-Fe antibodies were incubated
with increasing amounts ofmAb HRP2 (l-IO Ilg per bead) for 1h at 37°C. The amount
of antibodies bound to the beads was determined by the difference in the amounts of
protein measured before and after coupling by a microassay described by Bradford
[10].

Immobilization of horseradish peroxidase on CB6200 beads
Two approaches were used for the coupling ofHRP to CB6200. First, HRP was

coupled to matrix-conjugated anti-HRP mAb (see above). Alternatively, the enzyme
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was reacted with the antibody in solution and then the immunocomplex was
immobilized onto the CB6200 beads via reaction with immobilized anti-Fe antibodies.

Coupling of HRP to the beads by immunological reaction with immobilized
mAb HRP2 was carried out by incubation of the enzyme (5 fJ.g in 200 fJ.1 oflow-fat milk)
with the beads containing increasing amounts of antibody (0.3-1000 fJ.g pr bead) for
1 h at room temperature with gentle agitation. For coupling of HRP to soluble
antibody, 5 fJ.g of the enzyme were incubated with 10 fJ.g of antibody in PBS for 1 hat
37°C. The immunocomplex formed was the incubated with immobilized anti-Fe for
a further 1 h in PBS at 37°C with gentle agitation. In a control experiment, the direct
binding of HRP to the beads was tested. A 5-fJ.g amount of HRP was incubated with
each bead in 1 M potassium phosphate buffer (pH 7.4) for 16 h at 4°C, followed by
washing with 1% Triton X-100 in PBS. The enzymic activity of bound HRP was
determined by incubation ofeach of the beads with 0.5 ml ofa-phenylenediamine [2 mg
per ml of 0.1 M phosphate buffer (pH 8.0) containing 0.008 % hydrogen peroxide for
1 min at room temperature. Colour development was stopped by the addition of
4 M hydrochloric acid (0.5 ml) to each test-tube. The intensity of the colour developed
was measured with the ELISA reader using a calibration graph based on the activity of
known amounts of soluble HRP measured under the same experimental conditions.

RESULTS AND DISCUSSION

Binding of HRP via specific antibodies immobilized on CB6200 beads
Immobilization of HRP on CB6200 beads via its mAb HRP2, which does not

interfere with its enzymic activity and binds to the enzyme with a high binding constant
(1 091/mol), provides an efficient model system for immobilization ofenzymes. In order
to determine the protein-binding capacity of CB6200 beads, increasing amounts of
125I-labelled immunoglobulin G (IgG) were incubated with the beads. The beads were
then extensively washed with a solution of 10% SDS in 8 M urea in order to remove
any non-covalently bound protein. The amount of covalently linked antibodies was
determined by measuring the gamma irradiation of the beads. As shown in Table I, the
amount of bound IgG increased with protein input up to 2.2 fJ.g bound to each bead.

Increasing amounts of anti-HRP antibody (HRP2) were coupled to the CB6200

TABLE I

BINDING OF HORSERADISH PEROXIDASE ON mAb HRP2 DIRECTLY IMMOBILIZED ON
CB6200 BEADS

mAb HRP2

Input Bound
(/lg)

/lg %

0.3 0.3 100
1.0 0.9 90
3.0 1.3 43

10.0 1.8 18
30.0 2.2 7

HRP bound HRP/mAb HRP2
(/lg) (mol/mol)

0.055 0.73
0.110 0.49
0.175 0.54
0.100 0.22
0.025 0.05
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beads and its immunological activity was determined by the ability to bind HRP. As
shown in Table I, when HRP was immobilized via bound mAb HRP2, the amount of
enzyme bound to the beads increased with the amount of matrix-conjugated antibody
up to 1.3 pg per bead. The specific antigen-binding activity of the immobilized
antibody decreased markedly with increasing amount of antibody bound to the beads
(Table I). Even at a low antibody concentration (0.3 pg per bead) the molar ratio of
bound antigen to antibody did not exceed 0.73, compared with 2.0 mol/mol obtained
for the same antigen-antibody complex in solution (see below). At higher antibody
concentrations, the amount of bound enzyme decreased, apparently owing to steric
hindrance effects (see Fig. I).

In order to improve the antigen-binding capacity of the bound antibodies and
increase the activity of the immobilized enzyme, different binding methods were
attempted. Binding ofmAb HRP2 via its carbohydrate moieties [6] or after reversible
blocking of its most reactive amino groups [9] did not improve the antigen-binding
activity of the immobilized antibody.

Binding of HRP-anti-HRP immunoeomplex to anti-Fe antibodies immobilized on
CB6200 beads

Oriented immobilization ofmAb HRP2 via anti-Fc antibodies led to a consider
able enhancement of the enzymic activity of immobilized HRP. Anti-Fc antibodies
were immobilized on CB6200 beads using various immobilization methods. Immuno
complexes between mAb HRP2 and HRP were formed in solution to achieve the
highest antigen-binding capacity (2 mol enzyme/mol antibody) and then incubated
with anti-Fc immobilized on the beads by various methods, as presented in Table II. By
this procedure the enzymic activity of immobilized HRP was expected to be dependent
on the immunological capability of the immobilized anti-Fc antibodies to bind the
immunocomplex between HRP and its mAb. The enzymic activity of bound HRP was
determined by a specific microassay using a calibration graph constructed with soluble
enzyme under the same experimental conditions. As shown in Table II, immobilization
of anti-Fc antibodies via a small spacer (hydrazine hydrate) failed to improve their
immunological activity. The activity of anti-Fc antibodies immobilized via large
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Fig.!. Effect of amount of antibody offered per bead on the activity of the immobilized antibody. Increasing
amounts ofHRP2 (anti-HRP mAb) were offered to the beads. Following washing, the beads were incubated
with HRP and the amount of immobilized HRP was determined as described under Experimental.
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TABLE II

ENZYMIC ACTIVITY OF THE COMPLEX OF HORSERADISH PEROXIDASE WITH mAb HRP2
IMMOBILIZED ON CB6200 BEADS VIA ANTI-Fe ANTIBODIES

Immobilization method"

Oxirane (no anti-Fe)
Oxirane + anti-Fe
Oxirane + DMA-anti-Fe

Hydrazine hydrate + oxidized anti-Fe
Hydrazine hydrate + GA + anti-Fe

HMD + GA + anti-Fe

ADH + oxidized anti-Fe
ADH + GA + anti-Fe

HRP

Enzymic activity
(O.D.492)

0.020
1.060
1.949

0.728
1.083

2.600

1.145
2.596

Bound enzyme
(ng)

2
132
244

91
135

325

143
324

a Abbreviations: ADH, adipic dihydrazide; HMD, hexamethylenediamine; DMA, dimethy1maleie
anhydride; GA, glutaraldehyde.

spacers, e.g., glutaraldehyde coupled to ADH or HMD, was found to be considerably
higher than the activity of antibodies bound direclty via oxirane groups.

Binding of anti-Fe antibodies to oxirane groups of the matrix by using the
reversible blocking with DMA led also to preparations which possessed high
immunological activity. The method [9] is based on reversible blocking of most
reactive amino groups of the antibodies, usually located on Fab regions, with DMA
prior to the coupling reaction. After coupling to matrix via another amino group that
remained unblocked during reaction with DMA, the blocking agent was removed by
changing the pH and the active amino groups were available for the immunological
reaction with the antigen.

The amount ofHRP coupled to the various preparations ofCB6200-conjugated
anti-Fe varied between 90 and 325 ng per bead, depending on the immunological
activity of the anti-Fe antibodies.

We have shown that enzymes may be immobilized via anti-Fe antibodies by
a two-step reaction. First, the enzyme is allowed to react in solution with a properly
selected specific monoclonal antibody, which binds it with high affinity and which does
not interfere with its activity. Then the immunocomplex formed is bound to highly
active anti-Fe antibodies. The resulting preparation of immobilized enzyme should
possess high enzymic activity.

The soluble immunocomplex ofenzymes and its monoclonal antibodies function
as markers to quantify and purify the antibodies, and also to determine small amounts
ofenzymes present in the biological fluids. The use ofother soluble immunocomplexes,
such as glucose oxidase-antibodies for the immunohistochemical detection of antigen
[II], alkaline phosphatase-antibodies in quantitative immunoassay [12] or f3-galacto
sidase-antibodies for the purification ofenzymes or antibodies [13], has been reported
previously. The smaller amounts of antibodies or enzymes detected in these systems
depend on the affinity of the antibody tested and on the location of the antigenic site on
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the enzyme molecule. The method is applicable using crude preparations of enzymes
and unpurified ascitic fluids containing the desired antibodies which decrease the cost
of the test considerably. The immobilized immunocomplex of monoclonal antibodies
and enzymes offers a streamlined purification system for the commercial-scale
isolation of specific proteins (enzymes) found in complex mixtures. Utilization ofother
Eupergit C derivatives, such as the 30 N type, which possess high flow-rates and
operating pressures suitable for high-performance liquid chromatography, for binding
of enzymes and antibodies, provides an excellent chromatographic system [7]. The
isolation of the soluble immunocomplex from the reaction mixtures or other biological
fluids, using the highly active anti-Fe antibodies immobilized on the above system, is
under investigation.
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ABSTRACT

High-performance ion-exchange chromatography was applied to the separation of proteins from the
30S ribosomal subunit under non-denaturing conditions. It was shown that a single chromatographic step
only allows the purification of nine proteins. To increase the number of separated proteins, a prefraction
ation step was added that depends on the physical characteristics of the proteins to be purified. Sixteen out
of 21 proteins could be purified by using prefractionation (gel permeation and lithium chloride salt wash
ing). This method is well suited to preparing fresh samples on demand for optical studies owing to the
simplicity of the buffers used and the amounts of proteins recovered in the eluted peaks (0.05-0.1 mg/ml).

INTRODUCTION

The extraction and separation methods used in the preparation of isolated
proteins are ofcrucial importance for the study of their structures, in particular for the
30S ribosomal proteins which have a prominent role in l6S rRNA and 30S subunit
conformations [1-6], Structural studies require a biological material that is as native as
possible without denaturing during extraction, purification and preservation processes
for sample preparation. To achieve this goal, it is now well established that proteins
have to be extracted from 30S subunits by LiCI salt washing [7,8] (instead of with 3.5
M LiCI-4 M urea or 66% acetic acid, which are harsh extraction conditions). It has
been shown, by nuclear magnetic resonance (NMR) and circular dichroism studies,
that salt-extracted 30S ribosomal proteins have a better defined tertiary structure than
urea-treated proteins [9,10]. Dijk and Littlechild [11] published a purification
procedure involving traditional chromatographic methods, based on this salt extrac
tion. Unfortunately, it required large amounts of 30S subunits, large volumes of
solvents and was also time consuming.

In recent years, high-performance liquid chromatographic (HPLC) techniques
have been developed, and numerous separations of 30S ribosomal proteins have
been published using high-performance size-exclusion chromatography (HPSEC)
[12,13], high-performance ion-exchange chromatography (HPIEC) [14,15] and re-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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versed-phase HPLC (RP-HPLC) [16-18]. HPSEC separations are generally per
formed under native conditions but lead to poor resolution in contrast to HPIEC and
RP-HPLC, which offer higher resolution but under denaturing conditions, by using
'Urea for HPIEC and tritluoroacetic acid (TFA) mixed with solvents for RP-HPLC.
Apart from HPSEC, no HPLC separation of total 30S ribosomal proteins has been
carried out under non-denaturing conditions.

We recently described the use of HPLC in the ion-exchange mode for the
separation ofeight "core" E. coli 30S ribosomal proteins (S4, S7, S8, SIS, S16, S17, S18
and S19) under non-denaturing conditions [19]. In contrast to the conventional
preparation [II], we have shown that HPIEC is a fast preparation method using small
amounts of material with only a few purification steps. In this paper, we demonstrate
the advantage of using two chromatographic steps to prepare pure proteins from
specific groups (e.g., high-molecular mass protein group or core proteins) with
acceptable yield and purity and without the need to recover the other groups.

EXPERIMENTAL

Chemicals
Spectroscopic-grade TFA and HPLC-grade acetonitrile were purchased from

Merck (Darmstadt, Germany) and Aldrich-Chimie (Strasbourg, France) respectively.
Urea was for biochemical use (Merck) and all other chemicals were of analytical
reagent grade (Merck).

Buffers
The following buffers were used: TSM [0.01 M tris(hydroxymethyl)amino

methane-0.03 M succinic acid-o.OI M MgCl z (pH 8)]; TMK [0.03 M Tris-0.02
M MgClz-0.35 M KCI-0.006 M j3-mercaptoethanol (pH 7.4)]; buffer A [0.05
M ammonium acetate (pH 5.6)] and buffer B (buffer A + 1 M NaCl).

Isolation of ribosomal proteins
The 30S subunits of E. coli MRE 600 ribosomes were isolated by zonal sucrose

gradient centrifugation as described previously [20] and stored in TSM at - 80°C in
small aliquots (200 A Z60 units/ml).

Extraction of total proteins (TP30) was carried out on 30S subunits with 4.5
M LiCI-6 mM j3-mercaptoethanol for 20 h at 4°C. The precipitate of 16S rRNA was
removed by centrifugation (5000 g, 5 min). It has been shown that the residual protein
in the precipitate is less than 1.5% [19]. The supernatant is used as it is for application
to the permeation column, or equilibrated in buffer A with 0.15 or 0.25 M NaCI using
a Pharmacia POW column (Pharmacia-LKB, Uppsala, Sweden) before application to
the ion-exchange column.

Fractionation of 30S subunits into two main groups (core particles and split
proteins) was done with 3.5 M LiCI-6 mM j3-mercaptoethanol as described previously
[19,21]. Both groups can be recovered in two different ways. For quantitative
preparations (up to IS mg of 30S), centrifugation (300 000 g, 10 h) was used and the
resulting pellets of core particles were dissolved in TSM, whereas split proteins
remained in the supernatant. HPSEC was preferred for analytical preparations: in
a single run of 2 h, core particles which migrate in the void volume and split proteins
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were separated. Before application to the ion-exchange column, the core proteins were
extracted and treated as for TP30 whereas the split proteins were equilibrated in buffer
A with 0.15 or 0.25 M NaCI using the Pharmacia PD I0 column.

Chromatography
Chromatography was performed using a Pharmacia fast protein liquid chroma

tography (FPLC) system. The absorbance of the eluate was monitored with
a Pharmacia UV-I detector or a Waters Assoc. Model 480 spectrophotometer at 254
or 280 nm. All separations were carried out at room temperature. Sample volumes
greater than I ml were injected with a 10-ml superloop obtained from Pharmacia.

HPSEC
HPSEC was performed using a Pharmacia Superose 12 column (300 x 10 mm

LD.) or a Pharmacia Superdex XK 16/70 column (60 x 1.6 cm LD.). Generally,
sample solutions were eluted in TMK or in buffer A with 0.15 or 0.25 M NaCI at
flow-rates of 0.5 ml/min for the Superose column and 1.0 mllmin for the Superdex
column. The volumes of the collected fractions were 0.5 ml for the Superose column
and I ml for the Superdex column. Before application to the ion-exchange column, the
collected fractions were pooled and concentrated in Sartorius Centrisart (cut-off 5000)
to 1-5 ml if the recovered volumes were greater than 10 ml.

HPIEC
HPIEC was carried out using a LKB Ultropac TSK CM-3SW (150 x 7.5 mm

LD.). Samples in buffer A containing 0.15 or 0.25 M NaCI to prevent precipitation
were eluted at a flow-rate of 1.0 mllmin using a gradient from buffers A and B. The
gradient shape is shown in Fig. I. Changing the gradient shape at 0.4 M increases the
resolution in the range 0.4-0.65 M where most of proteins are eluted.

RP-HPLC
RP-HPLC was performed using a Pharmacia ProRPC HR 5/10 column (5-,um

silica, 300 Apore size, Ct/Cs-bonded phase) (100 x 5 mm LD.). Solvent I was 0.1 %
TFA in water (pH 2.0) and solvent II was 0.1 % TFA in acetonitrile-water (1:1, v/v).
Proteins were eluted at room temperature using a linear gradient from 30% to 90% II
in 120 min at a flow-rate of 0.2 ml/min. Before injection, the column was equilibrated
with 30% II, and then the fractions from HPIEC were loaded directly onto the column.
The optimum protein concentration injected was 0.1 mg per 100 Ill.

Identification of ribosomal proteins
RP-HPLC was used in combination with polyacrylamide gel electrophoresis

(PAGE) at pH 4.5 [22] and urea HPIEC [14] to assess the identity of chromatographic
fractions.

Degrees of purification and yields
Degrees of purification and yields were calculated from spectrophotometric

measurements. The amounts of proteins recovered were determined from absorbances
determined from peak areas on the chromatograms or by direct measurements of
eluted peaks on a Varian Cary 2200 spectrophotometer (Varian, Mulgrave, Australia).
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The protein concentrations were determined by using the molar absorptivities of each
protein calculated from the composition oftryptophans, tyrosines and cysteines in the
corresponding protein and with respective values of the molar absorptivities of 5600,
1400 and 127 I/mol' cm at 278 nm [23]. It has been shown that these residues are the
only ones that contribute significantly to absorbance over the range 276-282 nm [23]
and that the molar absorptivities calculated on this basis are very close to the measured
values, with an average relative standard deviation of 3.8% [24]. Purification yields
were calculated from ion-exchange chromatograms with reference to the amount of
30S subunits used. Degrees of purity were determined from reversed-phase chromato
grams by comparing the amounts of all the other eluted proteins with the amount of
wanted protein.

RESULTS AND DISCUSSION

TP30 were extracted from subunits with 4.5 M LiCI, which is the upper limit of
LiCI concentration that can be employed for salt washing without denaturation of
proteins [25,26]. The 21 salt-extracted 30S proteins were resolved into sixteen major
peaks by using HPIEC with buffers A and B. Samples ranging from 50 to 200 /lg of
proteins gave typical chromatograms such as that presented in Fig. I. Peak fractions
were analysed by both RP-HPLC and one-dimensional PAGE. Under non-denaturing
conditions, the elution was performed with a ionic strength 20% higher than that
under denaturing conditions for the same duration of elution. The elution orders for
cation-exchange HPLC on carboxymethyl (CM) supports eluted with 6 M urea buffers
[13,17] are very similar to the conventional orders. Under non-denaturing conditions,
a more pronounced difference exists (Table I). Because HPLC produces selective and
rapid separations, it was expected that a single run would be sufficient to purify the
major part of total ribosomal proteins but, as can be seen from Table I, only three
peaks are pure (S4, S5 and S8). Attempts to increase the resolution by using a shallower
gradient were unsuccessful. As has been reported previously using traditional methods
[II], HPIEC offers higher resolution than classical chromatography, in which proteins
disturb the chromatography, mainly S2, S3, S5 and SI7 which are not eluted as single
peaks, owing to complex formation or partial precipitation. It was found that only S4,
S8, SIO, SI4 and SI6 can be recovered with acceptable degrees of purity and yields by
this method (see Table III).

To isolate the other proteins in a simple way with only two purification steps we
carried out an initial fractionation of TP30 into two groups of various compositions
according to the selected proteins. The choice of the prefractionation method is very
important because it determines the final yield of the prepared proteins (see Table III).
Two methods are generally used to split TP30 [11,21], HPSEC and LiCI salt washing,
which are poorly selective and just allow the concentrations of the wanted proteins to
increase in one of the groups to the detriment of the other. We shall give two examples
to illustrate the purification methods with prefractionation.

Fractionation of TP30 by HPSEC is well suited to purifying the ribosomal
proteins with a molecular mass ranging from 15 000 to 40 000 daltons. Fig. 2A shows
a typical eiution profile obtained from the Pharmacia Superose 12 column (the
Superdex column gave similar results), where TP30 migrate in three groups (G I, G2
and G3). Table II presents the elution characteristics and the composition of the three
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Fig. 1. HPlEC on TSK CM-3SW (150 x 7.5 mm 1.0.) of TP30 under non-denaturing conditions. 50-200
Ilg ofTP30 in 5-10 ml of buffer A with 0.15 M NaC1 were applied to the CM column. Following a 30-min
equilibration with buffer A--{).I5 M NaCI, gradients were applied from 0.15 to 0.4 Mover 50 min and from
0.4 to 0.6 Mover 140 min. Note that absorbance scale (AlSo) was changed to 0.2 unit after 145 min (elution
time of SI6).

selected groups, the first group consisting only of protein Sl. Proteins are eluted
roughly according to their molecular masses (Mr), with some exceptions. The principal
anomaly is the presence ofS7 (Mr = 19732 [21]) in the third group, which is mainly
constituted by proteins with molecular masses ranging from 8000 to 14 000 daltons. It
should be noted that the resolution on silica-based columns such as TSK G2000 SW
seems higher than that on organic-based material such as Pharmacia Superose or



348 C. CACHIA, P.-J. FLAMION, J.-P. SCHRE.lBER

TABLE I

CHARACTERISTICS OF ION-EXCHANGE HPLC OF TP30 PROTEINS UNDER NON-
DENATURING CONDITIONS

Elution conditions as in Fig. I.

Proteins Peak No.

2 3 4 5 6 7 8 9 10 II 12 13 14 15 16

Main" S8 S5 S6 SI7 S2 SI7 SI6 SIO SI7 S3 S7 SI9 SI5 SI4 SI8 S4
(I) (3) (2) (5) (I) (4) (6) (7)

Others S2 S2 SI7 S2 S2 S3 S3 S17 S21 SI5 SI4 SI8 520
S6 S5 S5 SI4 SI2 S9 SI3

NaCI (%)' 23 26 32 34 37 40 41 42 45 46 47 51 52 54 56 57

a Previous results in parentheses [II].

, NaCl concentration in buffer B as reference.

Superdex [27]. It has been demonstrated [28] that the elution on a silica-based column
not only depends on the protein sizes but also is strongly affected by the electrostatic
interactions between the proteins and the support. This could explain the observed
differences in resolution and elution order between the two types of supports, but here
the difference is mainly due to the extraction methods for TP30, which was native in
this work and denaturing in the studies of Kamp and Wittmann-Liebold [27].

Groups G2 and G3 were then rechromatographed by HPIEC as described
above, to obtain purified proteins. Fig. 2B and C show the elution profiles of groups
G2 and G3, respectively. Group G2 gives S2, S3, S4, S5 and S6 with degrees of purity
better than 90% calculated from reversed-phase chromatograms and a small amount
ofSI9-S13 complex. Group G3, mainly constituted ofS7, SlO, S14, SIS, S16, SI7, SI8,
SI9 and S20, is more complicated to resolve because many proteins migrate together,
e.g., S7, S2I, SI2 and SI9, SIS, S13. If proteins of group G3 are wanted, a more
suitable prefractionation must be applied using HPSEC to simplify the ion-exchange
HPLC, by only collecting the fractions where the wanted proteins are eluted.

Fractionation ofTP30 by LiCl salt washing was performed with concentrations
ofLiCI ranging from 1.5 to 3.5 M, which allowed the removal of increasing amounts of
proteins from the subunits [7,8]. The major problem is that the composition of the
groups is not well defined because it depends not only on LiCI concentration but also
on Mg2 + concentration and ribosome subunit preparation. In addition, this
fractionation is not selective and several proteins are present in two groups in various
amounts. An example is 3.5 M LiCI treatment of 30S subunits. The two resulting
groups are the core particles which are constituted of 16S rRNA in association with S4,
S7, S8, SIS, SI6 and SI7 and in reduced amounts with S6, SII, SI8 and SI9, and the
split proteins, i.e., SI, S2, S3, S5, S9, SIO, SI2, S13, SI4, S20, S21 and S6, SII, S18, S19.
Small amounts of core proteins S4, S7, SI6 and SI7 were always recovered in the split
fraction. As shown previously (Fig. 3 [19]), from the group of core proteins we can
purify S8, S17, S16, S7, S4, SIS, S19 and S18 by using one HPSEC and one HPIEC
step, but the purification of the other proteins from the split group was not greatly
facilitated by this procedure owing to the bad selectivity of salt washing. To purify
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HPLC of the G3 proteins under the same conditions in (B).
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TABLE II

CHARACTERISTICS OF GEL PERMEATION HPLC OF TP30 UNDER NON-DENATURING
CONDITIONS

Protein Elution volume (ml)
(molecular
mass) GI G2 G3

52" 62 68 70 73 75 77 79 81 83 85 87 89 91

SI (61 159) **b
S2 (26 613) *b ** **
S2 (25 852) ** ** **
S4 (23 138) ** ** **
S5 (17 514) * ** ** *S6 (15 200) * ** ** *S7 (19 732) * ** ** *S8 (12 196) * ** ** *S9 (14 569) * * * * * * *SIO (II 736) * ** ** *SII (13788) * ** ** *SI2 (13 608) * ** ** *SI3 (12 968) * * * * * * *S14 (II 200) * ** ** *SI5 (10000) * ** ** *S16 (9192) * ** ** *SI7 (9573) * ** ** *SI8 (8896) * ** ** *S19 (10 239) * ** ** *S20 (9553) * ** ** *S2l (8369) * ** ** *

" Elution volume corresponding to the maximum value of A28o .

bThe presence of large amounts of protein is indicated by two asterisks and of smaller amounts by
one asterisk.

proteins of the split group more easily, a lower LiC] concentration must be used during
the salt-washing step to reduce the number of split proteins and the concentration
value adjusted with respect to the wanted proteins.

Table III lists the isolation conditions, yields and 'degrees of purity of sixteen
proteins of the 30S subunit. It is clear that the core proteins are the easiest to prepare
under non-denaturing conditions because of their good solubilities (1-5 mg/ml) and
weak interactions between them, a single HPIEC run on TP30 can give S4, S8, SI0, S14
and SI6 and also S3, S5 and SI7 with a degree of purity better than 90% but with poor
yields because of co-migrations, the pre-fractionation by gel permeation leads to the
purification of SI, S2, S3, S4, S5 and S6 with a lower yield than by direct HPIEC owing
to the loss ofmaterial during HPSEC and the additional concentration step before the
ion-exchange separation, the prefractionation by LiCI salt washing allows the
purification of core proteins with yields greater than those obtained by the classical
method and S9, SII, S12, S13 and S21 were not recovered in a pure form under these
conditions.
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centrifugation) in 2-3 ml of buffer A with 0.15 MNaCl were applied 10 the CM column. An elution gradient
identical with that in Fig. 1 was used.

CONCLUSIONS

We have shown that it is possible to prepare fresh samples of sixteen 30S proteins
under non-denaturing conditions. Under these conditions, HPIEC is the most suitable
technique for the isolation of 30S proteins. RP-HPLC was only used here as an
analytical technique. Although the selectivity and rapidity of HPIEC improved the
separation in comparison with conventional chromatographic methods, this was not
sufficient to eliminate completely co-migration along the column owing to complex
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TABLE III

SEPARATION METHODS FOR TP30 WITH YIELDS AND DEGREES OF PURITY

Protein lon-exchange on TP30 Size-exclusion + Salt washing" +
ion exchange ion exchange
(groups GI, G2, G3) (core proteins)

Yield (%) Purity (%) Yield (%) Purity (%) Yield (%) Purity (%)

SI 24 >95
S2 23 >95
S3 25 >90 26 >95
S4 70 >95 15 >95 50 >95
S5 25 >95 10 >95
S6 5 >95 15 >95
S7 20 >90 60 >95
S8 95 >95 90 >95
S9
SIO 44 >95
SII
SI2
SJ3
SI4 70 >95
SI5 >50 >90
S16 90 >95 22 >95 100 >95
SI7 25 >90 40 >95
SI8 50 >95
SI9 40 >90
S20 27 >95
S21

" Previous results [19].

formation and partial precipitation. It was found that prefractionation of the proteins
into groups by salt washing or by HPSEC improves significantly the fraction purity,
but this does not lead to major simplification of the procedure, but only allows the
composition of one group to be made suitable in relation to the proteins to be purified.
Protein recoveries are generally higher than those obtained by the conventional
method (see Table III), with values ranging from 10 to 90%. Further, it was possible to
purify several proteins such as S7, SIS and SI8 that are not recovered by traditional
methods in good yield.

Samples prepared by this method can be used directly for optical studies, in
particular for circular dichroism spectroscopy, owing to the simplicity of the buffers
used. The amounts recovered, ranging from 0.05 to 0.1 mg/ml, allow the direct use of
the peak fractions for these optical studies, whereas NMR studies requiring larger
amounts of proteins need a preparative-scale separation.
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ABSTRACT

Although immobilized dyes are widely used on the laboratory scale and have good potential for
industrial applications, they are still subject to some reservations. Little information is available about dye
leakage and toxicity, which seriously hinders the use of such supports in the production of pure proteins.
Investigations of the leakage mechanism and the in vitro toxicity of the native dye and of that leached from
the column are reported. The possible presence of traces of dye in the purified biological materials necessi
tates the availability of sensitive analytical tests. The preparation and preliminary isolation of dye antibod
ies as a first step in the development of an immunohistochemical assay of leached dyes are also described.

INTRODUCTION

Chromatography is probably the most widely used method for the purification
of enzymes and proteins. Interest is linked to the possibility of obtaining very pure
substances, not only on the laboratory scale but also at the industrial level. Today,
process chromatography is applied to the purification of many biological materials
used in diagnostics and therapeutics.

It is obvious that at the level of industrial exploitation leading to the purification
of a therapeutic product, the polymeric chromatographic support must be sufficiently
stable and not release oligomers or other trace chemicals that could be toxic or have
a secondary action. From this point of view, a number of experiments were performed
in our laboratories to determine the level of leachables and undesirable products that
might be present in the chromatographic supports.

An example of studies of leaching and toxicity is provided by immobilized dyes.
Cibacron Blue F3 GA (Ciba Geigy) immobilized on a solid matrix provides adsorbents
with high efficiency and specificity such that these supports are very attractive for
application at the preparative level [1,2]. However, the dye may be leached under
certain physico-chemical conditions and it is then necessary not only to determine the

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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amount ofligand in the column effluents but also to establish its possible toxicity. This
paper reports results on measurements of leached dye on agarose-based sorbents, the
in vitro toxicity of the leached dye and preliminary results on the preparation and
purification of specific antibodies against the dye.

EXPERIMENTAL

Native Cibacron Blue F3 GA was obtained from Fluka (Buchs, Switzerland),
immobilized dyes on agarose-cross-linked beads from suppliers such as Pharmacia
LKB (Uppsala, Sweden) and Amicon (Danvers, MA, U.S.A.), foetal bovine serum
culture media and all other chemicals for eukaryotic cell culture from Gibco-BRL
(Paisley, U.K.) and biological materials such as bovine serum albumin (BSA), human
haemoglobin and antibodies from Sigma (St. Louis, MO, U.S.A.). All other chemicals
were of analytical-reagent grade. Chromatographic sorbents such as DEAE-Trisacryl
Plus, protein A-Spherodex and Blue-Trisacryl were supplied by IBF-Biotechnics
(Villeneuve la Garenne, France).

Determination and collection of leached dye
Agarose-immobilized Cibacron Blue was washed repeatedly on a Buchner

funnel with water and packed into 50-ml columns. The sorbent was then perfused with
acidic, neutral and alkaline solutions for several hours at room temperature and the
effluents were collected. The dye present in the effluents was determined by
spectrophotometry at 608 nm using a calibration curve from native Cibacron Blue.
The sensitivity of this determination was close to I mg/l of dye.

In vitro cell culture
MRC-5 human cells were cultured in classical conditions in DMEM medium

containing 10% foetal bovine serum at 37°C. Following WHO recommendations,
MRC-5 cells were taken at the 29th passage and cultured over 25 days up to the 35th
passage. Parallel cultures were realized: in the absence of any additive (standard
culture), in the presence of 25 /lg/ml of native Cibacron Blue and in the presence of 25
/lg/ml ofleached dye from agarose beads. Growth curves were determined by counting
the cells and by calculating the cell division rate. The morphology ofMRC-5 cells was
also checked during the in vitro culture.

Determination ofpolyploidia level
At the 36th passage and after 72 h, cultured MRC-5 cells were submitted to

another passage during which the mitosis were blocked. Under these conditions and
after a hypotonic shock, chromosomes were fixed and spread out, then submitted to an
acidic hydrolysis and subsequently stained. The proportion of polyploidic cells was
determined on each culture slide.

Determination of in vitro genotoxic effect
The genotoxic effect of free Cibacron Blue was determined using the SOS

Chromotest. The standard genotoxic agent used was 4-NQO (4-nitroquinoline oxide)
as recommended by the in vitro test supplier.
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Preparation ofpolyclonal antibodies
PolyClonal antibodies of Cibacron Blue were prepared using a protein-dye

conjugate. The free dye is actually non-antigenic and the preparation ofantibodies can
be accomplished only with an appropriate carrier.

As carrier we used BSA, which was first mannosylated and then couped with the
dye. The latter operation was effected by simple contact of albumin and the dye
(Cibacron is a preactivated dye) under alkaline conditions overnight. The solution was
then neutralized and desalted by gel filtration through a Trisacryl GF 05 column to
remove the excess of free dye. The resulting albumin-dye covalent complex was used
for the immunization of rabbits under classical conditions and in association with
Freund's additive. The methodology of immunization used was classical: injection of
I mg ofan tigen per week for 3 weeks. Another injection was also effected after 3 weeks
of rest. The antibodies were detected in the rabbit blood by an enzyme-linked
immunosorbent assay (ELISA) test using as competitor a complex of human
haemoglobin and Cibacron Blue obtained as described above for BSA.

Purification of Cibacron Blue antibodies
The chromatographic strategy followed to separate antibodies from hyper

immunized rabbit serum was based on three principles: whole rabbit immunoglobulins
G (IgG) could be separated from plasma in one step on DEAE-Trisacryl Plus as
previously described [3]; whole rabbit immunoglobulins G could be separated
specifically in a single step using immobilized protein A; and antibodies against
Cibacron Blue should be biospecifically adsorbed on immobilized dye and then
separated from other proteins.

In the first series of trials rabbit immunized serum was injected directly onto
a column of DEAE-Trisacryl Plus previously equilibrated with 0.025 M Tris-HCl
buffer (pH 8.5) containing 25 mM sodium chloride. Different fractions obtained under
a salt elution gradient were collected and then analysed (Fig. 3A).

In a second series of trials, an affinity purification was effected on a column of
protein A-Spherodex. The whole immunized rabbit serum was first diluted with an
equal volume of 1.5 M glycine-NaOH buffer containing 2 M sodium chloride (pH 8.9)
and then injected into the affinity column previously equilibrated with the same buffer.
After washing, the adsorbed immunoglobulin G was eluted by injecting I M acetic acid
(Fig. 3B).

As a third approach, a column containing 7 ml of Blue-Trisacryl was
equilibrated with phosphate-buffered saline (PBS) and then the whole immunized
rabbit serum was injected after PBS equilibration (2 ml of rabbit serum). After washing
with PBS until elimination of non-adsorbed proteins, a first elution was done using 0.1
M sodium chloride. A second elution using the same buffer containing I M sodium
chloride followed (Fig. 3C). All the fractions collected from the three columns were
analysed by gel electrophoresis and by Ouchterlony double diffusion [4] against
Cibacron Blue-substituted haemogolobin and BSA.

RESULTS AND DISCUSSION

It has been clearly demonstrated that most of the leached dye resulted from the
acidic washings of the agarose-based sorbents. The amount of leached dye was
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between 0.2 and 1.7 f.1g per millilitre ofsorbent (depending on the pH). In comparison,
a dye coupled to a synthetic sorbent did not show any leakage effect when exposed to
the same acidic conditions. This phenomenon was correlated with the sensitivity of
agarose to acidic media (pH < 4) as demonstrated previously [5]. An NMR spectrum
of the column effluent showed that the dye containd a certain number of osidic
linkages (i.e. linkages between sugars) related to the presence ofa glycosidic part on the
dye [6] (results not shown). This result indicates that the dye leakage was in fact the
result of partial hydrolysis of the agarose chain supporting a molecule of dye
covalently immobilized.

The in vitro cell culture ofMRC-5 human cells showed that the lethal dose ofdye
was ca. 200-250 f.1g/ml. At this concentration, the cells did not adhere to the surface of
the dish and then died. This is why we used 25 f.1g/ml of dye in the culture medium,
which was compatible with cell adherence. At this concentration, the MRC-5 culture
study showed a significant decrease in the division time when the medium contained 25
f.1g/ml of leached dye (Fig. I). The size of the cells at the end of the culture was smaller
when compared with a standard culture (microscopic observation). Conversely, the
native dye did not seem to influence the cell division. The growth curve was very similar
to the standard one. In addition, no morphological modification was detected [6].
A chromosome analysis (polyploidia) ofMRC-5 collected after the 36th passage (after
22 days of culture) over thousands of metaphases indicated that no modification was
induced in the presence of the native Cibacron Blue. The polyploidia level was actually
of6/512 (average) and was very close to the standard cell culture (7/520 on average).
Both results were significantly lower than the WHO reommendations (17/520). The
polypIoidia level of the cells cultured in the presence of leached dye was significantly
higher, however, above the limits of acceptance (see Table I).

Genotoxic studies performed with the SOS-Chromotest indicated the absence of
any toxicity at concentrations far higher than those usually utilized. The dye genotoxic
activiy, when compared with that of 4-NQO, was about three orders of magnitude
lower (Fig. 2).

These studies were carried out at high concentrations of dye (from 25 to 500
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Fig. I. Growth curves of MRC-5 human cells in vitro over six passages in classical conditions (from the 29th
to the 35th passage). Cultures were effected in DMEM medium containing 10% offoetal bovine serum in the
presence of 25 Jig/ml of (II) native Cibacron Blue (NCB) or (e) leached dye (LCB). (0) Standard curve
obtained in the absence of dye (FBS).
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TABLE I

POLYPLOIDIA RESULTS FOR CULTURED MRC-5 CELLS IN THE PRESENCE OF CIBACRON
BLUE AT THE 36th PASSAGE

Slide No.

I
2
3
4

Average

Standard curve

9/538
5/503
8/510
5/529

7/520

MRC-5 + NCBa

(251Ig/ml)

5/536
6/503
9/513
5/502

6/513

MRC-5 + LCBb

(25 flg/ml)

23/528
15/512
17/522
18/508

18/517

a NBC = Native Cibacron Blue.
b LBC = Leached Cibacron Blue.

Jig/ml) whereas the amounts that possibly leaked during a chromatographic run were
usually less than I Itg/ml.

These preliminary data made it clear that the toxicity studies whould be extended
to other determinations in vitro and/or in vivo. However, to improve the accuracy of
these investigations, we thought that a more sensitive method of dye detection was
essential, because the spectrophotometry is not sensitive enough and there is no easy
means of localizing the dye once it has been incorporated into the cell. Hence the
preparation of antibodies against Cibacron Blue was investigated. It was found that
when the dye coupled with BSA was injected directly into rabbits, no antibody
response was detected. However, in association with Freund's additive, a positive
response was obtained in three out of four rabbits. The amount of secreted antibodies
(determined empirically by measurement of the detection limit) was not constant from
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Fig. 2. Genotoxic results obtained using SOS-Chromotest. The standard genotoxic agent was 4-NQO. NBC
= native Cibacron Blue; DCB = deactivated Cibacron Blue. The absorbance at 610 nm was the result of the
final enzymatic activity induced by the genotoxic effect of the chemicals.
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TABLE II

DETECTION DILUTION LIMITS OF SECRETED ANTI-CIBACRON BLUE ANTIBODIES

Days of immunization Dilution limit of antibody detection

51
70
85

105
140
189

Rabbit I

800
800
800

1600
3200
3200

Rabbit 2

800
1600
3200
3200
6400
N.D.

rabbit to rabbit (see Table II), but in more than 50% of the rabbits the secretion level
was acceptable and increased week after week.

Table III and Fig. 3 show the main results of the isolation of anti-Cibacron Blue
antibodies using three different approaches. Whole immunoglobulins G with good
purity were obtained using DEAE-Trisacryl Plus, protein A-Spherodex or Blue
Trisacryl. In the first instance, most of the IgG, including specific Cibacron Blue
antibodies, were present in the flow-through as expected [3]. This fraction contained
only a few contaminants in small amounts; the purity determined by electrophoresis
was in fact 95%. In the second instance the IgG fraction, obtained by acidic elution,
contained most of the rabbit IgG and all Cibacron Blue antibodies. The purity of this
fraction was similar to those obtained by ion exchange; however, the yield was higher
(about 60%) than in the DEAE-Trisacryl Plus fractionation.

Blue-Trisacryl allowed us to obtain fairly pure antibodies (about 95% by
electrophoresis) in one step using the described conditions. The fraction containing the
Cibacron Blue antibodies was obtained by elution with 0.1 M sodium chloride. This
fraction was not contaminated by the presence of albumin, which is known to have
a high affinity for Cibacron Blue [7,8]; albumin was actually eluted quantitatively by
1M sodium chloride washing. The agarose double diffusion experiments show that the

TABLE III

MAIN RESULTS ON THE SEPARATION OF IgG FROM IMMUNIZED RABBIT BY VARIOUS
CHROMATOGRAPHlC PROCEDURES

Protein fraction

Whole serum
Flow-through DEAE

Trisacryl
Fraction adsorbed on

protein A-Spherodex
0.1 M NaCI elution on

Blue-Trisacryl

Chromatography IgG purity Presence of Cibacron IgG Yield
(average) Blue antibodies (average)
(%) (%)

18-20 + 100

Ion-exchange 95 + >40
Affinity Fc 95 + >60
fragment
Affinity Fab 90 + >90
fragment
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Fig. 3. Chromatographic profiles of IgG separation from immunized rabbit serum against Cibacron Blue.
(A) Fractionation obtained by ion-exchange chromatography on DEAE-Trisacryl Plus; (B) fractionation
obtained by affinity chromatography of IgG on protein A-Spherodex; (C) fractionation of anti-Cibacron
Blue antibodies by affinity chromatography on Blue-Trisacryl. The sample in all instances was whole rabbit
serum, previously equilibrated with the starting buffer. The grey areas indicate the localization of
anti-Cibacron Blue antibodies. For further details, see Experimental.

anti-Cibacron Blue antibodies present in the flow-through of the DEAE-Trisacryl Plus
column and in the absorbed fraction of protein A-Spherodex were contaminated by
anti-BSA antibodies and other immunoglobulins. These sorbents in fact do not
discriminate between the different categories of immunoglobulins G. On the other
hand the Blue-Trisacryl active fraction (Fig. 3C) did not show any cross-reaction with
BSA, demonstrating the absence of BSA antibodies. The latter were found in the
flow-through of this column.

These antibodies of different purity will be used for the preparation of an
ELISA-like or immunometric detection assay for free and leached dye from specific
affinity sorbents.
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This preliminary work demonstrated that at acidic pH, the agarose-based
immobilized dyes are not stable. This instability seems to be related more to the matrix
instability than to linkage breaking between the dye and the support. The leaked dye,
which seemed to be associated with a small part of polysaccharide, modified the
growth rate of the in vitro human MRC-5 cell culture and increased significantly the
number of polyploidic cells. As these effects were not observed with a free native dye,
a preliminary conclusion could be made that the osidic part of the leached dye was
responsible for the difference. At this stage, models ofdyes coupled with sugars should
be synthesized and submitted to similar tests. On the other hand, we demonstrated that
it was possible to synthesize and purify active antibodies against dyes, which represents
a useful alternative to a spectrophotometric assay for the determination of traces of
dyes.
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ABSTRACT

Immunoaffinity (IA) and reversed-phase (RP) high-performance liquid chromatography were com
bined for the identification of the specific binding sites of benzylpenicilloyl (BPO) groups on human serum
albumin (HSA). Tryptic hydrolysates of BPO-HSA were loaded on the IA column. BPO-peptides were
desorbed and concentrated directly on the RP column, coupled via a switching valve, then separated by
using gradient elution and identified by the amino acid sequences. This single-step procedure permitted
more than 95% recovery of the BPO-peptides present in minute amounts, with good specificity.

INTRODUCTION

Like most drugs, penicillin is not immunogenic by itself. Allergic accidents
occurring after penicillin therapy or consumption of food from penicillin-treated
animals are mainly due to benzylpenicilloyl (BPO)-protein conjugates. These
allergenic compounds result from the cleavage of the fi-lactam ring of penicillin G and
formation of covalent bond between the carbonyl of BPO and e-amino groups of
proteins. In man or animals treated with penicillin, the main proteic carrier for BPO is
the serum albumin. In vitro, under physiological conditions of pH and temperature,
human serum albumin (HSA) can also be penicilloylated to form HSA-BPO
conjugates similar to those occurring in vivo. The mechanism of protein penicil
loylation, based on a nucleophilic attack of penicillin by NH 2 groups of albumin,
needed to be confirmed as previous observations suggested that among the various (ca.
60) e-amino groups of lysine present in albumin, only a few of them were available for
penicillin aminolysis [1].

The study of the specific binding sites of a ligand (such as a hapten) covalently
bound on a proteic carrier needs first the preparation and the chromatographic
separation and purification of peptides from the original conjugate and second hapten
detection on each peptide using a specific method. This procedure was used by Walker

002[-9673/9 [/$03.50 © 199[ E[sevier Science Publishers B.V.
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[2] to identify the binding site ofacetylsalicylic acid on human serum albumin. We have
localized BPO groups on a fragment ofalbumin from a penicillin-treated patient by the
same method, which needs numerous steps and is time consuming [3].

Several workers have used a two-step approach; the first is affinity chromato
graphy and the second. reversed-phase high-performance liquid chromatography
(RP-HPLC) to separate the peptides retained on the affinity column. This approach
was used by Iberg and Fliickiger [4] to identify the glycosylated sites on albumin from
a diabetic patient and by Lafaye and Lapresle [5] to search for BPO-binding sites on
HSA from penicillin-treated patients. However, the separation of peptides on
a low-pressure affinity column takes several hours and often needs large amounts of
material (100-300 mg of proteins).

Tandem immunoaffinity and RP-HPLC have already been used for various
studies such as the determination of recombinant leucocyte interferon a-2 in complex
mixtures [6] and to discriminate between similar structural forms of proteins [7]. We
have tried to use this method to isolate specifically penicilloylated peptides from
hydrolysates ofBPO~HSA conjugates obtained from penicillin-treated patients. Only
very small amounts of such samples were available. We compared this binding with
that occurring on a conjugate prepared in vitro.

EXPERIMENTAL

Reagents and penicilloylated albumins

For HPLC, all the chemicals used were ofHPLC grade. For amino acid analysis
and for recurring Edman degradation, the chemicals used were of Sequanal grade
(Pierce). Other reagents were of analytical-reagent grade.

Penicilloylated albumins prepared from sera from three penicillin-treated
patients [1,3] were obtained from the Institut Pasteur (Paris, France). A BPO-HSA
conjugate was prepared in vitro as described [3].

Approximately two BPO groups were covalently fixed per mole of HSA in the
case of the in vitro conjugate. Concerning the penicilloylated albumins obtained from
the patients, 2.8-3 BPO groups were determined per mole ofHSA. However, it should
be noted that in each instance, these penicilloylation rates are mean values
corresponding to the average number of BPO groups measured on the whole
population of penicilloylated albumin molecules. It does not mean that all the
molecules have fixed two (or three) BPO groups; some might have fix,ed more BPO
groups whereas others might have fixed only one group.

Digestion of penicilloylated albumins

Cyanogen bromide digestion of penicilloylated albumins and HPLC separation of
fragments

Cyanogen bromide (CNBr) cleavage was carried out on 2 mg of BPO-albumin
and separation of fragments A299-585, B l - 123 and C124-298 was performed by
RP-HPLC as described previously [8].
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Reduction and carboxymethylation of the CNEr fragment C
Denaturation, disulphide cleavage and alkylation were performed as described

by Swenson et al. [9]. A IO-nmol sample offragment C was dissolved in 1 MTris-HCl
buffer (pH 8.0) containing 6 M urea and a 10-fold molar excess of dithiothreitol over
the SH concentration and kept overnight at 40°C under a nitrogen atmosphere.

Iodoacetic acid in 1 MNaOH (l.3-fold molar excess over total thiols) was added
and the mixture was maintained in the dark for 4 h, before the reaction was stopped by
addition of 5 ,ul of p-mercaptoethanol. Desalting of the mixture was performed by
RP-HPLC: 100,ul were injected onto an Aquapore RP-300 (7 ,urn) column (30 x 4.6
mm I.D.) (Brownlee), equilibrated in a mixture of 50% solvent A [0.05% aqueous
solution of trifluoroacetic acid (TFA)] and 50% solvent B [acetonitrile-2-propanol
0.05% TFA in water (2: 1:2, v/v/v)]. Elution of fragment C was achieved with a 30-min
linear gradient from 50 to 100% of solvent B at a flow-rate of 1.0 ml/min. Runs were
performed at room temperature and peptides were detected at 215 nm. The reduced
C-containing fractions were pooled and the solvent was removed using a Speed-Vac
evaporator.

Tryptic digestion
Tryptic digestion was performed on reduced fragment C in 0.1 M phosphate

buffer (pH 7.8) overnight at room temperature using L-l-tosylamide-2-phenylethyl
chloromethyl ketone (TPCK)-trypsin (Sigma) (molar ratio enzyme/substrate, E/S =

1/50). The enzymatic reaction was stopped by heating at 100°C for 10 min.

Isolation and separation of the penicilloylated fragments from tryptic digest

Preparation of immunoaffinity column (lAC)
Purification of antipenicilloyl antibodies. Rabbit anti-BPO antisera were ob

tained as described previously [10]. An HSA~BPO conjugate (5 mol BPO/mol HSA)
was prepared at alkaline pH and in the presence of a 10-fold molar excess of penicillin.

An Ultraffinity-EP column (50 x 46 mm I.D.) (Beckman) was derivatized by
recycling a solution of HSA-BPO conjugate (200 mg) in 20 ml of 1 M potassium
phosphate buffer (pH 7.0) at 0.2 ml/min for 18 h. The derivatized column was then
washed with 0.1 M potassium phosphate (pH 7.0) at 1.0 ml/min for 1 h and converted
to the loading buffer [0.02 M phosphate-0.2 M NaCI (pH 7.0)].

Rabbit anti-BPO antisera were dialysed with the loading buffer and 5-10 ml
were loaded onto the column at 1.0 ml/min. The column was washed with 10 ml of
loading buffer at the same flow-rate. The anti-BPO antibodies were eluted with 7 ml of
0.01 M HCl (pH 2) at the same flow-rate. The column was then re-equilibrated with
loading buffer.

Column derivatization with antipenicilloyl antibodies. A 13-mg sample of
antipenicilloyl antibodies purified as described before was dissolved in 18 ml of
1 M phosphate buffer (pH 7.0) and recycled through an Ultraffinity-EP column (50
x 4.6 mm I.D.) overnight at 0.2 ml/min. An 8-mg sample of antibodies was then
immobilized. The column was washed with 1 M phosphate buffer (pH 7.0) at 1.0
ml/min for 1 h and stored in the same buffer until needed. It was equilibrated with 10
mM phosphate buffer (pH 7) containing 8 gil NaCl [phosphate-buffered saline (PBS)]
before use.
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Apparatus
The immunoaffinity column was connected to a reversed-phase column

(Nucleosil 5C18 , 250 x 46 mm J.D.) (Societe Franl;aise Chromato Colonne,
Neuilly-Plaisance, France) via a six-way valve (Rheodyne, Cotati, CA, U.S.A.) as
described by Rybacek et al. [6]. The switching valve contained the affinity column in
place of a sample loop. The position of the switching valve determined whether the
immunoaffinity and analytical columns would be used in series or separately.

Production and separation of the penicilloylatedfragments
The tryptic digests of peptides C were loaded onto the affinity column in PBS at

a flow-rate of 1.0 mljmin. The column was then washed with 10-15 ml of PBS at the
same flow-rate. Non-retained peptides were collected to check the absence of BPa,
then the valve was switched to place both columns in-line. The bound antigens were
desorbed from the immunoaffinity column into the analytical column with 0.1 % TFA
solution at a flow-rate of 1.0 mljmin. After 10 min, the valve was switched, placing the
immunoaffinity column off-line to permit the analysis of the antigens by gradient
elution on the analytical column. The reversed-phase chromatographic separation was
performed with a 30-min linear gradient from 0 to 100% of acetonitri1e~isopropanol
0.1 % TFA in water (2: 1:2, vjvjv) at a flow-rate of 1.0 mljmin. All runs were performed
at room temperature and peptides were detected at 215 nm. Fractions were collected
every 0.25 min and analysed for BPa concentration. Simultaneously, the affinity
column was equilibrated with loading buffer.

RP-HPLC at pH 7.0 was performed on the same column equilibrated with 0.01
M phosphate buffer (pH 7.0). Elution was achieved with a 30-min linear gradient from
oto 100% of acetonitrile-O.Ol M phosphate buffer (pH 7) (60:40, vjv) at a flow-rate of
1.0 mljmin.

Detection of penicilloyl groups

BPa detection was performed using an enzyme immunoassay (EIA) directly
derived from the radioimmunoassay as described [10].

Ident(!ication ofpeptides and location of BPO-binding sites

Sequencing was achieved using a Model 477 Sequanator connected to a Model
120 A PTH HPLC analyzer (Applied Biosystems).

A recurring Edman degradation using Tau's procedure [11] was performed on
each peptide and the EIA for BPa detection was realized at each cycle on the
phenylthiohydantoin (PTH) derivative

RESULTS

lwlation and separation ofpenicilloylated peptides

The isolation and separation of penicilloylated peptides from C tryptic digests were
achieved using the dual-column chromatographic system described above. Fig.
1 shows the RP-HPLC patterns of (a) the entire tryptic hydrolysate generated on the
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Fig. l. RP-HPLC profile of (a) the entire tryptic hydrolysate of HSA fragment C, (b) the non-retained
fraction and (c) the retained fraction on the immunoaffinity column. See text for the chromatographic
conditions. The dotted line indicates the gradient of solvent B.

reversed-phase column alone, (b) the non-retained fraction on the lAC and (c) the
retained fraction. Almost all the peptides of the hydrolysate did not bind to the lAC, as
the chromatograms of the entire hydrolysate and of the non-retained fraction were
nearly identical. The immunoenzymatic assay applied to the non-retained fraction
showed no BPO present in this fraction whereas the loaded sample contained 1.2 pg of
BPO.
The chromatogram of the retained peptides and the BPO assay in the collected
fractions (Fig. 2) show two major BPO-containing peaks, i.e., Pep 17 and Pep 21 at
retention times of 17.1 and 21.1 min, respectively. The sum of the BPO in all the
collected fractions was 1.12 pg, which represents about 95% of the loaded amount.

Identification of peptides and location of BPO-binding sites

Each of the BPO-peptides was analysed for its amino acid sequence. In order to
confirm the BPO-binding site, BPO determinations were performed again at each cycle
of the Edman degradation. The amino acid sequencing permitted the following
peptides to be identified.

Pep 17 consists of a mixture of two peptides corresponding to the sequences
187-195 and 191-197 ofHSA. They can be separated by RP-HPLC at pH 7.0 into two
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Fig. 2. RP-HPLC separation of the retained fraction on the immunoaffinity column. Columns and running
conditions as in Fig. I. Solid line, absorbance at 215 nm; hatched peaks, BPO concentration in each fraction.

peaks with retention times of 12.0 min (Pep 12) and 15.0 min (Pep 15). The sequence of
Pep 21 corresponds to that of fragment 198-205.

No amino acid could be detected in the fourth cycle of Pep 12 and in the fifth cycle of
Pep 15 during the sequencing whereas BPO was found in these fractions. These data
indicate that binding of BPO occurs at Lys 190 and Lys 195.

It should be emphasized that no tryptic cleavage occurs on a penicilloylated
lysine and that lysine 190 and 195 are never found penicilloylated at the same time (or
on the same peptide). On Pep 12 only Lys 190 is penicilloylated and not Lys 195,
whereas when Lys 195 is penicilloylated (on Pep 15) Lys 190 is not penicilloylated. The
peptide 187-197 where both lysine 190 and 195 could be penicilloylated is never
observed.

In Pep 21 no amino acid is detected at the second cycle of the sequencing while
BPO is found in the corresponding fraction, proving that the BPO binding site is
located on lysine residue 199.
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The in situ derivatization of the prepacked Ultraffinity-EP column is very easy
and very fast. This column can also be used for the preparation ofseveral milligrams of
proteins in addition to the isolation of micro amounts of peptides. For the purification
ofantipenicilloyl antibodies, a large amount (30 mg) ofHSA-BPO conjugate has been
immobilized. This derivatized column permitted in each run (e.g., 30 min), 6 mg of
immunoglobulins to be purified from about 10 ml serum. The same type ofcolumn can
also be derivatized with a much smaller amount of ligand. Only 13 mg of
antipenicilloyl antibodies were used to prepare the immunoaffinity column.

In the preparation of the affinity column no chemical agent was used for
blocking excess reactive groups on the Ultraffinity support, although this technique is
classically used in low-pressure chromatography to prevent irreversible loss of sample
materials on remaining active sites. We only verified that such a procedure was not
necessary in the present instance as the BPO recovery was good and the non-specific
binding ofprotein material on the column was small. In HPLC the elution time is much
shorter than that in low-pressure chromatography, so that the contact between the
sample material and the support might be too short to allow a non-specific reaction
with the formation of a covalent bond. This would not be a difficulty when high
specificity and affinity occur between the phase and the ligand such as in an
antigen-antibody binding.

All the penicilloylated peptides appeared to bind to this column as no BPO was
detected in the non-retained fraction. The recovery of these peptides was very good, as
95% of the amount ofpenicilloylloaded were obtained in the fractions eluted from the
reversed-phase column. Moreover, in order to establish the effect of the previous steps
(i.e., CNBr cleavage, subsequent trypsin treatment and heating) on the binding of BPO
to protein fragments, total BPO was determined in each of these different steps in the
overall procedure.

CNBr cleavage is known to occur specifically on methionine residues, which
should not affect BPO bound to lysine residues. No data are available concerning the
stability of the pseudo peptidic BPO-protein bond in formic acid, but under the acidic
conditions in which sequencing is operated (TFA, HCl and heating) the bond appears
to be stable and no BPO is lost. However, during the repeated steps of samples drying,
evaporation of residual CNBr and formic acid and then redissolution of the dried
hydrolysate, part of the protein material is lost. This loss (ca. 40%) is accompanied by
the same loss of total BPO. The BPO recovery is therefore not complete during the
CNBr cleavage but no particular peptidic fragment or binding site appears to be
specifically involved.

Trypsin cleavage occurs on peptidic bonds involving a lysine or an arginine
residue but not on pseudo peptidic bonds such as BPO-Lys. This was checked using
a standard conjugate, i.e., BPO-B-aminocaproate. After trypsin hydrolysis, performed
under the experimental conditions, more than 80% of the intact conjugate was
recovered, which can be considered to be quantitative. Moreover, during the
separation and identification of penicilloylated peptides, cleavage never occurred on
a BPO-Lys. Trypsin cleaves neither the peptidic bond ofpenicilloylated lysine residue
nor the pseudo peptidic BPO-Iysine bond.

The chromatograms of the entire digest and of the peptides which were not
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bound by the immunoaffinity column were nearly identical. This indicates that the
non-specific binding of peptides was very low. However, the chromatogram of the
retained fraction observed at a much greater sensitivity (e.g., 0.06 a.uJ.s.) showed that
some peptides which were bound to the immunoaffinity column did not contain a BPO
group as detected by EIA. These peptides only represent a few percent (1-2%) of those
injected. Janis and Regnier [7] also observed a non-specific binding of peptides on
a covalently immobilized immunoaffinity column. This non-specific binding of
peptides was probably more important than in our study, as they observed significant
differences between the chromatogram of the non-retained peptides and the chromato
gram of the entire tryptic digest. They indicated that treatment with Tween 20 of the
immunoaffinity column decreased the non-specific binding of peptides but did not
totally eliminate it. The non-specific binding of peptides is common in affinity
chromatography and it is necessary to check the presence of hapten on peptides which
bind to the lAC by a specific test applied subsequently.

However, the immunoaffinity step permits most of the non-penicilloylated
peptides which represent about 98% of the peptides in the entire digest to be discarded.
Ina previous study, the isolation and separation of penicilloylated peptides from the
tryptic digest of HSA fragment C needed three steps of HPLC purification. The first
was a reversed-phase separation at pH 7.0. Each of the three penicilloylated fractions
was then purified by ion-exchange chromatography and a third step of purification
and desalting was done by reversed-phase chromatography using TFA-acetoni
trile-isopropanol as the eluent. In each step all the eluted fractions must be collected
and analysed for BPO. This means a total of seven chromatographic analyses and of
about 700 samples to be analysed for BPO. Taking into account drying steps, dilution
steps, etc., it took more than 6---7 days to obtain the purified penicilloylated peptides.

Moreover, it must be noted that very often the contamination of one peptide by
another is only detected in the last step of the analysis during the identification. An
entirely new procedure for the separation, detection and identification of each BPO
peptide is then necessary, which means much more work. Using the dual column
system, the same three penicilloylated peptides were obtained in a single step.

As the HSA molecule cannot be digested directly by trypsin because of its
compact structure, we used several steps for its digestion. The CNBr cleavage
permitted the molecule to be cut into three fragments and then to obtain tryptic digests
containing a smaller number of peptides As the penicilloylated peptides represent only
a few percent (1-2%) of the peptides, it is better to work on hydrolysates which are not
too complex in order to decrease the proportion of non-specific contamination and the
risk of eluting several peptides at an identical retention time.

The tryptic hydrolysates of the CNBr fragments A and B ofHSA were analysed
by this methodology [12] and three new binding sites for penicilloyl groups were
unequivocally established: Lys 432, Lys 541 and Lys 545. It is worth noting that the
same sites have been identified for the three in vivo and for the in vitro penicilloylated
albumins, hence BPO-binding sites appear to be located only on lysine residues and
only six different Lys residues out of a total of 59 can be penicilloylated.

As noted, all these potential binding sites cannot be penicilloylated at the same
time (e.g., on the same albumin molecule). This explains why six sites could have been
detected while the measured average penicilloylation rate among the total population
ofpenicilloylated albumin molecules was "only" two or three BPO groups per mole of
HSA.
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The data obtained give indications of the possible mechanism in penicillin
allergy. A nucleophilic attack of the drug and then a covalent binding of BPO groups
to proteins, e.g., serum albumin, are necessary for the formation of the allergenic
metabolite. However, this binding needs particular amino acid sequences and/or
conformation of the protein molecule that are constant and somehow universal as they
have also been described in several fJ-Iactamases and protein-binding proteins [13].

It can be observed that four BPO-Lys out of six are located near serine from
which they are separated by two amino acids. This position represents the configura
tion in which in an a-helix, Lys and Ser residues are the nearest. These results suggest
a cooperation between these two residues in the mechanism of formation of the
allergen metabolite of penicillin and therefore support the mechanism of penicil
loylation proposed by Yamana et al. [14].

The BPO-binding sites are very few, located in small regions of the albumin
molecule where they are concentrated, which certainly limits their bioavailability for
specific antibodies. Some of them are not specific for penicillin: Lysine 199 is site of
glycosylation, acetylation and aspirin binding.

All these considerations could suggest that under normal conditions the reacting
molecules could rather be masked inside the protein carrier which would protect the
organism against immunological disorders. Diseases and therapeutic, nutritional or
environmental factors could unmask these determinants. Competition between
ligands and modifications of the spatial structure ofalbumin can increase the number,
the presentation and the chemical reactivity of reacting sites and thus permit an allergic
process to be triggered.

CONCLUSION

The combination of affinity and RP-HPLC methods provides a rapid technique
for the analysis of the binding sites of a hapten and more generally of any ligand
covalently bound to a proteic carrier, and thus it provides a methodological approach
for studying mechanisms of formation of allergenic determinants from drugs. The
sensitivity of this association permits the analyses of very small amount of samples (ca.
100-200 ,ul of serum) which is especially useful for clinical studies in man.
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ABSTRACT

DNAs and their normal or modified constituents are separated in one chromatographic run on a
TSK HW 55F column with a 0.1 M ammonium formate (pH 6.5) volatile solvent. A group separation
between 2'-deoxyribonucleotides, 2'-deoxyribonucleosides and nucleobases was achieved. A good resolu
tion of photoinduced decomposition products of (pyrimidine) nucleobases was obtained on a TSK G 1000
PW column. Separation of nucleic acid components is thought to be governed by mechanisms involving
both size exclusion, weak hydrophobic interactions and ionic repulsion between the matrix and the charged
molecules.

INTRODUCTION

Purification of chemically modified DNA is required prior to analysis for
a specific type of base damage, Ultracentrifugation [I], electrophoresis [2] and liquid
chromatography on various supports [3] are techniques generally used to obtain pure
DNA. Once purified, DNA may be submitted to acidic hydrolysis [4] or enzymatic
digestion [5]. Whatever the hydrolytic method choosen, a reliable measurement of
a specific modified nucleoside is possible only after simple monitoring of the
completeness of DNA hydrolysis. Subsequently, the separation of the biopolymer
from the released low-molecular-mass components is generally achieved by precipita
tion of the macromolecule using ethanol-salt mixtures [6].

When analysed with a Fractogel TSK HW 55F column eluted with 0.1
M ammonium formate (pH 6.5), DNAs (with molecular masses of above 105 dalton)
are excluded in the void volume (Vo). With this volatile solvent, the excluded DNA
may be digested enzymatically directly in the chromatographic eluate, adding only
a concentrated nuclease buffer and metallic cofactors. The enzymatic hydrolysate may
be analysed with the same chromatographic system.

We achieved a separation of the finally remaining unhydrolysed DNA from its
digestion products (2'-deoxyribonucleotides or nucleosides) in a single chromato
graphic run. Whereas DNAs are excluded according to the well known size-exclusion
mechanism, Fractogel TSK HW 55F and TSK G 1000 PW columns may be used for

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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the separation of DNA components and pyrimidine photoproducts in the partition
mode.

EXPERIMENTAL

Chemicals
Ammonium formate and calcium chloride were obtained from Eastman Kodak

(Rochester, NY, U.S.A.) and Merck (Darmstadt, Germany), respectively. Alkaline
phophatase, micrococcal nuclease, nuclease P1, RNAse A and tARNMet were provided
by Boehringer (Mannheim, Germany). 2'-Deoxyribonucleosides were purchased from
Genofit (Geneva, Switzerland) and thymidine 5'-monophosphate (Na salt) and
nucleobases from Sigma (St. Louis, MO, U.S.A.). 8-0xo-7,8-dihydro-2'deoxygua
nosine was synthesized from 2'-deoxyguanosine according to Lin et al. (7] and
2'-deoxyadeosine N-I-oxide according to Mouret et al. [8].

Synthesis of the two cis diastereoisomers of 5,6-dihydroxy-5,6-dihydrothymi
dine 5'-monophosphate was adapted from Rajagopalan et al. [9] with the following
modifications suggested by Berger [10]. Briefly, thymidine 5'-monophosphate (Na salt)
(1 mM) was dissolved in water (10 ml, room temperature), pure bromine (0.1 ml) was
added and the solution was stirred for 30 min at room temperature. The excess of
bromine was eliminated by a continuous flow of air throughout the solution.
Substitution of bromine was carried out by overnigh treatment with NH4 HC03 (0.1
g per 50 ml) (37°C).

After quantitative dephosphorylation with alkaline phosphatase (1 h, 37°C,
5 units, pH 8.5, 0.2 M, in NH4HC03), thymidine glycol diastereoisomers were purified
and characterized according to Cadet et al. [II]. The cis-syn-cyclobutadithymine
(Thy < > Thy) and 5-hydroxy-6-4'-(5'-methylpyrimidin-2'-one)-5,6-dihydrothymine
were generated by far-UV irradiation of thymine in frozen aqueous solution [12].

Biopolymers
The following deoxyribonucleic acids were used: E. coli, salmon testes, phage

X 174, phage lambda hind III fragments, calf thymus tARNMet and poly-dA
(Boehringer, Mannheim, Germany).

Purification and enzymatic digestion of DNA
Dry seeds ofLactuca sativa (500 mg) precooled in dry nitrogen were disrupted by

mechanical grinding in a porcelain mortar and suspended in a ready-made lysis buffer
(10 ml) (Applied Biosystems, Foster City, CA, U.S.A.). After thawing for at least 45
min, the lysate was centrifuged at 5000 g for 30 min at room temperature in order to
eliminate the cellulosic residues. The brownish supernatant was deproteinized by
reaction with proteinase K (100 /lg/ml, 2 h, 65°C) with occasional shaking. The DNA
and RNA pool was precipitated overnight at -20°C by adding 0.5 volume of 7.5
M ammonium acetate and 1 volume of 2-propanol in ten siliconized Eppendorf tubes
(2 mI). The major part of the hydrolysed peptides and phenolic compounds was
eliminated by centrifugation at 104 g for 1hat O°C.The resulting brownish precipitate
was rinsed with 70% ethanol. Without excessive drying, the pellets were resuspended
in distilled water. Prepurification was carried out on a small bed of Fractogei HW 55F
(l cm high, 1 cm diameter) equilibrated with distilled water before RNAse treatment
[13].
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Digestions of DNA into 5'-nucleotides or 3'-nucleotides were achieved with
nuclease PI [14] and with a mixture of micrococcal nuclease and spleen phospho
diesterase [15], respectively.

Size-exclusion chromatography (SEC)
Fractogel HW 55F was packed in a Superformance glass column (300 mm x 10

or 16 mm J.D., as specified) (Merck). The columns were packed at a flow-rate of
2 ml/min until the level of gel remained constant in the prefilling column. Molecular
weight operating ranges for HW 55F are between 103 and 105 dalton.

High-performance liquid chromatography (HPLC)
A stainless-steel column (600 x 7.5 mm LD.) prefilled with TSK G 1000 PW was

supplied by LKB (Bromma, Sweden). The chromatographic solvents [0.1 M am
monium formate (pH 6.5) or water] were degassed by filtration on a Millipore filter
(HAWP, 0.45 Jlm; Millipore, Bedford, MA, U.S.A.). Samples were injected into the
chromatographic system with a Rheodyne Model 7125 injector equipped with a 0.5-ml
loop. Delivery of the solvents was achieved using a Merck L 6200 pump (fast
size-exclusion chromatography) or a Waters Assoc. Model 501 pump with a flow-rate
of 1.0 ml/min.

RESULTS

Chromatographic purification ofnucleic acids and polynucleotides on the Fractogel HW
55E column

DNAs of different masses (> 105 dalton) are excluded in the void volume (Vo)
and easily separated from RNA hydrolysate or smaller molecules (102-103 dalton),
which are eluted with higher retention times (Fig. 1). An interesting application is the
purification of nucleic acids extracted from dry seeds of Lactuca sativa, provided that
the detergent is eliminated before the chromatographic run as it coelutes as
a macromolecule with DNA in the void volume [16]. Further, Fractoge1 HW 55F is
useful for removing polymerized phenolic compounds [17].

Separation of nucleic acids components
Enzymatic digestion of DNA is generally preferred to acidic hydrolysis because

it may provide some insight into the stereochemical structure ofthe hydroxyl-mediated
oxidative adducts [5]. As expected, unhydrolysed DNA is excluded in the void volume
before nucleotides, for which the capacity factors (k') remain almost identical
regardless of the position of the remaining phosphate (3'- or 5'-).

The nucleotide pool may be dephosphorylated and the resulting 2'-deoxyribo
nucleosides are further separated on the same column (Fig. 2, Table I). 2'-Deoxy
cytidine and thymidine partially overlap on Fractoge1 HW 55F (Fig. 2, Table I) and on
TSK G 1000 PW (Table I). Acidic hydrolysis gives rise to nucleobases with
concomitant degradation of the polynucleotide chain [18]. A complete separation of
the nucleobases was only achieved by liquid chromatography on a TSK G 1000 PW
column (Fig. 5, Table I). It should be noted that a faster separation is obtained with
a Fractogel HW 55F that permits the separation only of adenine and guanine.
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Fig. I. SEC of (I) DNA and (2) RNA (from Lactuca sativa). Column, Fractogel HW 55F (30 x I em J.D.);
eluent, 0.1 M ammonium formate (pH 6.5); flow-rate, 1.0 ml/min; detection, 254 nm.

Fig. 2. SEC of Salmon testes (I) DNA and into (2) PI hydrolysate, (3) 2'-deoxycytidine and thymidine, (4)
2'-deoxyguanosine and (5) 2'-deoxyadenosine. Chromatographic conditions as in Fig.!.

It is worth noting that TSK G 1000 PW easily discriminates nucleobases from
the corresponding 2'-deoxyribonucleosides (Table I).

Separation ofradiation- and photoinduced decomposition products ofDNA components
Radiation-induceddecomposition ofnucleosides. ThefoUf cis and trans diastereo

isomers of 5,6-dihydroxy-5,6-dihydrothymidine have long been recognized as the most
important hydroxyl radical-mediated decomposition products of thymidine [II].
These compounds may be produced by gamma irradiation of DNA in aqueous
solutions [19] or by reactive species arising from the reduction of hydrogen peroxide by
transition metals (Fe2 +, etc.) (Fenton reaction) [20].

Thymidine glycols, which coeluted as a single peak, have a lower retention time
than thymidine (Fig. 3, Table I). Another important hydroxyl radical oxidation
product of 2'-deoxyguanosine, 8-oxo-7,8-dihydro-2'-deoxyguanosine [21], coelutes
with the unmodified nucleoside.

Conversely, 2'-deoxyadenosine N1-oxide, obtained from 2'-deoxyadenosine in
hydrogen peroxide oxidation from a non-Fenton radical pathway [8], was completely
separated from its parent compound (Fig. 4).

Photoinduced decomposition products. cis-syn-Cyclobutadipyrimidines, pyrimi
dine (6-4) pyrimidone photoadducts and 5,6-dihydro-5-(a-thyminyl)thymine, the
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TABLE I

CAPACITY FACTORS (k') OF NORMAL AND MODIFIED NUCLEIC ACID CONSTITUENTS

Compound k'

HW 55F TSK G 1000 PW

tRNAMot and phenolic compounds 0.47
Deoxyribonucleoside 3'-monophosphates 1.66
Deoxyribonucleoside 5'-monophosphates 1.36
2'-Deoxyadenosine 4.21
2'-Deoxycytidine 2.42
2'-Deoxyguanosine 3.30
Thymidine 2.40
(+ )trans(5R,6R),( - )trans(5S,6S),
(+ )cis(5S,6R),cis( - )(5R,6S)-
5,6-Dihydroxy-5,6-dihydrothymidine 1.46
( - )cis(5R,6S)- and (+ )cis(5S,6R)-5,6
Dihydroxy-5,6-dihydrothymidine-
5'-monophosphate 1.50
Adenine 2.61
Cytosine 2.42
Guanine 2.31
Uracil 2.40
Thymine 2.41
2'-Deoxyadenosine N'-oxide 2.01
8-0xo-7,8-dihydro-2'-deoxyadenosine 3.35
cis-5,6-Dihydroxy-5,6-dihydrothymine 1.60
5-Hydroxy-6-4'-(5'-methylpyrimidin-
2'-one)-5,6-dihydrothymine
5,6-Dihydro-5-(iX-thyminyl)thymine
5-Hydroxy-5-methylbarbituric acid 1.55
5,6-Dihydrothymine 1.55
cis-syn-Thy< >Thy, Thy< > Ura, Ura< > Ura 1.21

15.10
4.50

16.75
6.25

16.03
4.25

14.50
7.00
7.00

3.25

8.50
9.00

15.50

so-called "spore photoproduct", constitute the three main classes of DNA pyrimidine
dimeric far-ultraviolet photoproducts [22].

The three cis-syn isomers of DNA cyclobutadipyrimidine involving thymine
dimers (Thy < > Thy), thymine-uracil dimer (Thy < > Ura) or uracil dimers
(Ura< > Ura) are eluted inasinglepeakona TSK G 1000 PW column (Fig. 5, TableI).

The other dimeric products of thymine, i.e., 5-hydroxy-6-4'-(5'-methylpyridine
2'-one)-5,6-dihydrothymine and 5,6-dihydro-5-(a-thyminyl)thymine, which have one
of the two pyrimidines still unsaturated, exhibit higher retention times (Fig. 5, Table I).

DISCUSSION

SEC is generally carried out for purification and/or separation of DNAs of
different size [23-28]. Fractogel HW 55F allows the separation of biopolymers in the
range 103_10 5 dalton (SEC mechanism) and the separation of low-molecular-mass
compounds « 103 dalton) in the partition mode. All biopolymers (> 105 dalton) are
eluted in a single peak (void volume, Va).
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Fig. 3. SEC of (I) phage), hind III fragments, (2) (+ )cis(5S,6R)- and (- )cis(5R,6S)-diastereoisomers of
5,6-dihydroxy-5,6-dihydrothymidine 5'-monophosphate, (3) (+ )cis(5S,6R)-, (- )cis(5R,6S)-, (- )trans
(5S,6S)- and (+ )trans(5R,6R)-diastereoisomers of 5,6-dihydroxy-5-6-dihydrothymidine and (4) thymidine.
Chromatographic conditions as in Fig. I, except for the column (30 x 1.6 cm J.D.).

Liquid chromatography in the partition mode with TSK G 1000 PW is limited to
low-molecular-mass products (up to 103 dalton). Fast SEC on Fractoge1 HW 55F was
particularly useful for the clean-up of DNA to remove undesirable polymerized
phenolic compounds which always coprecipitated with the nucleic pool from the crude
cell lysate.

The group separation of the nucleic acid components [29-32] has received
attention in the past. However, it should be noted that only a few papers have reported

0.5

2

o 15 45 TIME (min)

Fig. 4. SEC of (I) 2'-deoxyadenosine N'-oxide, (2) 2'-deoxyadenosine and (3) adenine. Chromatographic
conditions as in Fig. 2.
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Fig. 5. HPLC of photoinduced decomposition products ofnucleobases. Column, TSK G LOOO P (30 x 0.75
cm 1.0.); eluent, water; flow-rate, 1.0 ml/min; detection, 230 nm. (I) cis-5,6-dihydroxy-5,6-dihydrothymine;
(2) cytosine; (3) cys-syn-Thy < > Thy, cis-syn-Ura< > Thy, cis-syn-Ura < > Ura; (4) uracil + thymine; (5)
5-hydroxy-6-4-(5'-methylpyrimidin-2'-one)-5,6-dihydrothymine; (6) 5-dihydro-5-(0(-thyminyl)thymine; (7)
guanine; (8) adenine.

chromatographic systems that permit the separation of DNA from its digestion
products [33-35].

The matrix of these gels can be roughly described as a copolymer of
polyacrylamide and poly(vinyl alcohol) the hydrophilicity of which can be attributed
to hydroxyl groups (0.5-1 mequiv./ml) and to carboxylic groups (0.001-0.02
mequiv./ml) for TSK HW 55F according to the supplier's information.

In a previous study [29], the chromatographic behaviour of purine and
pyrimidine compounds was explained in terms ofcharge effects. With a gel of the same
type, Aoyagi et al. [36] assumed that the elution order of DNA compounds is governed
by hydrophobic properties. In agreement with Wada [37] and, more recently, with
Noguchi et al. [38], the fast elution properties of deoxyribonucleotides can be
explained by a repulsive interaction between the carboxylic groups of the matrix and
the free anionic groups of 2'-deoxyribonucleotides.

The chromatographic behaviour of 2'-deoxyadenosine N1-oxide may be ac
counted for in terms of "ion-repulsion" interactions, taking into account the apparent
negative charge in the oxygen atom of the N-oxide: N+ ~O- [39]. Weak hydrophobic
interactions exist between the polyvinyl structure of the gel matrix and the aromatic
ring of purine and pyrimidine compounds [37]. This explains the higher retention of
purine nucleobases with respect to the corresponding pyrimidine components (Table
I).

Further confirmation of the involvement of weak hydrophobic interactions in
the retention mechanism of purine and pyrimidine components was provided by the
chromatographic behaviour of the three cis-syn-cylobutadipyrimidines involving
Thy< > Thy, Thy< > Ura and Ura< > Ura, which exhibit similar capacity factors on
the TSK G 1000 PW column (Fig. 5, Table I). This contrasts with the efficient
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separationofthesecompoundsonanoctadecylsilyIsilicagelcolumnin thereversed-phase
mode [40], for which the order ofelution Ura < > Ura, Ura < > Thy and Thy < > Thy
is directly related to the presence ofone or two methyl groups. This confirms the lack of
any strong hydrophobic interactions of the TSK G 1000 PW matrix with the methyl
groups of Thy < > Ura and Thy< > Thy.

Solvophobicity of the (6-4) thymine photoadduct and "spore photoproduct"
may explain their longer retention times. This is due to the interactions of the
unsaturated pyrimidine ring of the photoproducts with the hydrophobic part of the
matrix.

CONCLUSION

SEC is an efficient method for purifying DNAs with molecular masses above
those limiting the exclusion limit of the fractionation range (i.e., > 105 dalton for TSK
HW 55F). TSK HW 55F gel columns used with a volatile solvent (0.1 M ammonium
formate, pH 6.5) may separate DNAs from their constituents in a single chromato
graphic run.

Low-molecular-mass nucleic acid components can be separated on Fractogel
TSK HW 55F and on TSK G 1000 PW in a non-exclusion mode. The separation is
governed by a balance between "ionic repulsion" interactions which are predominant
for anionic compounds and weak hydrophobic affinities developed through aromatic
solutes and the polyvinyl structure of the matrix. An interesting application of the TSK
G 1000 PW column in the partition mode is the ability to separate pyrimidine
photoproducts by classes. This will allow the separation of groups of particular
compounds from a complex mixture which will be further resolved by using another
appropriate chromatographic system, such as reversed-phase HPLC [12,40].
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ABSTRACT

The reversible unfolding of globular proteins with increasing concentration of guanidinium chloride
(GuCl) can be analysed by size-exclusion chromatography, because the hydrodynamic volume of the
proteins increases during unfolding. The dimeric enzyme aspartate aminotransferase (AAT) shows an
uncoupled dissociation of the identical subunits followed by the unfolding of the monomers. During the
monomer unfolding formation of an intermediate is observed. A monomeric mutant of AAT unfolds with
a similar shape of the unfolding transition phase, but is less stable, as shown by a shift of the transition
mid-point from 1.7 M GuCl for the wild type to 1.3 M GuCl for the mutant.

INTRODUCTION

It has been demonstrated for many globular proteins that reversible unfolding
can be studied by size-exclusion chromatography (SEC). Fundamental work in this
field [1,2] showed that the guanidinium chloride (GuCI)-dependent unfolding
transition monitored by SEC is the same as the unfolding transition observed by
column-independent spectroscopic methods. The hydrodynamic radius, i.e., the
Stoke's radius, of proteins clearly increases during denaturation by chaotropic salts
such as urea or GuCl. In this study, GuCl was used because it is more chaotropic and
comparison with previous GuCl-dependent unfolding studies is possible.

High-performance liquid chromatography (HPLC) is a rapid and powerful
method for comparing the conformational stability of site-directed mutants with that
of the wild type proteins. Isoenzymes from different organisms can also be easily
compared with this method. Moreover, the refolding conditions of proteins which
precipitate in "inclusion bodies" during overexpression in the cell can be analysed.
Recently, many refolding studies have shown (for a review, see ref. 3) that most
globular proteins can be refolded in vitro, which is a prerequisite for reproducible
stability studies.

The enzyme AAT (aspartate aminotransferase, E.C. 2.6.1.1) from Escherichia

002 I-9673/9 1/$03.50 © 1991 Elsevier Science Publishers B.V.
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coli has a relative molecular mass of 87146 (sequence data). It is a dimer consisting of
two identical subunits. The crystal structure of the enzyme is known [4,5]. AAT
catalyses the reversible transamination ofL-amino acids into the corresponding ex-keto
acids by its covalently bound cofactor pyridoxal 5'-phosphate (PLP). AAT can be
reversibly unfolded with GuCI up to protein concentrations of 1 mg/ml [6]. The
uncoupled dissociation and unfolding of the dimeric AAT can be analysed by SEC,
which is difficult to do by conventional methods. Each subunit of AAT consists of two
domains containing no S-S bridges. It has a pI value of 4.6. The large domain of AAT,
the PLP binding domain (P-domain) [7], was constructed and isolated by site-directed
mutagenesis [8]. The P-domain consists of283 amino acids and has a molecular mass of
32,367 dalton (sequence data). In this paper we compare the stability and GuCl
dependent unfolding of the isolated P-domain with wild type AAT.

EXPERIMENTAL

Materials
All reagents of the purest available grade were purchased from Fluka (Buchs,

Switzerland). Water was purified by filtration through an ion-exchange system.
AAT and the mutated protein called "P-domain" were isolated as described

previously [6]. The proteins used for column calibration were purchased from Sigma
(St. Louis, MO, U.S.A.).

Instrumentation and columns
All experiments were carried out on a Hewlett-Packard (HP) 1050 Ti Series

quaternary HPLC pump. To avoid crystallization ofsalt on the pump pistons, the seal
wash option was used with filtered water. A gradient pump was necessary so that the
GuCI concentration could be changed automatically by mixing two different solvents.
The samples were injected with an HP 1050 Ti Series autosampler and the signals were
measured with an HP 1050 Series multiple wavelength detector. The data were
transferred from the detector via an HP Series 35900 analog-digital converter to an HP
HPLC ChemStation Series 9000. The column used was a TSK 3000 SWXL (300 x 7.5
mm J.D.) packed with 5-/lm particles (Tosoh, Yamaguchi, Japan).

Buffers and chromatographic conditions
AAT and P-domain were stored at concentrations of 1.3 and 0.7 mg/ml,

respectively, in the following buffer: 10 mM HEPES [4-(2-hydroxyethyl)piperazine-l
ethanesulphonic acid] (pH 7.4)-5 mM DTE (dithioerythritol)-l mM EDTA (ethyl
enediaminetetraacetate)-lO /lM PLP (100 /lM PLP for the P-domain)-l mM
2-oxoglutarate. PLP was added to ensure that the enzymes were always saturated with
the coenzyme. The size-exclusion column was calibrated with the following proteins of
known molecular mass: thyroglobulin (660000), aldolase (160000), AAT (87000),
bovine serum albumin (67000), ovalbumin (45000) and RNase A (13700). The
flow-rate was 0.5 ml/min.

Solvent A used for the calibration was 10 M HEPES (pH 7.0)-1 mM DTE-1
mM EDTA-300 mM NaCI. For the unfolding studies solvent B contained the same
components plus 6 M GuCl. All experiments were carried out at room temperature (23
± 2°C). The absorbance of the eluate was monitored at 230 and 280 nm, band width
8 nm, and a reference wavelength of 550 nm, band width 100 nm.
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Fluorescence urifolding studies
Fluorescence measurements were carried out with an SLM 8000 single·photon

counting recording fluorimeter. For equilibrium studies the protein was preincubated
in solvent A containing the different concentrations of GuCl for at least 3 h. The
measurements were performed at 20°e. All solutions were sterilized by filtration
directly before use. The measured protein fluorescence spectra were corrected for the
small apparent fluorescence of the solutions of GuCl in solvent A. The shift of the
protein fluorescence emission maximum (excitation at 280 nm) was monitored
depending on the GuCl concentration.

RESULTS AND DISCUSSION

Unfolding of AAT
In each analysis, 26 J1g (20 J11) of native AAT were injected onto a TSK 3000

SWXL column which was equilibrated with different GuCl concentrations by mixing
solvents A and B. The procedure was automated with the following step gradient from
oto 6 M GuCl: X% increase of solvent B every 50 min with automatic injection of
protein 20 min after changing %8. Each chromatogram was measured at least three
times. The relative standard deviation of the elution volume was 1%.

At 0 M GuCl AAT had a retention volume of8.45 ml, which is consistent with an
apparent molecular mass of 86000. This demonstrates that AAT is in the dimer
conformation. With increasing GuCl concentration the retention volume of the
protein increased owing to the dissociation of AAT into monomers. The retention
volume at 0.7 M GuCl was 9.3 ml (see Figs. I and 2) which gives an apparent molecular
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Fig. 1. Elution profiles of holo-AAT at the indicated concentrations of Guel. Flow-rate, 0.5 ml/min;
detection, 280 nm; injection, 20 III (26 Ilg) automatically every 20 min after changing the concentration of B.
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mass of 48000. The true molecular mass of the subunit is 43573. The apparent
molecular mass indicates that the subunits are in a globular conformation, although
they are not as compact as in the dimer conformation. The dissociation of the enzyme
at 0.7 M GuCl into monomers of slightly relaxed globular conformation has been
confirmed independently by analytical ultracentrifugation [6].

Further increase in the GuCI concentration beyond 1.2 M led to a gradual
decrease in elution volume, which is due to the increase in the hydrodynamic volume
during the unfolding of the monomers. The transition phase between 1.2 and 3.5
M GuCI does not fit to a two-state process and has an overall transition mid-point at
1.7 M GuCl (Fig. 2). At concentrations higher than 3.5 M GuCl, the change in elution
volume is almost linear, indicating that the protein is in the random coil state. The
reason for the further decrease in the elution volume is not completely clear. Because it
has been observed with all proteins studied so far [2,9,10], this effect seems to be due
only to the high GuCl concentration. Even proteins being folded or unfolded over the
whole concentration range of GuCl and the small molecule vitamin B12 displayed
a continuous small decrease in the elution volume with increasing GuCl concentration
[9]. Therefore, it is evident that the linear part of the elution volume decrease is not due
to a conformational change of the protein. The increase in the GuCl concentration
results in an increase in viscosity and might inhibit the diffusion of the molecules into
the pores. Shalongo et al. [9]assumed a short-time binding of the protein to the column
matrix which is diminished with increasing denaturant concentrations. A Superose 12
column (Pharmacia) also showed this effect [6].

In the first part of the monomer unfolding transition, two peaks at 1.44 M GuCl
were observed simultaneously (see Fig. 1), which indicates the transiently accumulated
"structured monomers". The GuCI concentration range with two peaks observed at
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Fig. 3. Elution profiles of AAT in 1.44 M GuCI at four flow-rates.

a flow-rate of0.5 ml/min is shadowed in the unfolding curve in Fig. 2. The formation of
the intermediate is relatively slow at room temperature; during the retention time of 18
min only about 50% intermediate is formed. In order to obtain more information
about the rate of the intermediate formation, the runs at 1.44 M GuCl were repeated
with different flow-rates. At the fastest flow-rate of 1.1 ml/min, a small amount of
intermediate is formed (ca. 15%). In contrast, at the very slow flow-rate of 0.1 ml/min
the intermediate is formed to the extent of 90% during 87 min (see Fig. 3). The data
were used for a rough estimation of the rate constant of intermediate formation, which
gave a value of about 1.1 . 10-3 S-l.

This strategy can always be used to determine the rate constants of a change of
protein conformation provided that the species with different conformations can be
separated on the column and that the process is in the time range of the retention time
of the column. Generally this requires HPLC size-exclusion columns with a high
pressure resistance to allow short retention times and a high separation performance,
which is the case with the TSK 3000 SWXL column. A further possibility of detecting
folding intermediates is to slow the rate of intermediate formation by decreasing the
column temperature.

Unfolding of the P-domain
The conformational stability of mutant proteins compared with the wild type is

always ofgreat interest. The AAT subunit consists oftwo domains. The larger one, the
coenzyme binding domain, is compactly folded [7] and binds the coenzyme PLP even
in the absence of the truncated small domain [8]. Two questions are of interest
concerning the isolated mutated protein: first, is the isolated P-domain still a dimer,
and second, how stable is the P-domain compared with the wild type?

The retention volume of 9.6 ml (Fig. 4) clearly indicates that the P-domain is
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monomeric. The apparent molecular mass is 33 500 dalton, which is close to the true
value of 32367 dalton (sequence data). The retention volume of the P-domain
increases slightly on adding 0.3 M GuCl (see Figs. 4 and 5), suggesting increasing
compactness. It is known that the salt concentration in the elution buffer can influence
the elution volume of proteins owing to the change in their "viscosity radius" [11]. The
explanation given [11] was that the surrounding counter-ion layer of proteins in buffer
becomes negligibly small at high ionic strength. Therefore, the elution volume of many
proteins increases slightly with increasing salt concentration.

To evaluate the influence of the salt concentration in solvent A, the unfolding
experiment shown in Fig. 5 was repeated in the presence of 0.1 M instead of 0.3
MNaCI (data not shown). Also under these conditions the elution volume increases up
to 0.3 M GuCl and then decreases with the same unfolding transition phase starting at
concentrations higher than 0.5 M GuCl. Unfolding was completed at about 3.5
M GuCl. The transition mid-point was at 1.3 M GuCl, as shown by the normalized
curve in Fig. 6. The curve shows the relative change in elution volume; the
conformation-independent decrease in the elution volume due to the increase in the
salt was subtracted graphically (see als legend of Fig. 6). The measurements repeated at
a flow-rate of 0.9 ml/min gave the same transition curve, demonstrating that the
experiments were carried out at the thermodynamic equilibrium.

To rule out a column dependent influence on the unfolding curve, the unfolding
was additionally monitored by the GuCl-dependent change of the protein fluorescence
emission maximum (Fig. 6). The red shift of the fluorescence emission maximum
monitors the exposure of the buried tryptophan residues to the solvent during the
unfolding of the proteins [12]. Both methods displayed an identical unfolding
transition mid-point, whereas the fluorescence method was not able to detect the first
conformational change of the protein. This is a further example of the accurate
determination of the unfolding transition of a protein by SEC.
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Fig. 6. Normalized unfolding curve of the P-domain. The curve was normalized by extrapolating the linear
change in elution volume above 3.5 M GuCI to zero GuCl concentration. The relative change in elution
volume is the apparent deviation from this baseline. Normalized change in elution volume (.A.) compared
with the change of the fluorescence emission maximum ( - . -, excitation at 280 nm).
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Comparison of the stability of AAT and P-domain
The unfolding transition curve measured in the presence of increasing concen

trations of a strong denaturant aspect is a measure of the conformational stability of
the protein [13]. The unfolding curves revealed by GuCl-dependent SEC can therefore
be used to compare the stabilities of related proteins. The P-domain is monomeric
under all conditions tested. The small increase in the elution volume of the P-domain at
concentrations up to 0.3 M GuCI may be due to a conformational change of the
protein. This effect has to be confirmed by an independent method. The main
unfolding phase is characterized by a strong increase in the hydrodynamic radius
between 0.5 and 3.5 M GuCI (see Figs. 5 and 6). The transition phase does not fit to
a two-phase process, indicating that unfolding of the P-domain is not a simple
two-state mechanism. The shape of the unfolding curve looks very similar to the
second phase of the unfolding of wild type AAT (the unfolding of the monomers;
compare Figs. 2 and 5), indicating that the unfolding of AAT monomers is mainly due
to the unfolding of the large PLP-binding domain. The main difference is the shift of
the overall transition mid-point from 1.7 M (AAT) to 1.3 M GuCl (P-domain),
demonstrating the lower stability of the isolated P-domain.

Both unfolding curves were confirmed with column-independent spectroscopic
method~ (ref. 6 and Fig. 6), demonstrating that the SEC unfolding curves show the
equilibrium state.

CONCLUSIONS

Protein folding studies with SEC are fast and easy ifautomated inject and mixing
of two solvents are available. Thermodynamic studies do not depend on the type of
SEC column. However, for kinetic studies, a column with a high pressure resistance
and low elution volume is recommended to facilitate the resolution of time-dependent
processes. The following properties of the HPLC system are prerequisites for
reproducible results: (i) the pump should work reliably at low pressure and with
viscous solutions; (ii) the system should be resistant to corrosion for maximum
reliability with very high salt concentrations; a seal washing feature is recommended;
and (iii) a gradient system is necessary to allow precise automatic changes of the salt
concentration.
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Isolation and characterization of two different molecular
forms of basic fibroblast growth factor extracted from
human placental tissue
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ABSTRACT

Basic fibroblast growth factor (bFGF) was purified to homogeneity from human placental tissue on a
semi-large scale. Placental bFGF consists of two proteins of apparent molecular masses 16 000 and 18 000
dalton, as determined by sodium dodecyl sulphate polyacrylamide gel electrophoresis under non-reducing
conditions. Microsequence analysis showed that both proteins have the same N-terminal sequence Pro
Ala-Leu-Pro-Glu-Asp-Gly-Gly-Ser-Gly-Ala-Phe... , which is identical with that of (1-146) bFGF ex
tracted from human brain. After reduction by dithiothreitol or mercaptoethanol, placental bFGF appears
as a single protein of 16 000 dalton. The reduced protein displays the same ability to stimulate the prolifer
ation of CCL39 fibroblasts as the non-reduced doublet. These data indicate that bFGF extracted from
placental tissue consists of two proteins with different apparent molecular masses which do not differ in
their N-terminal sequence but in their oxidation state.

INTRODUCTION

Basic fibroblast growth factor (bFGF) is a heparin-binding polypeptide mitogen
for a wide variety of mesodermal and neuroectodermal cells [1,2]. It was first isolated
from bovine pituitary as a single-chain 16 500-dalton protein composed of 146 amino
acids [3]. A number of N-terminal modified forms of bFGF have been identified,
depending on the source and the method of isolation: bFGF extracted from bovine
brain, retina and human brain under acidic conditions had 146 amino acids [4-6]
whereas extraction of bovine kidney, adrenal, corpus luteum and testis [7-10] under
acidic conditions yielded a truncated form of bFGF lacking the first fifteen amino
acids. N-Terminal extended forms ofbFGF have been described: an eight amino acid
extension on extraction of human prostate under basic conditions [11] and a thirteen
amino acid extension on extraction of human placenta after brief acidification [12].
A 25000-dalton form has also been purified from guinea pig brain [13] and
a 22 OOO-dalton immunoreactive form has been isolated from rat brain [14]. These
observations indicate that bFGF consists of different molecular forms. These forms
may be naturally occurring processed forms or may be generated by proteases released
during the purification procedure.

Elucidation of the molecular heterogeneity of bFGF was also done by studying

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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the role of the four cysteines contained in bFGF. By using site-directed mutagenesis,
Arakawa et al. [15] demonstrated that the analogue protein deprived of all four
cysteines exhibited mitogenic activity on NIH 3T3 cells which was indistinguishable
from natural sequence protein. In a same manner, Seno et al. [16] showed that selective
substitution of cysteine residue 69 or 87 by serine did not affect the heparin-binding
ability of the protein but reduced its heterogeneity, recognized as several peaks of
bFGF eluted from a heparin affinity column.

We report here for the first time the molecular heterogeneity of naturally
occurring bFGF due to different oxidation states. Whereas all variations in apparent
molecular mass of extracted bFGF which have been described up to now could be
attributed to N-terminal variations, we show here that bFGF extracted from placental
tissue under acidic conditions consists of a doublet of proteins which display the same
N-terminal sequence but differ from each other in their oxidation state.

EXPERIMENTAL

Purification ofplacental bFGF
Placentas were collected at delivery and immediately frozen at - 20°e. Pools of

500-600 placentas were mechanically ground into small pieces and then stirred, until
completely thawed, in an 8% (vjv) ethanol-water solution. Placental blood was
separated from the tissue on a press. The placental tissue pulp underwent further acid
extraction at pH 3.2 at 4°C for 30 min. The acid extract was separated from the residual
placental pulp on a press, neutralized and precipitated with 15% ethanol. The
supernatant was recovered by centrifugation, concentrated by ultrafiltration and
finally diafiltered against 0.1 M sodium phosphate (pH 6.0) with 10 OOO-dalton cut-off
membranes. One litre of final placental tissue crude extract corresponded to ca. 15 kg
of placental tissue pulp. The extract (198 g of proteins) was then applied to a 30 x
10 cm J.D. column ofCM-Trisacryl (IBF Biotechnics, Villeneuve la Garenne, France)
and eluted with the above-mentioned buffer until the absorbance at 280 nm dropped to
the baseline at 2.0 a.u.f.s. The unretained fraction was discarded. The CM-Trisacryl
column was eluted with 0.1 M sodium phosphate (pH 6.0) containing 0.15 MNaCl and
then with 0.6 M NaCI buffer. The 0.15 M NaCI eluate showed of three successive
absorbance peaks, denoted CM-1, CM-2 and CM-3. Fractions CM-2 and CM-3
contained most bFGF and were further purified on heparin-Sepharose (Pharmacia,
Uppsa1a, Sweden). Each fraction was adjusted to 0.1 M sodium phosphate-0.65 M
~aCI (pH 7.2) and pumped onto a heparin-Sepharose column (11 x 9 mm J.D.) that
had previously been equilibrated with 6.5 mM NazHPOc 1.5 mM KHzP04-2.7 mM
KCI-0.65 M NaCI (pH 7.2). The heparin-Sepharose column was washed with the
same buffer until the absorbance at 206 nm dropped to the baseline at 0.5 a.u.f.s. and
then eluted with the same buffer containing successively 1 and 2 M NaCl. Both
2 M NaCl eluates obtained from the CM-2 and CM-3 fractions were analysed and
further stored at - 70°e.

Protein determination
Protein concentrations were determined with the Bio-Rad Protein Assay

(Bio-Rad Labs., Richmond, CA, U.S.A.) using human albumin (Pasteur Merieux
Serums et Vaccins, Lyon, France) as a standard.
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Analytical sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS- PAGE)
Proteins were analysed by SDS-PAGE following standard techniques [17] in the

presence or absence of2% (vjv) mercaptoethanol in l-mm thick 20% acrylamide gels
stained with silver nitrate [18]. About I Ilg of each sample was desalted on a PDIO
column (Pharmacia) and lyophilized before SDS-PAGE. Molecular mass standards
(Boehringer, Mannheim, Germany) were lXz-macroglobulin (170 000), phospho
rylase B (97 400), glutamate dehydrogenase (55 400), lactate dehydrogenase (36 500),
trypsin inhibitor (21 500), cytochrome c (12 500) and aprotinin (6500 dalton).

Preparative SDS-PAGE
Proteins (typically 5-10 Ilg per lane) were loaded on the same SDS-polyacryl

amide gels as for analytical purposes (see above). After electrophoresis, the gels were
dipped for a few seconds in water and then reversibly stained by gentle rocking in
250 ml of 0.3 M CuCl z solution for 5 min at room temperature [19]. The gels were then
washed in water to remove excess of reagent. The protein bands appeared as negatively
stained areas. Each band of the bFGF doublet (namely 16K and 18K, where K =

kilodalton) was excised from the gel. Copper stain was eliminated by incubation in
three changes (10 min each) of 0.25 M EDTA-0.25 M Tris-HCI (pH 9.0). Proteins
were then eluted from the gels by vigorous rocking for 72 h at 4°C in 20 mM
Tris-HCI-0.15 M glycine-O.OI% SDS. The recovery was between 10 and 20%.

Reversed-phase high-performance liquid chromatography (HPLC)
A Waters Model 600 HPLC system was used, coupled with a Waters 490

programmable multi-wavelength detector (Millipore-Waters, Milford, MA, U.S.A.).
Samples were loaded onto a C4 reversed-phase HPLC column (Vydac 214TP54)
(250 x 4.6 mm I.D.) equilibrated with 10% acetonitri1e-0.05% trifluoroacetic acid at
a flow-rate of 1.0 mljmin. The column was washed with 30 ml of this solvent and bound
proteins were eluted with a 60-ml gradient of 10-50% acetonitri1e-0.05% trifluoro
acetic acid. Proteins were detected by monitoring the absorbance at 215 nm. Fractions
of I ml were collected. For 16K and 18K chromatography after elution from
SDS-polyacrylamide gels, samples were submitted to a first run as described. The main
peak was collected, lyophilized, resuspended in 20 mM Tris-0.15 M glycine-O.O 1%
SDS and rechromatographed under the same conditions before sequencing.

Protein sequence analysis
Protein sequence analysis was carried out at the Laboratoire Central d'Analyses

(CNRS, Solaise, France) on a Model 470A gas-phase sequencer (Applied Biosystems,
Foster City, CA, U.S.A.) connected "on-line" with a Model 120A phenylthio
hydantoin amino acid analyser (Applied Biosystems).

Growth factor assays
The biological characterization of growth factor activities was performed by

proliferation assays on bovine corneal endothelial cells and CCL39 fibroblasts.
Corneal endothelial cells (EC) were isolated from bovine eye corneal endothelium by
trypsinization and scraping. Once cultures had been established, EC were grown and
maintained in culture flasks using Minimum Essential Medium (MEM) containing
6% foetal calf serum (FCS) and 100 Ilgjml of crude placental extract. CCL39
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fibroblasts (ATCC, Rockville, MO, U.S.A.) were subcultivated in MacCoy's medium
supplemented with 20% FCS.

For both types of cells, proliferation assays were performed in 24-well plates
(Falcon), in serum-free medium (OMEM/F12) supplemented with insulin, transferrin,
albumin and selenite and with increasing amounts ofbFGF fractions to be tested. For
EC, 10 000 cells were seeded at day 0 (DO) and stimulation with bFGF fractions were
performed at 00,01,02,03 and 04. Medium changes occurred at 02 and 04 and
the total number of cells was determined after trypsinisation at 07. For CCL39
fibroblasts, 50 000 cells per well were seeded at DO. Stimulation with bFGF fractions
was performed at DO, 01, 02 and 03. The medium was changed at 02 and the final
total number of cells was determined at 04.

Reduction of bFGF
A 30-flg sample of bFGF was adjusted in 0.1 M Tris (pH 8)-1.5 mM EDTA

10 mM dithiothreitol and incubated for 1.5 h at 37°C. Reduced sulphydryl groups were
then blocked with 20 mM iodoacetamide for 30 min at 37°C. Samples were then either
desalted against water for SOS-PAGE or desalted against PBS-0.02% Tween 20 and
assayed for biological activity.

RESULTS

Purification ofplacental bFGF
Placental tissue was processed after separation of the placental blood on a press.

The extraction of placental tissue at pH 3.2 yielded a final placental extract which
contained ca. 2.6 g of proteins per kilogram of tissue. When applied to a CM-Trisacryl
in 0.1 M phosphate at pH 6.0, 90-95% of the proteins were recovered in the unretained
fraction. bFGF was bound to the gel and eluted with 0.15 MNaC!. The 0.15 MNaCI
eluate showed of three successive absorbance peaks (namely CM-I-3) (Fig. I). After
a second chromatography on heparin-Sepharose, only fractions CM-2 and CM-3
appeared to contain bFGF, which was eluted from heparin-Sepharose by stepwise
elution at 2 M NaC!. The final bFGF fractions obtained from either CM-2 or CM-3
(namely HS-CM-2 and HS-CM-3), were analysed by SOS-PAGE (Fig. 2) under
non-reducing conditions and consisted of two proteins of ca. 16K and 18K. The
recovery was quantitative with a yield ofpurification of 15 flg ofbFGF per kilogram of
placental tissue.

The biological activity of placental bFGF was characterized on endothelial cells
(Fig. 3): both bFGF fractions HS-CM-2 and HS-CM-3 stimulated the proliferation of
bovine corneal endothelial cells. The EOso (concentration of proteins necessary to
induce half-maximum stimulation) was equivalent for both fractions and ca. 0.5 ng/m!.
Cell growth depended on the concentration of bFGF in the medium and reached
a plateau at 20 ng/m!.

Further characterization ofplacental bFGF
Separation of 16K and 18K proteins. We tried to separate the 16K and 18K

proteins contained in the bFGF fraction by reversed-phase HPLC with an acetonitrile
gradient, but both proteins coeluted in the same peak at 35% acetonitrile. However,
both proteins could be separated by SOS-PAGE. The bFGF fraction was applied to an
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Fig. I. Purification of crude acid placental extract by cation-exchange chromatography on CM-Trisacryl
(30 x 10 cm I.D.) in 0.1 M sodium phosphate (pH 6.0). Stepwise elution with NaCI (0.15 and 0.6 M);
flow-rate, 1.4 I/h.

Fig. 2. SDS-PAGE (20%) under non-reducing conditions. Lanes a--{j = molecular mass standards;
b = placental bFGF purified from CM-2 eluate (HS-CM-2); c = placental bFGF purified from CM-3
eluate (HS-CM-3). kD = Kilodalton.
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Fig. 3. Biological activity of placental bFGF HS-CM-2 (e) and HS-CM-3 (0) eluate on proliferation of
bovine corneal endothelial cells. 10 000 cells at day 0; stimulation with bFGF fractions at day 1,2,3 and 4;
medium changes at day 2 and 4; determination of total number of cells at day 7.

SDS-PAGE (20%) gel. The bands were reversibly stained with copper chloride, cut out
from the gel and eluted by incubation in Tris-glycine buffer. The two proteins were
further chromatographed by reversed-phase HPLC. Each protein eluted as a sharp
peak at 44% acetonitrile (Fig. 4). SDS-PAGE of each HPLC eluate (Fig. 5) showed
that the main peak consisted of the homogeneous protein, but the presence of dimeric
(Fig. 5, lanes d and j) and oligomeric structures (Fig. 5, lanes e-f and k-l) was detected
in the tail of the peak. This observation could be made for both 16K and 18K,
indicating that both proteins are able to make aggregates (either by covalent or
non-covalent bonds) under the physico-chemical conditions of reversed-phase HPLC
elution. The amino-terminal sequence analysis of 16K and 18K showed that both
proteins .have the same sequence, Pro-Ala-Leu-Pro-Glu-AsIrGly-Gly-Ser-Gly
Ala-Phe-Pro-Pro-Gly-His-Phe-Lys-, which is identical with that of (1-146) bFGF
extracted from human brain (Table I). Moreover, for both proteins, microsequence
analysis showed the presence of degraded polypeptides lacking the last amino acid
(Pro) and the last four amino acids (Pro-Ala-Leu-Pro).

Effect ofreducing agents on 16K and 18Kproteins. The placental bFGF fraction,
which consists of a 16K-18K doublet, was submitted to reduction by dithiothreitol
followed by iodoacetamide alkylation. SDS-PAGE of the reduced fraction (Fig. 6,
lane d) showed a single band at 16000 dalton. Moreover, the direct analysis of the
bFGF fraction in the presence of mercaptoethanol confirmed that the 18K bFGF
form is transformed into the 16K bFGF form by reduction (Fig. 6, lane c). The
biological activity of placental bFGF was also determined after reductive alkylation
on CCL39 fibroblasts. As shown in Fig. 7, the bFGF fraction was equally active after
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Fig. 4. Purification of 16K and 18K placental bFGF by reversed-phase HPLC on a Vydac C4 column (250 x
4.6 mm I.D.). Flow-rate, 1.0 ml/min; 60-min gradient elution from 10 to 50% acetonitrile in water--{).05%
trilluoroacetic acid. Elution profiles of (A) 16K and (B) 18K protein.

and before reduction, ED so values ranging between 0.7 and 1 ng/ml as determined
from four different experiments.

DISCUSSION

After extracting placental tissue by brief exposure to an acidic pH, we purified
placental bFGF with two chromatographic steps involving cation-exchange chroma
tography followed by affinity chromatography on immobilized heparin. The resulting
bFGF fraction consists of two proteins ofapparent molecular masses 16K and 18K, as
determined by SDS-PAGE under non-reducing conditions. Two molecular forms of
bFGF have already been described in human placenta: the classical (1-146) bFGF
identical with human brain bFGF [20] with a molecular mass of 16 400 dalton and
a thirteen amino acid N-terminally extended form [12] with a molecular mass of
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Fig. 5. SDS-PAGE (20%) under non-reducing conditions. Lanes: a = molecular mass standards;
b = ooginning ofl8K peak on HPLC; c = 18K HPLCpeak;d,e,f = tail of 18K HPLC peak; g = placental
bFGF; i = 16K HPLC peak; j,k,1 = tail of 16K HPLC peak. kD = Kilodalton.

17 500 dalton. However, in our case, N-terminal amino acid sequence analysis of the
16K and 18K proteins revealed that both proteins have the same N-terminal sequence,
which is identical with that of brain (1-146) bFGF. Moreover, we showed that the
16K-18K doublet appears as a single 16K protein after reductive alkylation or by
SDS-PAGE under reducing conditions. (1-146) bFGF contains four cysteines at
positions 25, 69, 87 and 92, among which only residues 25 and 92 are conserved
through the whole FGF family [21]. By site-directed mutagenesis and replacement of
cysteine with serine residues, it was shown that substitution of cysteine residues at
positions 69 and 87 did not affect the biological activity and heparin-binding ability of
bFGF [16]. Moreover, in contrast to the natural sequence form, SDS-PAGE of the
serine-69, 87 analogue under non-reducing conditions revealed little dimer formation
[22]. Our data show that placental bFGF is equally active before and after reductive
alkylation, indicating that the 18K protein displays the same biological activity as the
16K reduced form. Reversed-phase HPLC of each protein revealed the presence of
dimers and oligomers in both instances, which disappeared on analysis in the presence
ofreducing agent (data not shown). These observations suggest that the 16K and 18K
proteins differ from each other only in their oxidation state. The observation that they
are both able to form intermolecular bonds supports the hypothesis that both proteins
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TABLE I

AMINO-TERMINAL SEQUENCE ANALYSIS OF BOTH PLACENTAL bFGF MOLECULAR
FORMS

Cycle PTH-amino bFGF 16K bFGF 18K Cycle PTH-amino bFGF 16K bFGF 18K
acid yield (pmol) yield (pmol) acid yield (pmol) yield (pmol)

I Pro 42 22 11 Ala 10 4
2 Ala 18 7 12 Phe 10 4
3 Leu 16 6 13 Pro 6 4
4 Pro 15 8 14 Pro 5 I
5 Glu 15 5 15 Gly 4 ?
6 Asp 10 4 16 His 3 2
7 Gly 3 4 17 Phe 6 2
8 Gly 7 0, 5 18 Lys 4 2
9 Ser n.d." n.d." 19 Asp 3

10 Gly 7 2 20 Pro 2

" n.d. = Not determined.

Fig. 6. SDS-PAGE (20%) in the presence (+) or absence (- ) of mercaptoethanol. Lanes: a = molecular
mass standards; b,c = native placental bFGF; d = placental bFGF after reductive alkylation
(dithiothreitol + iodoacetamide). kD = Kilodalton.
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Fig. 7. Biological activity of placental bFGF native (e) or after reduction by dithiothreitol (0) on
proliferation ofCCL39 fibroblasts. 50000 cells at day 0; stimulation with bFGF fractions at day 0, 1,2 and
3; medium changes at day 2 and 4; determination of total number of cells at day 7.

contain free sulphydryl groups, the 16K protein containing all four cysteines free
whereas the 18K protein contains at least one disulphide bridge. Moreover, the full
biological potential of the 16K reduced form is consistent with the findings ofArakawa
et al. [15], who showed that human bFGF analogue in which all four cysteines have
been replaced with serine exhibited mitogenic activity on NIH 3T3 cell which was
indistinguishable from the natural sequence molecule.
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ABSTRACT

The three main desialylated variants (FI, S and A) of human IXt-acid glycoprotein (AAG), a serum
acute-phase reactant, were analysed by high-performance anion-exchange chromatography in ordcr to
determine their optimum separation conditions. The analysis consisted of three steps, as follows: (I) A
desialylated commercial AAG was separated into one "fast"- and one "slow"-migrating fraction by pre
parative isoelectrofocusing. The "fast" and "slow" fractions were shown to contain the Fl variant and a
mixture of the S and A variants, respectively. (2) The pH titration curves of these two fractions were then
measured by strong anion-exchange chromatography with several buffer systems of increasing pH. From
the data obtained, it was not possible to select the optimum conditions to separate the "fast" variant FI
from the "slow" variants A and S. However, the S and A variants were shown to ionize very differently. (3)
The specific fractionation of the S and A variants was therefore carried out by anion-exchange chromato
graphy under operating conditions based on the data obtained from the study of their pH titration curves.
This was performed both with the "slow"-migrating fraction obtained by preparative isoelectrofocusing of
commercial AAG and with an AAG (containing only variants S and A) purified from an individual serum
on immobilized Cibacron Blue F3G-A. Identification of the fractionated proteins was achieved by analyt
ical isoelectrofocusing.

INTRODUCTION

ai-Acid glycoprotein (AAG), or orosomucoid, is an acute-phase reactant whose
serum concentration increases in association with inflammatory states (for a review,
see ref. 1). Its physiological function is still unknown but it is thought to act as
a transport protein for basic drugs such as antidepressant drugs, neuroleptics and
{3-blockers, and also plays a role in immunoregulation (for a review, see ref. 1),

It has been well documented that AAG, which has a high carbohydrate content
and a large number of sialyl residues,- is very heterogeneous, consisting of sub
populations of different size, charge [2] and lectin-binding behaviour [3].

0021-9673(91($03.50 © 1991 Elsevier Science Publishers B.V.
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One extensively studied case of the heterogeneity of AAG is the existence, after
desialylation of the protein, of three main variants, distinguished by their electro
phoretic migration in analytical isbelectrofocusing (IEF) as one "fast" and two "slow"
bands [4], corresponding to the FI and to the S and A variants, respectively. These
variants differ in that numerous amino acids are substituted in the peptide chain [5].
This microheterogeneity is genetically determined and, depending on the relative
concentrations of the variants in desialylated serum, three main phenotypes are
observed for AAG in a general population: Fl S/A, Fl/A and S/A, with expected
frequencies of 47.9,35.1 and 16.4%, respectively [4].

Elucidation of this heterogeneity, especially in the light of the possibility of
functional differences between AAG variants, has recently been attempted. Commer
cial human AAG containing the three variants was fractionated after its desialylation,
into a "fast" (F-AAG) and a "slow" AAG (S-AAG) by a preparative IEF technique
[6,7]. The F- and S-AAG were shown to contain the FI and a mixture of the Sand
A variants, respectively. Comparison of their drug-binding properties showed that
S-AAG exhibits a higher binding capacity (n' k, where n is the number of binding sites
and k is the intrinsic affinity constant) than F-AAG for most of the drugs tested [6,7]. It
was also proposed that only one of the two S-AAG variants was responsible for the
high-affinity binding site. However, it was impossible to determine which variant, S or
A, is involved, as they cannot be fractionated electrophoretically without denatura
tion, and because commercial AAG is a mixture of the phenotypes and contains equal
proportions of the A and S variants.

Using high-performance ion-exchange chromatography (HPIEC), we studied
the pH titration curves of the AAG variants in order to optimize their separation by
this method. The results enabled us to develop an HPIEC method for the fractionation
of S-AAG into its two charge variants and this fractionation was compared with the
electrophoretic heterogeneity of S-AAG as shown by analytical IEF. The HPIEC
methodology was also applied to the fractionation of an AAG purified in the
laboratory from an individual serum of phenotype S/A by chromatography on
immobilized Cibacron Blue F3G-A [8].

EXPERIMENTAL

Materials
Human serum contammg AAG with the S/A phenotype (S/A-AAG) was

obtained from a healthy donor and was frozen until use.
Materials were obtained from the following sources: human AAG (from Cohn

fraction VI), Clostridium perjringens neuraminidase type X, Norite A charcoal
and 1,3-bis[tris(hydroxymethyl)methylamino]propane (Bis-Tris-propane) were from
Sigma (St. Louis, MO, U.S.A.), bovine serum albumin (grade A) from Calbiochem
(San Diego, CA, U.S.A.), Cibacron Blue F3G-A from Fluka (Buchs, Switzerland),
Sephadex G-I00, DEAE-Sephadex, Mono Q HR 5/5 prepacked column, gradient gels
PAA 4/30, low-molecular-mass marker protein kit, immobiline (pK 4.6 and pK 9.3),
Gelbond PAG films, acrylamide and N,N'-methylenebisacrylamide from Pharmacia
LKB (Uppsala, Sweden), Coomassie Brilliant Blue R 250, urea and 2-mercapto
ethanol from Merck (Darmstadt, Germany) and YM 10 membrane filter and Centri
con 10 microconcentrator from Amicon (Danvers, MA, U.S.A.). All other reagents
were of grade A or analytical-reagent grade and were purchased from local suppliers.
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Purification of the SjA-AAG on immobilized Cibacron Blue F3G-A
The covalent coupling of Cibacron Blue F3G-A to Sephadex G-IOO was

performed according to B6hme et al. [9], with 0.85 g ofdye per gram ofdry gel at 80°C,
in order to obtain maximum dye substitution. The determination of the amount ofdye
covalently bound to the matrix was carried out according to Chambers [10]. The
SjA-AAG was purified from the serum essentially by the one-step chromatographic
procedure on immobilized Cibacron Blue F3G-A described by Birkenmeier and
KopperschUiger [8] in 10 mM sodium phosphate buffer (pH 5.8) and at 4°C. The
purified protein was concentrated on a YM 10 membrane filter and dialysed against
deionized water.

Charcoal treatment and desialylation of AAG
Before use, the pure SjA-AAG preparation and the commercial AAG were

delipidated by charcoal treatment at pH 3.0 according to Evenson and Deutsch [II]
and then lyophilized. Both proteins were then desialylated with neuraminidase as
described by Eap et al. [6], dialysed against deionized water and lyophilized.

Prior to analytical IEF, the human whole serum used in the chromatographic
procedure on immobilized Cibacron Blue was desialylated with neuraminidase as
described by Eap et al. [4].

Spectrophotometry and protein assay
Absorbance determinations or spectral scans were performed on a Beckman

Model DU-3 single-path recording spectrophotometer. Total protein concentrations
were determined by the method of Lowry et al. [12] with bovine serum albumin
(grade A) as a standard. The specific assay of AAG was carried out by an
immunonephelometric method using a Beckman assay kit and instrument.

Electrophoretic techniques
The purity of the SjA-AAG preparation was checked by sodium dodecyl

sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) [13] using a Pharmacia
G E 2-4jLS vertical gel electrophoresis apparatus. Analytical and preparative IEF were
performed using an LKB 2117 Multiphor II electrophoresis apparatus.

Separation of the S- and F-AAG from the desialylated commercial AAG was
performed by a preparative IEF technique in an immobilized pH 4.4-5.4 polyacryl
amide gel gradient [6,7]. The separated F- and S-AAG were detected in strips of the gel
by trichloroacetic acid fixation and Coomassie Brilliant Blue staining. The protein in
each band was recovered from the remainder of the gel by electrophoretic elution into
DEAE-Sephadex. After recovery from Sephadex, the two fractions were dialysed
extensively against deionized water and lyophilized.

Analytical IEF of the desialylated AAG variants and AAG phenotyping of the
desialylated whole serum were performed essentially as described by Eap and
Baumann [14] in an immobilized pH 4.4-5.4 polyacrylamide gel gradient with 8 M urea
and 2% (vjv) 2-mercaptoethanol. Detection of the variants was made by immun.o
blotting with two antibody steps [14] or by staining with Coomassie Brilliant Blue. The
analytical IEF of the desialylated proteins also permitted the determination of the
extent of desialylation. The relative. proportion of each protein band in the gels was
determined by scanning with an LKB 2202 Ultroscan laser densitometer.
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High-performance ion-exchange chromatography (HPIEC)
HPIEC was performed on a Waters Assoc. liquid chromatography system

equipped with two Model 6000-A pumps and a Model 660 solvent programmer
capable of generating a gradient or step elution profile. Sample injections were carried
out with a Waters Assoc. Model U6K injector and chromatograms were recorded by
monitoring the absorbance of the eluent at 280 nm using a single-path UV monitor
(Cecil Instruments, Cambridge, U.K.) fitted with a 10-mm path-length flow cell. The
absorbance units full-scale (a.u.f.s.) were set between 0.02 and 0.5 as appropriate.
Fractions were collected with a Gilson Model 203 fraction collector. The HPIEC
system was operated at room temperature.

HPIEC of the desialylated AAGs was carried out using a Pharmacia Mono Q
strong anion-exchange column (50 x 5 mm J.D.; 10 J1m particle size).

In initial experiments, the pH titration curves of the AAG variants were
determined using buffer systems of pH 7.0-10.0 (adjusted with 1M hydrochloric acid),
with the starting and final buffers containing 6.25 mM Bis-Tris-propane and with 0.15
or 0.35 M sodium chloride in the final buffer. The F- and S-AAG, obtained by the
preparative IEF technique, were chromatographed with each buffer system.

Fractionation of the S-AAG and of the SfA-AAG preparation was carried out
on the same anion-exchange column. The starting and final buffers were 6.25 mM
Bis-Tris-propane chloride adjusted to pH 9.75 with 1 Mhydrochloric acid, with the
final buffer containing 0.15 M sodium chloride. A preprogrammed linear gradient was
used for the chromatography and the appropriate peak fractions were collected,
concentrated and re-equilibrated in deionized water or start buffer, using Centricon 10
microconcentrators, prior to their study by analytical IEF or their rechromatography.

RESULTS AND DISCUSS10N

Purification of AAG from an individual serum on immobilized Cibacron Blue F3G-A
Measurement of the absorption spectrum of the Cibacron Blue F3G-A used

showed a broad peak at 595-630 nm and the calculated molar absorptivity was
10.3 1 . mmol- 1 cm -1. This was compared with a value of 13.6 1 . mmol- 1 cm- I

obtained by Thompson and Stellwagen [15] using especially purified Cibacron Blue
F3G-A, and a purity of 75.7% was calculated for the dye sample used in our
experiments. This value was used to correct the values obtained for dye release in
subsequent experiments.

Under the experimental coupling conditions used, a maximum of 150 J1g of dye
covalently bound per milligram of dry Cibacron Blue-Sephadex was found by
hydrolysis of the substituted gel in 6 M hydrochloric acid [10). This loading density is
less than that used by Birkenmeier and KopperschHiger [8] in their chromatographic
purification procedure for human AAG. Nevertheless, when the individual serum,
dialysed against 10 mM sodium phosphate buffer (pH 5.8), was applied to the
Cibacron Blue-Sephadex column, the only constituent detected in the breakthrough
fraction was AAG. Fig. 1 shows the elution pattern obtained by chromatography of
the individual serum and the presence of two peaks can be observed, a major peak and
a minor "retarded" peak. Each peak was separately concentrated on an Amicon
YM 10 membrane filter. The total protein concentration and the specific AAG
concentration were determined in each peak and identical results were obtained with
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Fig. I. Elution of AAG by chromatography of a single human serum sample on Cibacron Blue F3G-A
Sephadex G-IOO gel at pH 5.8. The dye substitution in the gel was 150 Ilg ofdye permg ofSephadex. A 50-ml
volume of the human serum was dialysed against 10 mM sodium phosphate buffer (pH 5.8) and applied to
the gel column (50 x 5 cm I.D.) equilibrated with the same buffer at 4°C. The unbound protein was eluted in
10 mM sodium phosphate buffer (pH 5.8). The flow-rate was 50 ml/h and fractions of6.8 ml were collected.
The absorbance of each fraction was determined spectrophotometrically at 280 nm. The major and minor
peaks of AAG were pooled separately as indicated and concentrated prior to their subjection to
SDS-polyacrylamide gel electrophoresis. Inset: SDS-PAGE of the pooled fraction of AAG. Lanes: I and
5 = molecular mass (dalton) markers [(a) phosphorylase b (94 000), (b) albumin (67 000), (c) ovalbumin
(43000), (d) carbonic anhydrase (30 000), (e) trypsin inhibitor (20 000) and (f) a-lactalbumin (14000)];
2 = standard commercial AAG (5 Ilg); 3 = AAG major peak (5 Ilg); 4 = AAG minor peak (5 Ilg).
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both assays. The major and minor peaks were shown to contain 88 and 12%,
respectively, of the total amount of AAG purified on immobilized Cibacron Blue
F3G-A. SDS-PAGE showed that the two peaks seemed to be composed of at least
90% pure AAG because, in both peaks, a single protein band was detected (Fig. I,
inset) and a molecular mass of 44 000 dalton was calculated, identical with that of
a standard commercial AAG.

A similar fractionation of "native" AAG into more than one peak has already
been described by Gianazza and Arnaud [16] during the chromatography of plasma
proteins on commercially available immobilized Cibacron Blue (Affi-gel Blue). The
origin of the existence ofmore than one peak for AAG in dye-affinity chromatography
could be due to differences in the sugar chains of the protein sub-populations (for
instance, the existence of partially desialylated "old" forms of AAG, physiologically
present in the serum). This minor peak requires further study.

The major AAG peak corresponded to 70-75% of the total serum AAG as
determined by immunospecific assays of the serum and the chromatographic peak.
Hence the chromatography of the serum (50 ml) yielded 18 mg of AAG from a total
amount of 25 mg of AAG.

This purified AAG (major peak) was dialysed against deionized water and
delipidated. It was then desialylated with neuraminidase and subjected to analytical
IEF on an immobilized pH 4.4-5.4 polyacrylamide gel gradient with 8 Murea and 2%
(vjv) mercaptoethanol. The SjA-AAG was found to contain only the "slow" variants
A and S (Fig. 2). This result agreed with the AAG phenotyping of the serum used (not
shown). Several faint, more anodic bands were also observed after staining with
Coomassie Brilliant Blue (Fig. 2), indicating the presence of a small proportion (less
than 5%) of incompletely desialylated protein. The relative proportions of each
variant in the SjA-AAG were 63 and 37% for the S and A variants, respectively, as
found by scanning. These values agree with the relative proportions of the Sand
A variants in desialylated whole serum (60 and 40%, respectively).

Separation of S-AAG and F-AAG from desialylated commercial AAG by preparative
IEF

The preparative IEF of commercial AAG, previously desialylated with neur
aminidase, on an immobilized pH 4.4-5.4 polyacrylamide gel gradient allowed the
separation of a "slow" S-AAG from a "fast" F-AAG [6,7]. The respective
electrophoretic patterns of the F- and S-AAG, and that of the desialylated
unfractionated commercial AAG, obtained by analytical IEF in the presence of 8 M
urea and 2% (vjv) 2-mercaptoethanol are shown in Fig. 2. It can be seen that, whereas
the F-AAG is homogeneous and contains only the FI variant, the S-AAG is heteroge
neous and is composed of the two A and S variants. The relative proportions ofthe FI,
S and A variants in the commercial AAG were 32, 38 and 32%, respectively, as found
by scanning. The relative proportions of the "slow" S and A variants were 50% each in
the S-AAG and are in accordance with those found with the unfractionated protein.

Chromatographic pH titration curves of the desialylated AAG variants
In the ion-exchange chromatography of proteins, there is a correlation between

the ionic strength needed for elution and the net charge of the protein. As the protein
charge, and consequently the ionic strength at which it will be eluted, varies with pH,
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Fig. 2. Electrophoretic patterns of the different desialylated AAG samples on immobilized pH 4.4-5.4
polyacrylamide (4.85%, w/v) gel gradient with 8 M urea and 2% (v/v) 2-mercaptoethanol. Detection of the
desialylated variants in the gel after fixation of the proteins in 11.5% (w/v) trichloroacetic acid and 3.5%
(w/v) sulphosalicylic acid and staining with a 0.115% (w/v) Coomassie Brilliant Blue R 250 solution. Tracks:
I = F-AAG isolated from desialylated commercial AAG by preparative IEF (20 Jlg); 2 = S-AAG isolated
from desialylated commercial AAG by preparative IEF (20 Jlg); 3 = peak 2 (variant A) fractionated by
HPIEC from S/A-AAG or S-AAG (20 Jlg); 4 = peak I (variant S) fractionated by HPIEC from S/A-AAG
or S-AAG (20 Jlg); 5 = S/A-AAG purified on immobilized Cibacron Blue F3G-A (20 Jlg); 6 = desialylated
commercial AAG (20 Jlg). The pH scale and the approximate isoionic point (PI) value for each variant are
indicated.

titration curves are of great interest for predicting the elution pattern over a range of
pH. The titration curves of F- and S-AAG were therefore determined separately by
strong anion-exchange chromatography with buffer systems of different pH values,
ranging from 7.0 to 10.0, to find the pH at which their titration curves are furthest
apart and thus their separation will be optimum. The resolution of each buffer system
was compared by plotting pH versus the amount of sodium chloride needed for elution
(Fig. 3). The amounts ofsodium chloride were deduced from the elution volume for the
major peaks of interest. It can be seen that all the desialylated variants had a low
negative charge because, even at pH 10, they eluted at a relatively low ionic strength.
S-AAG began to be fractionated at pH 8.5 and, at higher pH, two well differentiated
pH titration curves were observed, the lower curve corresponding to the titration ofthe
A variant and the upper curve to that of the S variant.

The pH titration curve ofF-AAG shows that, at lower pH, the "fast" variant FI
seems to be slightly more negatively charged than the "slow" variants. This result
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Fig. 3. pH titration curves for the desialylated AAG variants. The pH titration curves of the variants (A) FI,
(.) S and (e) A were determined in 6.25 mM Bis-Tris-propane (starting and final) buffer systems, with
different pH values ranging from 7.0 to 10.0, adjusted with I M hydrochloric acid. The final buffer contained
0.15 or 0.35 M sodium chloride. The F- and S-AAG (100-200 jlg), purified by preparative IEF, were run on
a prepacked Mono Q HR 5/5 column with a 20-min gradient time. The flow-rate was 1.0 ml/min and the
a.u.f.s. was set to O.05-{).2. The pH was plotted versus millimoles of sodium chloride, which were deduced
from the elution volume of each major peak of interest.

agrees with the more anodic migration of the FI variant in IEF electrophoresis. It can
also be seen that, over the pH range considered, the titration curve of the FI variant
parallels that of the 8 variant. Consequently, at pH 9.0, the titration curve of the FI
variant falls between the upper (8) and the lower (A) titration curves.

Analysis of the pH titration curves of the AAG variants showed that these curves
present different inflexion points. Three different inflexion points can be observed in
Fig. 3, at pH 8-8.5, 9 and 9.5-9.75. The sharp drops at pH 9 and pH 9.5-9.75 are
similar for the three titration curves, indicating that the AAG variants may not differ
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greatly in their contents of amino acids ionizing at these pH values. However, the
inflexion between pH 8 and 8.5 with variant A was not found with the Fl and S
variants. The pH at which this change occurs could correspond to the ionization of
a cysteine residue, present in variant A but not in variants Fl and S.

These data agree with the differences between the primary structures of the
variants. Human AAG is encoded by two different genes [17], thus explaining the
multiple amino acid substitutions found in the primary sequence of AAG [5]. Genetic
studies at the protein level in population [4] have shown that variants Fl and S are
encoded by two different alleles of the same gene, and would differ only by few (five)
amino acids, thus explaining their very similar pH titration curves. Variant A is
encoded by the other gene and would differ from the other two variants by more amino
acids (at least 22). Examination of the possible amino acid substitutions described for
AAG [5] shows that only eight of them would be significant from an ionization point of
view and, as most of these involve arginine residues which would not be negatively
charged at pH values lower than 10, it becomes obvious why the pH titration curves of
the three variants are similar. Given these data, it has not been possible to find
optimum conditions for the separation of the "fast" F1 variant from the "slow" Sand
A variants by strong anion-exchange chromatography. Nevertheless, the specific
change in the pH titration curve of the A variant between pH 8 and 8.5 could
correspond to the titration of the lone cysteine residue at position 149, which could be
substituted by arginine residues in the Fl and S variant molecules. Therefore, the
major difference between the titration curves for the S and A variants could be used to
optimize their fractionation.

Fractionation of S-AAG and of the pure S/A-AAG preparation
We applied the resolving power of HPIEC to the resolution of S-AAG and

S/A-AAG variants. It was found that fractionation of the two proteins at pH 9.75 on
the strong anion-exchange column resolves two major peaks, 1 and 2, corresponding
to the "slow" variants S and A (Fig. 4). This pH was used, rather than pH 10, because
the proteins lost structural integrity at pH 10.5.

Integration showed that these peaks comprised ca. 50% each for the total
S-AAG and 62.5 and 37.5%, respectively, for the S/A-AAG. The relative proportion
of peak 2 in S/A-AAG is less than that in S-AAG. This seems to be due to the fact that,
whereas S/A-AAG was purified from an individual serum containing a genetically
determined proportion of each variant, S-AAG was prepared from a standard
commercial protein which corresponds to a mixture of AAGs of different phenotypes.

The elution diagram also showed the presence of a minor "retarded" peak,
which seems to correspond to an incompletely desialylated protein (faint anodic band
in Fig. 2, track 3), thus explaining its delayed elution from the anion-exchange column.

Peaks 1and 2 were isolated and rechromatography showed that they are genuine
peaks with different elution volumes (Fig. 5). Characterization of peaks 1 and 2 by
analytical IEF (Fig. 2) shows they are essentially pure: peak 1 comigrates with the
S variant and peak 2 with the A variant. The elution volumes needed to elute the
variant S in peak 1 and the variant A in peak 2 are in accordance with their respective
pH titration curves.
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Fig. 4. HPIEC fractionation of S- or S/A-AAG on a prepacked Mono Q HR 515 column. S-AAG (dashed
line) was isolated by preparative JEF of commercial AAG and S/A-AAG (solid line) was purified from the
individual serum by chromatography on immobilized Cibacron Blue F3G-A. The starting buffer was
6.25 mM Bis-Tris-propane (pH 9.75) and final buffer was starting buffer containing 0.15 M sodium
chloride; flow-rate, 1.0 ml/min; a.uJ.s., 0.5. Peaks I and 2 were collected as indicated by hatch marks in the
elution profile.

CONCLUSION

This method allows the simple and rapid purification of large amounts of the
"slow" variants of desialylated AAG. As these variants appear to be the more
interesting with respect to drug binding [6,7], this purification method would greatly
aid the study of their individual drug-binding properties.

Depending on the phenotype (FIjA or SjA or Fl SjA) of AAG preparations
from individuals, the HPIEC method described here could be used to separate the
S from the A variant and the preparative IEF technique could be used to separate the
FI from the A variant, but both techniques are required for the Fl SjA phenotype and
commercial mixtures.

It was also found that the one-step chromatographic procedure on immobilized
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Starting and final buffers and flow-rate as in Fig. 4; a.u.Cs., 0.1 and 0.05 for peaks I and 2, respectively. Prior
to their injection, the proteins were re-equilibrated in starting buffer on a Centricon 10 microconcentrator.

Cibacron Blue F3G-A [8] is a valuable tool for purifying a "native" AAG with high
yield from an individual serum. This procedure could be useful for comparing the
drug-binding properties of individual "native" proteins corresponding to the different
AAG phenotypes.
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ABSTRACT

Dextran-coated silica beads are excellent supports for affinity chromatography of proteins. They can
be easily grafted using conventional coupling methods with different active ligands, such as heparin.
Fibroblast growth factors develop specific interactions with heparin through well-defined amino acids
sequences. The heparin-dextran coated silica phases exhibit an affinity for these growth factors. Under our
experimental conditions, the basic form can be absorbed on the solid support at a moderate salt concentra
tion (0.5 M sodium chloride) and can be selectively desorbed by increasing the ionic strength of the eluent.
The purification performances of such phases are com paired to those obtained on the heparin grafted soft
gels. Because of their mechanical properties, the dextran-coated silica supports were also used in high
performance affinity chromatography to purify fibroblast growth factors from a bovine brain crude ex
tract.

INTRODUCTION

Growth factors, known as fibroblast growth factors (FGF) [I] or heparin
binding growth factors [2], are implicated in the growth of different types of cells,
particularly fibroblasts and endothelial cells [3,4]. Among their biological activities,
angiogenic and wound-healing properties are known and have been studied in order to
use fibroblast growth factors in therapy [4,5].

Fibroblast growth factors are able to develop specific interactions with heparin
through well defined amino acid sequences and the two forms of FGF, acidic FGF
(aFGF) and basic FGF (bFGF), are generally purified by affinity chromatography on
heparin-grafted soft gels.

In a previous paper [6], we demonstrated that polystyrene resins can be
functionalized in order to obtain a specific affinity for fibroblast growth factors. These
synthetic supports can also be used for the purification of FGF by affinity
chromatography [7].

However, coated silica supports are excellent stationary phases for the
high-performance affinity chromatography (HPAC) ofproteins [8]. The passivation of
native silica can be achieved by covering the inorganic surface with a layer of
a hydrophilic polymer (agarose) substituted with a calculated amount of positively
charged diethylaminoethyl (DEAE) functions. Thus the non-specific adsorption of

0021-9673(91/$03.50 © 1991 Elsevier Science Publishers B.V.
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proteins is minimized. Because of their polymeric coating, these supports can easily be
grafted with functional derivatives, in particular with heparin, using conventional
coupling methods. These affinity phases possess the mechanical properties of the
starting silica and the hydrophilicity of the coating polysaccharide [9] and they can be
used with low-pressure or high-performance liquid chromatographic (HPLC) elution
conditions in order to separate or purify fibroblast growth factors. The chromato
graphic performances of these new affinity supports can be compared with the results
observed under, the same elution conditions on the conventional heparin-Sepharose
affinity phase [10].

EXPERIMENTAL

Growth factors
Crude extracts and radiolabelled fibroblast growth factors were obtained as

described previously [11]. Briefly, crude extract is prepared from a bovine brain by
ammonium sulphate fractionation (the active fraction was found to be between 20 and
60%) at 4°C, followed by dialysis against acetic acid and phosphate buffer solutions.
The sample is then centrifuged (20000 g, 30 min, 4°C) and the ionic strength of the
supernatant containing aFGF and bFGF is adjusted to 0.65 MNaCI. Acidic and basic
fibroblast growth factors are purified from bovine brain crude extract by affinity
chromatography on heparin-Sepharose support, and are radiolabelled with 125
iodine using the chloramine T method [6].

All reagents were of analytical-reagent grade and all solutions and buffers were
prepared with doubly distilled water, which was degassed and filtered through
a 0.22-{(m membrane.

Heparin-silica supports
The silica-based (Hep-SiA) supports are prepared in two stages as described

previously [9]. Agarose Indubiose A37 HAA, kindly provided by IBF Biotechnics
(Villeneuve la Garenne, France), are modified by a controlled substitution with
2-diethylaminoethyl hydrochloride (Janssen Chemica, Pantin, France). First, silica
beads X015 M (porosity 1250 A, particle size 40-100 {(m) from IBF Biotechnics are
impregnated with a concentrated solution of DEAE-polysaccharide and the polymer
coating is cross-linked in order to prevent leakage of the polymeric layer and to obtain
a polymeric coverage of 4.5 g per 100 g of dry support. In the second step, heparin (101
LV./mg), supplied by Institut Choay (Paris, France), is coupled using l,l'-car
bonyldiimidazole (CDI) as activating agent [10]. The yield of the coupling is 68%,
corresponding to 34 mg of heparin per 1 g of support.

Low-pressure affinity chromatography
Two columns (30 x 11.4 mm LD.) are packed, one with 4 ml of heparin

Sepharose (Pharmacia) and the other with 4 ml of heparin-dextran-coated silica phase
in phosphate buffer solution (PBS) adjusted to 0.5 M NaCI (pH 7.4). This salt
concentration (0.5 M NaCI) was chosen because aFGF could be retained by the
support with a lower salt concentration and other proteins could be desorbed
simultaneously by the salt gradient. Similarly, it is impossible to obtain pure aFGF by
affinity chromatography on the heparin-Sepharose support if the initial salt concen-
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tration of the eluent is lower than 0.5 M. A 5-ml sample of crude bovine brain extract
mixed with radiolabelled FGFs (106 cpm) is injected into the columns. The
non-adsorbed compounds are eliminated by washing with ISO ml of 10 mM PBS-3
mM KCI-0.5 M NaCI, pH 7.4). Next, the adsorbed proteins are desorbed using a salt
gradient from 0.5 to 2.5 M NaCI (150 ml) at a flow-rate of 24 ml/h at room
temperature. The absorbance at 280 nm and the ionic strength of the eluent are
measured using an Alli UV detector (Gilson, Villiers Ie Bel, France) and an ion and
pH detector (IBF Biotechnics), respectively. The amount of eluted radiolabeled
fibroblast growth factor is determined using a gamma counter.

High-performance affinity chromatography
The HPLC apparatus is a Merck-Hitachi 655 A-12 system from Labs.

Merck-Clevenot (Nogent sur Marne, France). A stainless-steel column (70 x 7 mm
J.D.) is packed using a slurry method with 2.6 ml of heparin-silica phase in phosphate
buffer solution (pH 7.4) adjusted to 0.5 M NaCI. A 5-ml aliquot of crude bovine brain
extract is injected onto the column and the non-adsorbed compounds are eluted with
the initial buffer (10 mM PBS-0.5 M NaCl, pH 7.4) at a flow-rate of 1.0 ml/min. The
adsorbed proteins are then eluted by a linear salt gradient from 0.5 to 2 M NaCI in 0.0 I
M PBS (pH 7.4). The elution is followed using a variable-wavelength UV monitor at
280 nm. The eluted fractions are collected and characterized.

Characterization of eluted fractions
The collected fractions from low-pressure or HPLAC runs are dialysed,

concentrated and analysed by sodium dodecyl sulphate polyacrylamide gel electro
phoresis (SDS-PAGE) (20% acrylamide) according to Laemmli [12], using a Phar
macia Phast System (Pharmacia-LKB, Uppsala, Sweden). Proteins are revealed by
silver staining [13].

Fractions are also tested for mitogenic activity on Chinese hamster lung
fibroblasts (CCL39, American Type Culture Collection) by reinitiation of DNA
synthesis as described previously [6].

RESULTS AND DISCUSSION

The heparin-silica supports interact with fibroblast growth factors in solution.
The mixture of crude extract and radiolabelled aFGF and bFGF is eluted on
heparin-silica (Fig. 1) and heparin-Sepharose (Fig. 2) in a low-pressure affinity
chromatography procedure. The elution profiles of radiolabelled FGFs indicate that
they are mainly retained by the solid phases at lower ionic strength and desorbed by the
salt gradient.

The rates of radiolabelled FGFs reversibly adsorbed on the two supports are
presented in Table I. The comparison with heparin-Sepharose support shows that,
under our experimental conditions, bFGF exhibits a similar behaviour on both
supports (Table I). However, under the same conditions aFGF is not well retained on
the silica phases. It is also important to note that both fibroblast growth factors, when
they are adsorbed on the affinity phases, are more easily desorbed from the
heparin-silica supports by the salt gradient, probably indicating a smaller contribution
of ionic interactions in the affinity mechanism on this support. A similar effect has
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Fig. 1. Low-pressure chromatographic assay of bovine brain crude extract (5 ml) containing radiolabelled
aFGF (a) or bFGF (b) on heparin-agarose-coated silica support.

been described for bFGF eluted from heparin affinity HPLC supports [14]. This
weaker affinity is probably the reason for the low adsorption ofaFGF under our initial
eluting conditions (0.01 M PBS-O.S M NaCl). Nevertheless, a complete comparison
between the two types ofaffinity supports is difficult because of the non-equivalence of
the biological activities of the grafted heparin. First, heparin fixed on commercial
Sepharose support is presumably different from the heparin grafted on our silica
phases: the molecular mass, the specific anticoagulant activity and the distribution of
sugar groups along the network are probably different. Moreover, the coupling of the
polysaccharide also depends on the grafting reactions. The macromolecular chain can
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Fig. 2. Low-pressure chromatographic assay of bovine brain crude extract (5 ml) containing radiolabeled
aFGF (a) or bFGF (b) on heparin-Sepharose support.

be attached to the Sepharose or agarose structure in different ways with different
covalent bonds and consequently the active sequence of heparin is not necessary
accessible to aFGF. It is reasonable to assume that the affinity for aFGF could be
reinforced by grafting more active heparin fractions.

The HPLAC elution profile ofbovine brain crude extract on silica-based resins is
presented in Fig. 3. Under our experimental conditions, the proteins are mainly eluted
in the washing buffer. When the ionic strength of the eluent is increased, a small
amount of proteins (15 f.1.g) is desorbed in a large peak (fraction F). The presence of
aFGF and bFGF in this eluted peak is revealed by SDS-PAGE. It should be noted that
many other proteins are simultaneously eluted and they can disturb the adsorption



422 M. A. JACQUOT-DOURGES et al.

TABLE I

ADSORPTION CONDITIONS OF GROWTH FACTORS ON ACTIVE SUPPORTS

Resina FGF NA (%)b RA (%)b NaCI (M)'

Hep-Seph aFGF I 89 1.0
Hep-Seph bFGF 36 29 1.5
Hep-SiA aFGF 86 9 0.8
Hep-SiA bFGF 46 31 1.2

a Hep-Seph = heparin-Sepharose support; Hep-SiA = heparin-agarose-coated silica support.
b NA (%) = percentage ofFGFwashed under the initial conditions; RA (%) = percentage ofFGF

retained and desorbed by the gradient,
, NaCl concentration of the gradient corresponding to the maximum of the eluted peak.

process. However, these fractions also stimulate the cellular growth of fibroblast
CCL39 (Fig. 4). The stimulation unit of these fractions, which is the concentration
needed to obtain 50% of the maximum stimulation, is weaker (2 ng/ml) than those
observed under the same conditions with pure aFGF (10 ng/l) and bFGF (3.8 ng/ml).
As observed, the eluted fractions obtained from the crude extract are more effective;
this could be explained by a smaller deactivation of fibroblast growth factors during
the chromatography owing to a faster separation process. This purification procedure
is efficient for bFGF but the initial conditions of elution have to be optimized with
aFGF. It is also possible to increase the affinity of the heparin-grafted support for
aFGF by modifying the coupling method. Moreover, the mechanical properties of the
silica phases allow the use of higher flow-rate leading to faster purification.
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Fig. 3. HPLC of crude bovine brain extract (9 ml) on heparin-agarose-coated silica support.
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CCL39 fibroblast. Inset: SDS-PAGE of (8) bFGF eluted from heparin-Sepharose and of (A) fraction
F eluted from heparin-dextran-coated silica; (C) molecular mass markers.

CONCLUSION

The affinity of fibroblast growth factors for heparin is used in chromatography
for the purification of these factors. These growth factors are generally purified on
heparin-Sepharose support under low-pressure elution conditions. The purification of
fibroblast growth factors can be also achieved on agarose-coated silica supports
grafted with heparin directly from a bovine brain crude extract. The stimulating effect
ofeluted fractions on fibroblast growth shows that an important amount of fibroblast
growth factor is retained and desorbed from the affinity stationary phase. In fact, the
elution of radiolabelled pure FGF demonstrates that on both supports the basic form
(bFGF) is strongly adsorbed at low ionic strength and selectively desorbed by the salt
gradient. In contrast, aFGF seems to exhibit a weaker affinity for the heparin-agarose
coated silica support. Under our initial elution conditions, this growth factor is mainly
unretained and eluted by the washing eluent. In order to improve the affinity of aFGF
for the heparin-agarose-coated silica support with minimum adsorption of other
proteins, the initial conditions of the separation have to be optimized. However, the
mechanical properties of such silica-based affinity phases are excellent, they allow fast
separations and the purification procedure of fibroblast growth factors can easily be
scaled up.
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ABSTRACT

Immobilized Fe3+ affinity chromatography is suggested as a means of concentrating phosphopep
tides that are present in too Iowa proportion in a complex mixture to be purified by a single-step method. A
high-performance liquid chromatographic system and a chelating Superose HR 10(2 column were used.
The chromatographic conditions were optimized using a tryptic hydrolysate of whole casein. The unbound
fractions did not contain any phosphorylated peptide. All caseinophosphopeptides were retained. Only
four other strongly basic peptides were also retained. The quantitative accuracy of the method was evaluat
ed. This method allowed the' isolation of phosphopeptides in gastric effluents of calves fed with milk.

INTRODUCTION

Casein phosphopeptides (CPPs) display the interesting property of being able to
form soluble complexes with di- or trivalent metal ions [1,2]. This has led to speculation
that CPPs might have a physiological role and could enhance calcium intestinal
solubilization and absorption. Naito and co-workers [3,4] reported the occurrence of
such phosphopeptides in the distal small intestine of rats during the course of the
luminal digestion of a diet containing caseins. Moreover, the amount of soluble
calcium in the distal small intestine was higher with caseins than with other dietary
proteins [5]. In 1986, Sato et al. [6] demonstrated that CPPs enhanced both Ca2 +

intraluminal solubilization and absorption. Gerber and lost [7] reported an increase in
the calcium bioavailability with CPPs with in vitro cultured embryonic rat bone. In
contrast, Pointillart and Gueguen [8] demonstrated in vivo that calcium absorption and
bone parameters of pigs fed CPP-enriched diets were not modified. This Ca2+
solubilizing effect of CPPs on its absorption is still much debated. Moreover, the way
in which they are introduced to the intestine could also be a determining factor. Hence
it would be interesting to know how and when theyare released from the stomach after
a meal.

The identification of such peptides in the digestive tract is relatively difficult
because they are mixed with a number ofother peptides and consequently are found in
too Iowa proportion to be purified by a single-step method. Meisel and Frister [9]
enriched the CPP fraction of intestinal chyme by affinity chromatography using
iron(III) ions immobilized on a chelating Sepharose 6B (Pharmacia-LKB, Uppsala,

0021-9673(91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Sweden) column according to the method described by Andersson and Porath [10].
This allowed them to show the occurrence of a phosphopeptide in the chyme from the
small intestine of minipigs (G6ttinger Miniaturschweine) after ingestion of a casein
diet. However, their chromatographic method is time consuming.

In order to study the kinetics of gastric emptying of CPPs in calves fed milk, we
developed a faster immobilized metal affinity chromatographic (IMAC) method to
concentrate phosphopeptides using a fast protein liquid chromatographic (FPLC)
system and a chelating Superose HR 10/2 column (Pharmacia-LKB). The separation
of each phosphopeptide was performed in a second step by high-performance liquid
chromatography (HPLC) on a CiS reversed-phase column. In order to adjust the
chromatographic conditions we used a tryptic hydrolysate of bovine whole casein.

EXPERIMENTAL

Chemicals
All buffers were prepared with deionized water purified with a Milli-Q system

(Millipore, Bedford, MA, U.S.A.). Sodium acetate, sodium dihydrogenphosphate and
iron(III) chloride were purchased from Prolabo (Paris, France). Trifluoroacetic acid
(TFA) was purchased from Pierce (Rockford, IL, U.S.A.) and acetonitrile from Baker
(Deventer, The Netherlands). All mobile phases were deaerated with helium.

Preparation of samples
The chromatographic conditions were adjusted using a casein tryptic hydro

lysate. This hydrolysate was obtained by incubating a 1% casein solution in phosphate
buffer (0.1 M, pH 7.4) with trypsin (Sigma, St. Louis, MO, U.S.A.) for 24 h at 37°C.
The enzyme/substrate (E/S) ratio was 1:100 by weight. The reaction was stopped by
adding HCI to a final pH of 2.0.

Gastric effluents of preruminant calves fed bovine raw skim milk were collected
over 7 h after the meal, fractions being taken during 10-min intervals for the first 30
min and then at 30-min intervals. To each sample trichloroacetic acid was immediately
added to a final concentration of 12% to stop the enzyme action. After centrifugation,
the pellet was resuspended in water and solubilized by increasing the pH to 7.0. An
aliquot of this solution was brought to pH 5.0 and centrifuged. The supernatant (l00
pI) was applied to the affinity column.

Preparative chromatography
The preparative step of phosphopeptide recovery was carried out with an FPLC

system consisting of an LCC 500 controller, two pumps and a chelating Superose HR
10/2 column (2 x 1 em I.D.). The absorbance was monitored at 220 nm. The chelating
ligand of the column is iminodiacetate covalently bound to a Superose 12 matrix.
Iron(III) ions were immobilized on this support to give a group-specific sorbent for
phosphorylated amino acid side-chains. Iron(III) ions were loaded by applying a 20
mM iron(III) chloride solution in water at a flow-rate of 1.0 ml/min until the metal
appeared in the eluate. After washing off the unbound metal with water, the column
was equilibrated with a loading buffer.

The chelating Superose column was run at 37°C. It was first equilibrated with 10
ml of 20 mM sodium acetate buffer (A) adjusted to pH 5.0 at 1.0 ml/min. The tryptic



AFFINITY CHROMATOGRAPHY OF PHOSPHOPEPTIDES 427

hydrolysate was then applied and the column was washed with 10 ml of buffer A. The
elution was carried out with 10ml of 100 mM sodium dihydrogenphosphate in A at the
same flow-rate for 10 min. The column was then recequilibrated with buffer A for
further use.

Analytical chromatography
Analytical chromatography of the chelating chromatographic fractions was

carried out with a Waters Assoc. HPLC system on a lO-l1m Nucleosil CiS column
(250 x 4.6 mm LD.) (SFCC, Neuilly-Plaisance, France). The absorbance was
monitored at 220 nm. The column was equilibrated in solvent A (0.115% TFA) and
elution was effected with a linear gradient from 0 to 100% solvent B (0.1 % TFA-60%
acetonitrile). The column and solvents were kept at 40°C. The elution rate was 1.0
ml/min.

Peptide identification
The HPLC fractions were collected and dried with a Speed-Vac evaporator

(Savant, France). The peptides were identified from their amino acid composition.
These were determined after acid hydrolysis (llO°C, 24 h, 5.7 M HCI, under vacuum)
using the method of Spackman et al. [II] with a Biotronik LC 5000 analyser.
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0.2

UBF BF

100% B
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~====='----!!! ~==d. a
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Retention Time (min)

Fig. I. Preparative affinity chromatography of a tryptic digest of whole casein on Fe3 +-ehelating Superose
HR 10/2. Temperature, 37°C; flow-rate, 1.0 ml/min; detection, UV (220 nm). Eluents: A = 20 mM sodium
acetate (pH 5.0); B = A + 100 mM sodium dihydrogenphosphate.
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RESULTS

Fig. 1 shows the IMAC pattern of the tryptic hydrolysate of whole casein. The
first peak corresponds to the unbound material and the second peak to the retained
material.

The whole casein tryptic hydrolysate (CTH) and the unbound (UBF) and bound
(BF) fractions were analysed on the reversed-phase column under exactly the same
conditions. The elution patterns are superimposed in Fig. 2. The UBF did not contain
any phosphorylated peptide. The peptides of the BF were collected (Fig. 3) and
identified by their amino acid composition (Table I). Nine peptides containing
phosphoserine residues were found, ofwhich seven could be identified. The amino acid
composition of the other two (indicated with asterisks in Fig. 3) did not permit their
identification. Peaks 1-4 corresponded to non-phosphorylated small peptides (four or
five residues) which contained one His residue.

The quantitative response of the method was tested in each step. In the analytical
step (reversed-phase HPLC), the relationship between peak area and amount of
phosphopeptides injected was linear up to 10 nmol. In the affinity step the peak area of
the BF was also directly proportional to the amount injected up to 1.75 mg of

100
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Fig. 2. Superimposition of the chromatograms of the tryptic digest (CTH), the bound fraction (BF) and the
unbound fraction (UBF) on an Fe3+ affinity column. Column, CIS Nucleosil (10 /lm); temperature, 40°C;
flow-rate, 1.0 ml/min; detection, UV (220 nm). Eluents: A=0.115% TFA; B=O.I% TFA-60%
acetonitrile. The dotted line indicates the %B gradient.



AFFINITY CHROMATOGRAPHY OF PHOSPHOPEPTIDES 429

A
0.35

0.3

0.25

0.2

0.15
7

6

10 11

%B
100

80

60

40

0.1

0.05

20

o'------"--.'--'------"--------'------' 0

o 10 20 30 40

retention time (min)

Fig. 3. Analytical RP chromatography of the BF. Conditions as in Fig. 2. For amino acid composition of
the peaks I-II see Table I.
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Fig. 4. Superimposition of the chromatograms of a gastric effluent (S), the bound fraction (BF) and the
unbound fraction (UBF) on an Fe3 + affinity column. The amounts injected for the three chromatograms
were different. Conditions as in Fig. 2 except for the gradient. The dotted line indicates the %B gradient.
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phosphopeptide. However, during this step the recovery was not the same for all the
tested phosphopeptides, i.e., 65% for peptides 6, 7 and 8 and 80% for peptide II.

This method was then applied to gastric effluents of calves fed bovine raw skim
milk. The three chromatograms of the sample (S), the BF and UBF are superimposed
in Fig. 4. A group of three peptides was particularly retained on the chelating Superose
column. They were eluted at a retention time of30 min on the C I8 column. The amino
acid compositions of these peptides are similar and correspond approximately to the
sequence 110-145 from as,-casein. Their N- and C-terminal residues have to be
cidentified in order to establish the exact seq uence of these peptides.

DISCUSSION

This study demonstrated that a chelating Superose gel loaded with Fe3+ can be
employed successfully to concentrate phosphopeptides from a mixture in which they
are present in too Iowa proportion to be purified by a single-step method. This
technique has the advantage of being faster than that used by Meisel and Frister [9],
only 30 min, including the equilibration time, being required. Only one run on each of
the two chromatographic systems is necessary to collect enough peptide for
identification. The column can be used immediately after a run since regeneration is
not necessary. No modification of retention was observed after repeated separations.

Chromatographic conditions were chosen according to the conditions described
previously [10]. Phosphoserine was strongly retained at pH 3.1 or 5.0 and recovered
from the Fe 3 + column with 20 mM phosphate. The loading was therefore performed
at pH 5.0. Some peptides were not desorbed by 50 mM sodium dihydrogenphosphate
in sodium acetate (pH 5.0). The phosphate concentration was too low and 100 mM
phosphate was necessary for complete desorption. A gradient of phosphate concentra
tion gave a poor separation. Desorption with EDTA was possible but the column had
to be reloaded with iron(III) ions between each run.

All peptides were eluted independently of their phosphate content and their
strength of binding on the column and the analytical step in the reversed-phase mode
allows their separation. Eleven phosphopeptides were theoretically present in the
tryptic hydrolysate. Seven phosphopeptides were identified: all phosphopeptides from
as,- and /i-caseins were found and one phosphopeptide from as2-casein was also
identified. Two others phosphopeptides were found but have not been completely
identified. One of them was probably the phosphopeptide NHz-terminus ofas,-casein,
but it was not pure. Two small phosphopeptides (twelve and thirteen residues) were not
found, probably because the proportion in the mixture was too small and their
absorbaf,lce at 220 nm too low.

The observed recoveries vary with the phosphopeptides. The phosphate content
of the peptides might be responsible for these differences, as Muszynska et at. [12]
showed with IDA-Fe3+ gel that the strength of binding was dependent on the
phosphate content: peptide 11 (80% recovery) contains four phosphate groups
whereas peptide 7 contains five phosphate groups and was obtained with 65%
recovery. The recoveries for peptides 6 and 8, containing three and two phosphate
groups, respectively, were the same as for peptide 7. Because of these differences in
recovery, an internal standard of each peptide to be analysed must be used in
quantitative assays.
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The IMAC step provides a good enrichment of the phosphopeptide fraction.
Phosphopeptides represented 12% by number of the peptides present in the casein
tryptic hydrolysate. Tn the enriched fraction, they were predominant. Moreover, they
were eluted later than the non-phosphorylated peptides in HPLC. This made their
purification easier.

The non-phosphorylated peptides retained on the Chelating Superose column
were small peptides containing one His and one Lys residue. Some tests were
performed by adding 10 or 20 mMimidazole (Kodak, Rochester, NY, U.S.A.) to the
loading buffer (the pH being readjusted to 5.0 with acetic acid). No change was
obser~ed and His-containing peptides and phosphopeptides were always retained on
the chelating Superose gel. This result shows that binding is not due to coordination via
histidine. Other tests were also made by adding LOO mM NaCl sodium chloride to the
loading buffer. His-containing peptides were not retained on the chelating Superose
but the retention of some phosphopeptides slightly decreased. These observations
could be consistent with electrostatic interactions. His- and Lys-containing peptides
(strongly basic) could interact with the iminodiacetate groups of the chelating
Superose. Binding of phosphopeptides probably occurs via the oxygen of the
phosphate group by coordination with Fe3 +. Secondary, electrostatic interactions can
also occur and explain the different recoveries of the phosphopeptides.

The proposed method could be optimized by coupling the two columns via
a six-way valve as described by Rybacek et al. [13]. Some tests were made using the
chelating Superose column and a pepRPC column (Pharmacia-LKB), but the major
problem was the different pressure resistances of the two gels and consequently the
columns cannot be used in series.

The method described is suitable for concentrating phosphopeptides from
complex mixtures and for identifying them in gastric effluents of animals. It is
therefore now possible to study the kinetics of the gastric emptying of phospho
peptides.
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High-performance liquid chromatographic analysis of the
unusual pathway of oxidation of L-arginine to citrulline and
nitric oxide in mammalian cells
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ABSTRACT

A very unusual pathway of the oxidation of L-arginine to citrulline and nitric oxide has been discov
ercd reccntly in cytotoxic macrophages. In an attempt to detect molecules gencratcd through this mctabolic
pathway, a fast radio high-performance liquid chromatographic mcthod was developed to analyse the
whole set of radiolabelled L-arginine-derived metabolites produced by mammalian cells after appropriate
induction. A new intermediate which might be NG-hydroxy-L-arginine was found.

INTRODUCTION

It has recently been shown that mammalian cells can synthesize the highly
reactive nitric oxide molecule (NO'), which was then identified as an important
mediator in cellular communication [I]. NO' biosynthesis has been demonstrated in,
for example, cytotoxic macrophages [2] and stimulated endothelial cells [3]. The
nitrogen atom of NO' is derived from one of the two guanidino nitrogens of L-arginine
via an unusual metabolic route. A proposed scheme, still speculative, is shown in Fig.
I. Citrulline and nitrite/nitrate, the oxidation products of NO', are the stable products
of the pathway [4]. In addition to macrophages and endothelial cells various cell lines,
including the EMT6 [5] and TA3 murine adenocarcinomas [6], can generate these
L-arginine-derived molecules after induction with appropriate cytokines such as
interferon-y [5]. The triggering of the NO'-generating pathway is associated with
antiproliferative effects [5]. It has been involved, for instance, as an effector of the
extracellular antiproliferative function exerted by cytotoxic macrophages against
tumour cells [7,8].

The L-arginine: NO' synthase activity responsible for the NO'-generating
pathway has been found in 150000 g cytosolic supernatants isolated from cytotoxic
macrophages. It is activated by Mg2+ or Ca2+, requires L-arginine, NADPH and
tetrahydrobiopterin (BH4) as cofactors [8,9] and is specifically inhibited by NG

_

monomethyl-L-arginine (L-NMMA) [7,10,11] (Fig. I).
In an attempt to detect molecules generated through this metabolic pathway and

to investigate their role, we have developed a fast radio high-performance liquid

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Fig. 1. Proposed scheme for the NO'-citrulline-generating pathway, according to Marietta [I].

chromatographic (HPLC) method to analyse the whole set of radiolabelled L-arginine
derived metabolites produced by suitable mammalian cells after appropriate induc
tion.

EXPERIMENTAL

Chemicals and cytokines
NG-Monomethyl-L-arginine (L-NMMA) was obtained from Calbiochem (La

Jolla, CA, U.S.A.), 6-(R,S)-5,6,7,8-tetrahydro-L-biopterin from Serva (Heidelberg,
Germany), L-arginine and 4-(2-hydroxyethyl)-1-piperazineethanesulphonic acid
(HEPES) from Merck (Darmstadt, Germany), dithioerythritol (DTE) from Sigma (St.
Louis, MO, U.S.A.) and lipopolysaccharide (LPS) from Salmonella enteritidis from
Difco (Detroit, MI, U.S.A.). L-[U-14C]Arginine (11.1 GBqjmmol), L-[guanidino
14C]arginine (1.85 GBqjmmol), DL-[1-14C]ornithine (1.72 GBqjmmol) and [14C]urea
(2.2 GBqjmmol) were purhased from CEA (Saclay, France) and L-[ureido- 14C]citrul
line (2.0 GBqjmmol) from NEN (Boston, MA, U.S.A.). Human recombinant tumour
necrosis factor-alpha (TNF-o:) and murine recombinant gamma interferon (IFN-y),
kindly provided by Dr. G. M. Adolf (Vienna, Austria), were from Gennentech (San
Francisco, CA, U.S.A.). RPMI 1640 medium (containing 1.45 mM L-arginine) was
obtained from Gibco (Cergy-Pontoise, France).

HPLC analysis of arginine metabolism
We chose a strong cation exchanger (sulphonate) linked to silica particles, viz.,

a Zorbax 300 SCX column (250 x 4.6 mm I.D.) (Societe Franyaise Chromato
Colonne, Neuilly Plaisance, France). The HPLC device included a Waters Assoc.
Model 600 multi-solvent delivery system and the detector was a Berthold 506 Col
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radioactivity monitor connected to J:<:pson PC AX microcomputer running under the
Berthold HPLC program version 9.6. The following elution conditons were used:
flow-rate, 1.0 ml/min; O~7 min, isocratic, 0.02 M sodium citrate (pH 2.2); 7-17 min,
linear gradient to 0.1 M sodium citrate (pH 3.0); 17-27 min, linear gradient to 0.2
M sodium citrate (pH 3.0); 27~35 min, isocratic, 0.2 M sodium citrate (pH 3.0).

Cell lines
The hydroxyurea-resistant TA3 M2 clone was obtained as described previously

[12]. The EMT6 cell line is a murine mammary adenocarcinoma from BALB/c mice,
kindly provided by Dr. G. Lopez-Berenstein (Tumor Institute, Houston, TX, U.S.A.).

TA3 M2 cytosolic extracts
These were prepared as described previously [6]. Briefly, TA3 M2 cells were

treated for 24 h with appropriate additives. Lysates were centrifuged for 20 min at 4°C
in a Beckman TL-100.2 rotor at 150.000 g. The supernatant was rapidly frozen in
liquid nitrogen and stored at - 80°e.

Determination of L-Arginine: NO· synthase activity
The following reagents were incubated in a final volume of 90 j11: 100 mM

HEPES (pH 7.6),15 mMmagnesium acetate, 10 mMDTE, 130 j1MNADPH, 500 j1M
BH4 , 8 kBq L-[guanidino- 14C]arginine (1.85 GBq/mmol) and the indicated con
centrations of L-arginine to which appropriate amounts of cell extract were added.
Where indicated, L-NMMA was used at a final concentration of 2.2 mM. Samples
were incubated for 50 min at 30°C and then heated at 90°C for 2 min. Precipitates were
pelleted and 200 j11 of 0.02 M sodium citrate (pH 2.2) were added to the supernatant,
which was filtered through a YM-IO ultrafiltration membrane (Mr cut-off 10000;
Amicon, Danvers, MA, U.S.A.). A 50-j11 aliquot of the filtrate was loaded onto the
analytical column.

Analysis of EMT6 culture medium
EMT6 cell monolayers were obtained as described previously [5]. The medium

was washed out and replaced with I ml of fresh medium RPMI 1640 supplemented
with IFN-y and LPS if the cells were to be induced. In some experiments, L-NMMA
(2.2 mM) was added. Radiolabelled precursors were then added: 100 kBq of
L-[U14C]arginine (ILl GBq/mmol) or 80 kBq of L-[guanidino- 14C]arginine (1.85
kBq/mmol) or 37 kBq ofL-[ureido- 14C]citrulline (2.0 GBq/mmol). Supernatants were
collected after 18 h and kept frozen at - 80°C until anaysis. They were diluted with the
starting elution buffer and processed in the same way as TA3 M2 cytosilic extracts:
50-100-j11 samples were injected.

RESULTS

The low pH of the buffers (2.2-3.0) was chosen taking into account the pKvalues
of the a-carboxyl groups of amino acids to control partly their ionization state
(ornithine 2.0, arginine 2,2 citrulline 2.4). Typical retention times for authentic
markers were urea 3.8 min, citrulline 11.5 min, ornithine 21 min and arginine 31 min
(Fig. 2).
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Fig. 2. Chromatogram of radiolabelled amino aeid standards. Column: strong cation exehanger on siliea,
Zorbax 300 SCX (250 X 4.6mm I.D.). Elution as follows: 0~7min, isocratic with 0.02 M sodium citrate (pH
2.2), 7~17 min, linear gradient to 0.1 M sodium citrate (pH 3.0) 17-27 min, linear gradient to 0.2 M sodium
citrate (pH 3.0); 27-35 min, isoeratie with 0.2 M sodium eitrate (pH 3.0). Flow-rate: 1.0 ml(min.

An intermediate of the NO'~generating pathway found in induced EMT6 cells culture
supernatants

Induced EMT6 cells were obtained by incubation overnight with IFN-y (40
Vlml) and LPS (100 ng/ml). We first used L-[V- 14C]arginine as a precursor in order to
label as many metabolites as possible. An extra metabolite refered to as X was found in
the culture medium, eluting between ornithine and arginine. This compound and
citrulline were not observed in the culture medium of untreated EMT6 cells (Fig. 3).
The formation of this metabolite and of citrulline was inhibited by L-NMMA,
a specific inhibitor of the NO'-generating pathway (Fig. 4). We then used L-[guani
dino- 14C]arginine to obtain more information about compound X, as shown in Fig. 5.
Ornithine disappeared, as expected, but compound X and citrulline were still detected.
Hence X is not involved in the urea cycle. We also observed a new derivative (retention
time ca. 15 min) which also did not belong to the urea cycle and might be an
intermediate in the creatine biosynthetic pathway. The [X]/[citrulline] concentration
ratio was about 0.2 with both types of labelling (Fig. 5).

The metabolite X, closely related to the production of citrulline, did not seem to
be a degradation product ofcitrulline. When induced EMT6 cells were incubated in the
presence ofL-[ureido-14C]citrulline, a small amount of arginine was generated through
the urea cycle and a trace amount ofX. Its concentration was more closely related to
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Fig. 3. HPLC analysis of untreated and induced EMT6 cell culture media. L-[U- '4C]Arginine: 100 kBq/ml.
(A) EMT6 monolayers in 35-mm dishes (N undon) were incubated in I ml of RPM I 1640 medium for 18 h.
(B) induced EMT6 cells were incubated for 18 h in Iml of RPMI 1640 supplemented with IFN-'Y(40 U/ml)
and LPS 100 ng/ml).

the concentration of arginine produced than to that of added citrulline. Moreover, the
production of X and not that of arginine was again inhibited by L-NMMA (Fig. 6). It
must be pointed out that X was not found in cell Iysates. This metabolite was also
demonstrated in cytosols of induced TA3 M2 cells supplemented with cofactors of the
NO·-generating pathway (BH4, NADPH).

The NO·-generating pathway was induced in TA3 M2 cells by incubation for 24
h with IFN-y (40 D/ml), TNF-(X (150 D/ml) and LPS (10 ,ug/ml). When cytosols of
induced cells were supplemented with BH4 and NADPH, in the presence of
L-[guanidino- 14C]arginine, the NO·-generating pathway was triggered and citrulline
and metabolite X were generated. They were not detected in induced cells in the
absence of cofactors or in non-induced cytosols even in the presence of cofactors. The
production of citrulline and of metabolite X by induced cytosols was also here
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Fig. 4. Effect ofL-NMMA on the production ofL-arginine-derived metabolites by induced EMT6 cells in the
culture medium. Cells were cultivated as described in Fig. 3. (A) EMT6-induced cells; (B) untrated EMT6
cells; (C) EMT6-induced cells cultivated in the presence of 2.2 mM L-NMMA.

inhibited by L-NMMA. The generation of the metabolite referred to as "creatine
derivative" was also found in cytosols ofTA3 M2 cells to the same extent regardless of
whether the cells had been induced or not; this was not inhibited by L-NMMA (Fig. 7).
The dependence of the formation of citrulline and X on arginine concentration was
studied and we again found a nearly constant [X]/[citrulline] concentration ratio,
which was close to 0.2. We failed to observe compound X in either lysates or
supernatants of cytotoxic macrophages, although we could easily detect the produc
tion of citrulline.

The metabolite X was not very stable even when kept frozen at - 80aC. It was
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Fig. 7. HPLC analysis ofcytosolic extracts from induced TA3 M2 cells. (A) In the absence ofL-NMMA; (B)
in the presence of 2.2 mM L-NMMA. Cytosolic extracts from induced cells were processed as indicated
under Experimental in the presence of cofactors of the NO'-generating pathway (NADPH, BH 4 ) and of
8 kBg of L-[guanidino- 14C]arginine.

first transformed into a less basic compound. It was very labile at alkaline pH, leading
to urea as a detectable product when L-[guanidino- 14C]arginine was used.

DISCUSSION

We have found in culture media orcytosols of cells, in which the NOO-generating
pathway has been induced, a metabolite, X, generated at the same time as citrulline
(inhibition by L-NMMA, triggering by BH4 ). Metabolite X, unlike citrulline, was not
found in cytotoxic macrophages, probably because of the intense metabolism of these
cells (e.g., very active arginase) and the lability of X. An additional product from
L-arginine metabolism wa~ found and is possibly linked to the creatine pathway. More
information on this could be obtained by incubating the cells with [3H]glycine (a
precursor).

Metabolite X is eluted between ornithine and arginine and is therefore more
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basic than ornithine and less so than arginine. It may be assumed that NG-hydroxy
arginine or NG-oxoarginine would be less basic than arginine because of the loss of
resonance energy which stabilizes the guanidinium cation. Thus, taking into account
the chromatographic properties of X and the location of its radiolabeliing (guani
dino- 14C), it may be hypothesized that X is probably either NG-hydroxyarginine or
NG-oxoarginine, the intermediates which have been postulated (Fig. I). We are
currently trying to obtain large amounts of the compound to check this hypothesis by
mass spectrometry.

The metabolites of the NO"-generating pathway (NO", NG-hydroxyarginine)
might be direct inhibitors of a key enzyme of DNA synthesis ribonucleotide red uctase.
This would explain the antiproliferative effects obtained through the induction of the
NO"-generating pathway [6].
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ABSTRACT

Increasingly used in therapeutics, 5-methoxypsoralen (5-MOP), a linear furocoumarin, associated
with UVA irradiation (PUVA), is now an established treatment for skin diseases such as vitiligo, mycosis
funcoides and particularly psoriasis. Succesful PUVA therapy depends on a sufficiently high peak 5-MOP
plasma concentration coinciding with the UVA irradiation. However, as with most drugs, only the free
plasma fraction is able to enter the target cells and has a pharmacological effect.

In this work, the binding of 5-MOP to human albumin was studied in vitro, using a dialysis chamber.
Bound and free 5-MOP fractions were quantified by a modification of Stolk's high-performance liquid
chromatographic method. Dialysis was performed at 37'C and pH 7.4 for 2 h, against a 4% albumin
solution in phosphate buffer. The 5-MOP concentrations used were from 5.10- 5 to 5. 10- 2 gil in I . 10- 1

gil steps. The 5-MOP bound strongly to human albumin in an unsaturable way. The mean 5-MOP binding
to albumin was 95.3%. These results are in accordance with those published by Artuc el al. and not with
those of Veronese el al., who found a lower saturable fixation (91 %). These two research groups used
tritiated 5-MOP. The technique used in this work is simple and inexpensive. It can be employed easily in
vivo, e.g., for the assessment of 5-MOP free fractions in different therapeutic conditions.

0021-9673191/$03.50 © 1991 Elsevier Science Publishers B.V.
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INTRODUCTION

S. MAKKI et al.

The psoralens, linear furocoumarins, are increasingly used in therapeutics. The
psoralens employed in dermatology are 8-methoxypsoralen (8-MOP), 5-methoxy
psoralen (5-MOP) and trimethylpsoralen (TMP). The PUVA therapy, association of
psoralens (P) with ultraviolet radiation (UVA) is one of the main treatments for
psoriasis and vitiligo. 5-MOP (Fig. 1), the last to be introduced in this therapy, is the
least studied, especially regarding its binding to serum albumin, the principal carrier of
the molecule to the skin.

z "
'0

Fig. I. 5-Methoxypsoralen (5-MOP).

Artuc el al. [I] and Veronese et al. [2] studied the relationship between 5-MOP
and albumin. They used radiolabelled 5-MOP to determine its fixation to human
albumin. However, their results concerning the saturation of the binding of 5-MOP to
the albumin were contradictory.

In this paper, we present a simple method which employs equilibrium dialysis for
the study of 5-MOP fixed to human albumin and the detection of the remaining
non-linked, free drug. The determination of these fractions was carried out by
high-performance liquid chromatography (HPLC). No radiolabelled 5-MOP was
employed. Our results are in agreement with those reported by Artuc el al. [I].

EXPERIMENTAL

Equilibrium dialysis
The binding of 5-MOP was accomplished with a Dianonn apparatus [3]. The

drug was placed in one half of each cell and the human albumin in the other half. The
two halves were separated by a semi-permeable cellulose membrane (Diachema). The
experiments were carried out under the following conditions: 37°e, pH 7.4, phosphate
buffer (0.2 M) and incubation for 2h with constant rotation at 20 rpm.

Extraction procedure
Sample volumes of 0.5 ml were withdrawn at different time intervals (0, 0.25,

0.50, 1,2 and 18 h) from the two sides (halves) of the cells: the free 5-MOP from the first
half of the cell and the free and bound 5-MOP from the second half. Each sample was
extracted with 5 ml of heptane-methylene chloride (4:1, vjv). The mixture was stirred
for 5 min and centrifuged at 1700 g for about 7 min. The organic layer was transferred
to a test-tube and evaporated to dryness on a water-bath at 50 0 e under a stream of
nitrogen [4].
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HPLC
HPLC separations were carried out with a Merck-Hitachi Model 655A-II

instrument. The method was based on Stolk's technique [4], with some modifications.
To increase the sensitivity, a spectrotluorimeter (excitation at 312 nm, emission at
490 nm [5]) was used instead of a UV detector. The mobile phase was methanol-water
(60:40, v/v). The column was LiChrospher 100 RP-8 (5 pm) in LiChrocart 125-4
(Merck, Darmstadt, Germany). After having established the calibration graph with
solutions of known concentrations, psoralens, extracted from phosphate buffer, were
injected into the HPLC system.

Calibration graph
Basic solutions were prepared with 200 pg/ml of 5-MOP and 8-MOP in ethanol.

The calibration graph was obtained by adding 25,50, 75, 100,300 and 600 ng/ml of
5-MOP and 200 ng/ml of 8-MOP to six human serum samples of I ml each, free of
drug. 8-MOP was used as an internal standard. The calibration graph was a plot of
peak-height ratios (5-MOP/8-MOP) versus 5-MOP concentrations in different
samples.

RESULTS AND DISCUSSION

Detennination olFee (F) and bound ( B) 5- MO P at different times
Table I shows the concentrations of F- and B-5-MOP as a function of time. It is

noticeable that by the second hour (Fig. 2), an equilibrium between the two halves of
the cell was obtained with equal concentrations of F-5-MOP and stabilization of
5-MOP bound to human albumin. The standard deviations are small. This demon
strates little variation and good reproducibility. The concentration of 5-MOP used for
this study was 196 ng/mi. The free active fraction of 5-MOP was 8 ng/ml (about 5%)
and there was no change in this value between 2 hand 18 h.

Assessment F- and 8-5-MOP in reLation to increasing concentrations
Table n shows that at a concentration of 50 ng/ml, the proportion of the 5-MOP

bound to albumin was small. From 200 to 5 . 104 ng/ml the binding of 5-MOP to

TABLE r
DETERMINATION OF FREE (F) AND BOUND (B) 5-MOP AS A FUNCTION OF TIME

Each value represents the average of three dialyses. All samples were analysed twice hy HPLC

Time 5-MOP (ng/ml)
(h)

Free Bound + free Bound (B),
(f) (B + f) calculated

o 196
0.25 63.8 ± 0.8
0.50 27.7 ± 0.8
I 14.0 ± 1.4
2 8.0 ± 1.3

18 7.8 ± 1.2

85.8 ± 0.6
138.8 ± 2.0
152.7 ± 0.1
173.0 ± 0.1
170.8 ± 1.0

22.4 ± 1.6
111.2 ± 2.0
138.0 ± 0.5
165.0 ± 0.7
162.8 ± 1.0
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Fig. 2. Chromatograms ofpsoraJens, detected for the determination of free 5-MOP (F-, peak 3) and bound
and free 5-MOP (B + F-, peak 3) at equilibrium (2 h). Peaks: 1 = solvent (ethanol); 2 = 8-MOP (internal
standard); 3 = 5-MOP.

albumin was stabilized at about 95% and B-5-MOP/F-5-MOP ratio remained
constant (20.00 ± 0.36). The lower binding ability at low concentrations of 5-MOP
could be due to fixation on a first type of receptor on the albumin molecule, quickly
saturated, and hidden by the very large binding ability of a second receptor. Such
a phenomenon has been described for some drugs bound to albumin in an unsaturable
way such as weak acids [6].

TABLE II

ASSESSMENT OF F- AND B-5-MOP IN RELATION TO INCREASING CONCENTRATION

Concentration F B + F B B/F % ofB
(ng/ml) (ng/ml) (ng/ml)

50 4.1 41 36.9 9 90
200 8.1 173.2 165.1 20.38 95.3

1 . 103 40.3 851.4 811.1 20.12 95.2
I· 104 435.2 9438.6 9003.4 20.68 95.4
5· 104 2230.6 47 320.7 45090.1 20.21 95.2
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The aim of this work was to devise a simple technique for the in vitro
determination of 5-MOP bound to human albumin. This would be of help in assessing
the free 5-MOP concentration, which is the fraction responsible for the therapeutic
effect.

The binding to human serum albumin of8-MOP, the most commonly employed
psoralen in PUVA therapy [7], has been evaluated by several investigations using
liquid scintillation counting, and showed saturable binding [8-11]. For 5-MOP only
a few studies are available, in which radio-labelled psoralen was used. Whereas Artuc
et at. [1] found an unsaturable binding of 5-MOP to human albumin in the 5 ng/ml
230 ~lg/ml, Veronese el at. [2] reported saturable binding using a more limited range of
concentration (30 ng/ml-30 ~g/ml) (Table III). However, in the latter work, there was
only a trend towards a saturation process visible at higher concentrations.

TABLE 1II

SUMMARY OF METHODS AND RESULTS

Step Parameter Artuc et al. [I] Veronese et al. [2] This work

Dialysis Timc (h) 3Cr50 14 2
equilibrium Temperature caC) 4 37 37

Apparatus Rotating Agitated Rotating
Buffer 0.1 M phosphate 0.05 M phosphate 0.2 M phosphate

(pH 7.2) (pH 7.4) (pH 7.4)

5-MOP Liquid scintillation Liquid scintillation HPLC
determination counting counting

Results Binding ('Yo) 98-99 91 95.3
Saturation Non-saturable Saturable Non-saturable
Concentration range 5 ng(ml-230 ,ug(ml 30 ng(ml-30 ILg(ml 50 ng(ml-50 ,ug(ml

The method proposed here is simple and rapid and does not require labelled
drug. In 1984, Prognon [5] used this technique to study 3-carbethoxypsoralen fixation
to albumin. Using this method, the in vivo fixation of psoralens on albumin can be
assessed in clinical practice. This is of major importance as the strong correlation
observed between 5-MOP plasma concentration and PUVA therapy efficiency [7] may
be related only to the free 5-MOP concentration. Investigations of the influence oflow
and high-fat meals on the fixation of 5-MOP to human albumin are in progress.
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ABSTRACT

Plasmatic accumulation of uraemic toxins in the middle molecular mass range has been reported to
be associated with several pathologies observed in uraemic patients. The very low concentration of these
toxins in uraemic body Huids makes classical chromatography techniques inadequate in isolating sullkient
amounts of these endogenous substances, thus precluding their identitication. A scaling up of gel permea
tion and ion-exchange chromatographies was therefore developed. This considerably increased the amollnt
of uraemic toxins isolated, thus allowing the study of their chemical nature and facilitating understanding
of their biological activities.

INTRODUCTION

Uraemic haemodialysed patients classically develop several associated disorders
such as uraemic neuropathy and disturbances of ionic metabolism (Na +, Ca2 + , etc.).
These pathologies are commonly attributed to plasmatic accumulation of endogenous
substances in the molecular mass range 200-2000, the so-called uraemic middle
molecules (UMM) [1].

In previous papers [2,3] we demonstrated that UMM, isolated by successive gel
permeation and anion-exchange chromatography, exhibit some biological effects
correlated with several pathologies such as neuropathy and Na + metabolism disorders
which are associated with end-stage renal failure treated by haemodialysis,

However the concentrations of these toxins in uraemic body fluids are very low.
Hence the standard chromatographic technique described previously [4] is inadequate
for isolating sufficient amounts of these active molecules, thus precluding their
identification and a better understanding of their biological activities. We therefore
scaled up the standard chromatographic process to increase the amounts of UMM
isolated. In this paper we report the UMM separations obtained using scale-up and
standard chromatographic conditions simultaneously for comparison.

0021-9673(91($03.50 © 199 I Elsevier Science Publishers B. V.
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EXPERIMENTAL

P. M. GALLICE, A. D. CREVAT, Y. F. BERLAND

Biological samples
Ultrafiltrates of plasma from uraemic patients (UF) were obtained at the

beginning of dialysis by applying a negative pressure (400 mmHg) in the dialyser
compartment before the dialysis fluid was run through the dialyser. Samples were
stored at - 20°C until use.

Gel permeation chromatography (GPC)
Preparative scale. A 100-ml volume of UF was separated on a glass column

(900 x 50 mm J.D.) packed with Sephadex G-15. The column was eluted with
Tris-HCI buffer (10- 2 M, pH 8.6) at a flow-rate of296 ml h -1 (linear velocity 15.07 cm
h- 1

). The absorbance was monitored at 254 nm and the eluate was collected in 9-ml
aliquots.

Standard conditions. A 20-ml volume of UF was chromatographed on a 900 x
26 mm J.D. column of Sephadex G-15 eluted with Tris buffer at a flow-rate of 80 ml
h -1.

Ion-exchange chromatography (IEC)
Preparative scale. A UMM sample (corresponding to 400 ml ofUF) was injected

onto a glass column (230 x 26 mm J.D.) packed with DEAE-Sephadex A-25 and
equilibrated with Tris-HCI buffer (10- 2 M, pH 8.6) at a flow-rate of 275 ml h -1.

The column was eluted for 60 min with the same buffer, followed by a 12-h
exponential gradient of NaCI at the same flow-rate. At any time the NaCI
concentration was

Ct = Cr[1 - exp( - Qt/V)]

where Ct represents the NaCI concentration at time t, Cr the final NaCI concentration
(0.13 M), Q the flow-rate and V the volume of the gradient mixing chamber (1000 ml).
The absorbance was monitored continuously at 254 nm and aliquots (13 ml) were
collected.

Standard lEe. A UMM sample from 40 ml of UF was separated using a 23
cm x 8 mm J.D. column (DEAE-Sephadex A-25) equilibrated with Tris-HCl buffer
at a flow-rate of 26 ml h -1. Elution was carried out with an exponential gradient of
NaCI (0-0.15 M) using a 125-ml mixing volume chamber.

RESULTS

Fig. 1 shows typical elution profiles of 100 ml and 20 ml ofUF separated by GPC
(Sephadex G-15) according to preparative (top) and standard (bottom) conditions,
respectively. The elution profiles obtained with the preparative procedure and
standard chromatographic method(s) were identical. Thus, GPC provided 8-10
fractions. Peak 2 is observed in uraemic but not in normal plasma ultrafiltrates [4]. The
apparent molecular mass of the peak is about 1000 dalton,'hence this compound falls
in the molecular mass range of the so-called "uraemic middle molecules" [5], which
have been suggested to be connected with various uraemic disorders [1,6,7]. Thus peak



ISOLATION OF URAEMIC TOXINS 451

7 8

E
c

""'C'J

W
()
z
«
en
a::o
(f)
en«

4
10

106 8
ELUTION TIME (h)

Fig. I. Typical GPC of uraemic plasmatic ultratiltrates: scale up (top) and standard procedures (bottom).
The hatched fraction represents the elution of UMM (peak 2). For peaks, see Results section.
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2 was called "crude UMM". It contains compounds which have been reported to be
toxic [2,3]. lEC separation was therefore performed on this peak.

Fig. 2 represents lEC separations of crude UMM (peak 2). As in GPC, the
chromatograms obtained were identical. lEC allows the separation of peak 2 into six
fractions numbered in order of elution 2-1, ... , 2-6. The method of peak labelling is
based on the decimal system, where 1,2,3, etc., refer to the primary peaks obtained
with GPc. Next, sub-peaks obtained in the subsequent separation of peak 2 by IEC are
designed in order of elution: 2-1, 2-2, 2-3, etc. This numbering system follows
previously established nomenclature [8].

DISCUSS10N

Separation of UMM by the standard technique using two successive chromato
graphic steps is an efficient method but it does not allow the isolation of sufficient
amounts of compounds. Therefore, in order to obtain a greater amount of these
substances, we scaled up the GPC and lEC procedures.

For GPC an increase in productivity was achieved by increasing the column
diameter (from 26 mm to 50 mm), which increased the stationary phase volume (from
478 to 1767 ml) and allowed the separation of an increased sample volume (from 20 to
100 ml). In order to preserve the chromatographic resolution and the separation time,
the flow-rate was increased (from 80 to 296 ml h -]) to obtain a constant linear velocity
of eluent (15.07 em h-]).

The comparative results obtained (Fig. I) show that scaling up in GPC allows
a five-fold increase in sample volume treated per chromatographic run.

For the scaling up in IEC, the column size was adapted to the sample volume
treated. To select an appropriate column, we used the equation

where S.F. is the scale factor for separation, J.D' 2 is the 1.0. of the preparative column
and L 2 is its length, J.D.] is the J.D. of the standard column and L 1 is its length.

To preserve the resolution we maintained the column length (L I = L 2 = 23
em). Because the sample volume to be processed per chromatographic run increases
from 40 to 400 ml, the S.F. value was 10. Under these conditions, as J.D. I was 8 mm,
the calculated J.D' 2 was about 26 mm. Therefore, the preparative column selected for
lEC was 230 x 26 mm LD. (see Experimental). In addition, to preserve the separation
time, we adjusted the flow-rate to 275 ml h -] to maintain a constant linear velocity of
51.8 em h- 1

.

As elution was achieved using an increasing exponential NaCI gradient (see
Experimental), modification of the flow-rate modified the slope of the gradient.
Therefore, in order to preserve a similar gradient curve, we recalculated the other
gradient parameters taking into account the new flow-rate. The mixing gradient
chamber volume was therefore increased from 125 to 1000 ml and the final NaCI
concentration was 0.13 M.

Under these optimized conditions, the separation of UMM (peak 2) by scaling
up in IEC is comparable to the separation carried out under the standard conditions
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(Fig. 2). Moreover, scaling up makes it possible to process ten times more UMM
sample volume per run.

Consequently, this scaling up in the isolation steps of UMM considerably
increases the amount of compounds isolated, thus making it possible to study their
chemical nature and biological activity.

ACKNOWLEDGEMENTS

The authors are grateful to M. Vidalin and H. Bouteille for skillful technical
assistance.

REFERENCES

J. Bergstrom and P. Fi'trst, in W. Drukker. F. M. Parsons and J. M. Maher (Editors), Replacemen/ of
Renal Func/ion by Dia/.i'sis. Martinus Nijhoff, Boston, MA. 1983, Ch. 19. p. 354.

2 D. Braguer, P. Gallice. J. P. Monti, A. Murisasco and A. CrcvaL Clin. Nephrol., 25 (1986) 4.
3 P. Gallice, J. P. Monti, M. Baz. A. Murisasco and A. Crcvat. Clin. Chem .. 34 (1988) 2044.
4 P. Gallice, N. Fournier. A. Crevat, M. Briot, R. Frayssinet and A. M urisasco, Kidnev 1m., 23 (1983) 764.
5 A. L. Babb. P. C. Farrell, D. A. Uvelli and B. H. Scribner. Trans. AnI. Soc. Artit: Organs, 18 (1980)98.
6 H. Klinkmann, J. Bergstrom, R. Dzurik and J. L. Funck-Brcntano (Editors). Middle Molecules in

Uremia and O/her Diseases, Proceedings of Syrnposium on Presem Status and Fu/ure Orien/a/ioll of
Middle Molecules ill Uremia and Other Diseme.l', Avignoll. hallce. November 28-29. 1980. International
Society Artificial Organs, Cleveland, OH. 1980, pp. 59-119.

7 S. Ringoir, R. Vanholder and S. G. Massry (Editors). Uremic Toxills. Proceedillgs ofGhen/ Symposium
011 Uremic Toxins. Ghell/, Belgium, Oe/ober 3-4,1986, Plenum Press, New York, 1987.

8 H. Klinkmanll, AI'/if Organs, 4, Suppl. (1980) 188.





Journal 01' Chromatography, 539 (1991) 455-463
Elsevier Science Publishers B.Y., Amsterdam

CHROM. 22 880

Selective extraction of native jJ-Iactoglobulin from whey

EMILIA CHIANCONE* and MAURIZIO GATTONI

CNR Centre of Molecular Biology. Department ol'Biochernical Sciences, University of Rome "'La Sapienza ",
00i85 Rome (italy)

ABSTRACT

A method is proposed for the selective extraction from whey of fJ-lactoglobulin, the major allergenic
component of cow milk. It represents an application of subunit exchange chromatography, which exploits
the tendency of fl-Iactoglobulin to undergo reversible association-dissociation equilibria at slightly acidic
pH values. Immobilized A and B fl-lactoglobulin subunits are capable of interacting in a highly specific and
reversible way with the soluble protein and can be used to extract A and B fJ-lactoglobulin from whey
under conditions that favour subunit association. The soluble protein retained by the immobilized protein
can be recovered under conditions that promote dissociation into subunits. The subunit exchange column,
if coupled to an anion-exchange column, allows the complete deproteinization of whey. All the whey
proteins are extracted in their native form and are of high purity; their functional properties are intact even
after lyophilization. This important characteristic and the possibility of removing fJ-lactoglobulin selec
tively render the proposed method a potentiHlly powerful tool in the processing of whey to produce hUI11Hn
food products for specific end-uses such as hypoHllergenic milk formulas.

INTRODUCTION

In recent years, the attitude towards whey proteins has changed and they are no
longer considered as waste products, but rather as valuable nutrients that can be used
by the food industry. However, this use is dependent on, among other factors, the
possibility of tailoring whey proteins for specific end-uses and recovering them with
intact functional properties [1]. Their use in the baby-food industry, for example, for
the production of hypoallergenic infant milk formulas, requires the selective removal
of ,B-Iactoglobulin, the major allergenic component of cow milk [2].

,B-Lactoglobulin, which represents half of whey proteins, occurs in the form of
two genetic variants, A and B, plus a minor variant, C, of different electrophoretic
mobility; it is a dimer of relative molecular mass 36 000. At pH < 3.7 and> 5.4, the two
main genetic variants dissociate reversibly into single polypeptide chains; the extent of
dissociation increases with increasing temperature. Between pH 3.7 and 5.2 in the cold,
the native dimeric molecule undergoes a reversible tetramerization which in the
A variant is maximum in the pH range 4.40-4.65; the tendency to tetramerize is
significantly less marked with the B variant [3-8]. In mixtures of A and B ,B-Iacto
globulin all molecules can aggregate with three types of bonds of different strengths
and mixed A-B tetramers are also formed [9].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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The occurrence of association-dissociation phenomena in {i-lactoglobulin
suggested the application of subunit exchange chromatography for its selective
extraction from whey. This is a bioaffinity chromatographic method which exploits the
fact that immobilized subunits of polymeric and self-associating proteins retain the
capacity to interact in a very specific and reversible way with soluble subunits of the
same or of a homologous protein. Hence, under experimental conditions where the
soluble protein is in self-association equilibrium, subunits are exchanged between the
liquid and the solid phase and part of the protein, that was initially in solution, is
bound to the matrix. The amount of matrix-bound polymer thus formed is governed
by the law ofmass action and depends on several parameters, i.e., on the concentration
of immobilized and soluble protein, on the association constants in the liquid and in
the solid phase and on the stoichiometry of the association reaction [10-12]. In
principle, therefore, one may achieve purification of the polymerizing protein in two
steps by changing the state of association in an appropriate way. In the first, the
protein is extracted from the medium and bound to the immobilized subunits under
conditions that favour polymer formation. In the second step, the' specifically bound
protein is eluted under conditions that promote dissociation of the polymer into
subunits [13-15].

The data reported in this paper show that subunit exchange chromatography
can be employed for the selective extraction of A and B {i-lactoglobulin from whey.
Moreover, the experimental conditions used in the bioaffinity column are such that
other whey proteins can be recovered easily in a concentrated from by means of an
anion-exchange column. A major advantage of the proposed method is that all the
proteins are obtained in their native form and hence are amenable to a variety ofuses in
the food industry.

EXPERIMENTAL

Chemicals
The different {i-lactoglobulins, i.e., the genetic species A and Band their mixture,

were crystallized products from Sigma (St. Louis, MO, U.S.A.). Whey was obtained
from fresh cow milk (Centrale del Latte, Rome, Italy) after precipitation of casein at
pH 4.65. Milk and a sodium acetate buffer of ionic strength, (1) 0.1 M at pH 4.65 were
mixed in equal volumes and stirred for IS min at room temperature while maintaining
the pH constant by addition of I M acetic acid in small amounts. The precipitated
casein was removed by centrifugation for 10 min at 15000 g in a Sorvall centrifuge and
the supernatant (whey) was dialysed against the same acetate buffer. After dialysis,
whey was clarified by filtration through a Millipore filter.

Equipment
Gel electrophoresis experiments were performed according to Davis [16].

Sedimentation velocity experiments were carried out in a Spinco ModelE ultra
centrifuge equipped with an RTIC unit at 52000 rpm and 10°C; the sedimentation
coefficients were corrected to S20,w (sedimentation coefficient corrected to the value it
would have in a solvent with the viscosity and density of water at 20°C) by standard
procedures.
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Protein immobilization
The mixture of A and B fi-lactoglobulin was immobilized under different

experimental conditions (such as pH of immobilization and coupling time, extent of
matrix activation, concentration of added protein). After the coupling step, the matrix
was washed with coupling buffer; subsequently, any non-covalently bound protein'
was removed with a dissociating buffer at acidic pH, namely 0.1 M NaCI~HCl at pH
2.0. The concentration of immobilized protein was determined spectrophotometrically
by using the specific absorbance (A ty,~m) of 9.6 at 278 mm [5]. The turbidity of the
material was minimized with the use of protein-free gel in the reference beam.

Determination of the associating capacity of the immobilized protein
The capacity of immobilized (i-lactoglobulin to bind the protein in solution was

measured by frontal analysis of the eluate from a thermostated chromatographic
column containing ca. 5 ml of immobilized protein and equilibrated with associating
buffer (0.1 M sodium acetate buffer, pH 4.65) at a constant flow-rate of about 10 ml/h.
fi-Lactoglobulin solutions in the same buffer were percolated through the column until
a steady state was reached, i.e., until the absorbance of the effluent was the same as that
of the in-flowing solution. The effluent absorbance was monitored at 278 nm with
a Gilford 2000 spectrophotometer equipped with a flow cell. The elution volume of the
protein, V, was calculated by constructing the equivalent sharp boundary [10]. The
column was freed from the retained protein with dissociating buffer, 0.1 M NaCI-HCI
(pH 2.0), unless stated otherwise. The same buffer was used to measure the void
volume of the column, Va.

RESULTS AND DISCUSSION

Application of subunit exchange chromatography to purified fi-lactoglobulin
The effects of the pH of immobilization, extent of matrix activation and

concentration of added protein, on the amount of A and B fi-Iactoglobulin
immobilized per millilitre of added gel are shown in Table I. It is worth pointing out
that pH values above 7.0 were avoided owing to the slow denaturation processes that
take place under these pH conditions [4].

fi-Lactoglobulin immobilized under all the conditions given in Table 1 is stable
for several months when kept at pH 4.65 in the presence of 0.2% sodium azide. The

TABLE I

IMMOBILIZATION OF A AND B !1-LACTOGLOBULIN ON SEPHAROSE 4B

Coupling reaction carried out using 0.05 M phosphate buffer; coupling time, 18 h at 6°C.

Sample pH of mg BrCN/mI mg If-lactoglobulin mg If-lactoglobulin
No. immobilization Sepharose added/mI Sepharose immobilized/m1 Sepharose

1 6.0 50 8 1.5
2 6.7 50 8 3.8
3 6.7 100 14 4.8
4 6.7 50 14 4.1
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leakage of the protein from the matrix was found to correspond to about 2'/'0 of the
immobilized material 8 months after the coupling reaction.

The associating capacity of the immobilized samples was measured as described
under Experimental. A typical experiment in 0.1 M acetate buffer (pH 4.65) at 8°C is
shown in Fig. 1. The establishment of a reversible association-dissociation equilibri urn
between the liquid and the solid phase results in the specific binding of soluble
{3-lactoglobulin to the immobilized subunits and hence in the retardation of the elution
of {3-lactoglobulin (V) with respect to an inert protein (Va). The difference in elution
volume, Ll V = V - Va (Fig. 1), is related to the amount of protein bound to the matrix
under steady-state conditions, [Y], by the expression [Y] = Ll Vc, where c is the
steady-state concentration of the protein in solution. It is useful to define the quantity
[Y]jR-Xt> where R-X( is the amount of immobilized monomer, which may be called
the binding number as its limiting value at infinite concentration of soluble protein
equals n-l, n being the degree of polymerization [11].

50

ml

Fig. I. Elution profile of A and B {i-lactoglobulin from a column containing Sepharose-bound A and
B {i-lactoglobulin. The protein in the solid phase was 4.8 mglml of settled gel and the bed volume was 5.0 ml.
The column was equilibrated with 0.1 M acetate buffer (pH 4.65) at 8°C. Arrows indicate the application of
(A) the {i-lactoglobulin solution at 2 mglml, (B) equilibrating buffer and (C) 0.1 M NaCl-HCl dissociating
buffer (pH 2.0). Dashed lines represent the position of the hypcrsharp front of the boundaries of
Ii-lactoglobulin (V) and of a non-interacting protein (Vo)·

{3-Lactoglobulin is probably immobilized on the matrix as the monomer of
relative molecular mass of 18 kilodalton, as the coupling reaction is expected to shift
the association-dissociation equilibrium of the native dimeric species [4,7] towards
monomer formation. In line with this expectation, no traces of protein were found in
the eluate on extensive washing of the immobilized protein with dissociating buffer
after the coupling reaction.

Table II reports the results obtained in experiments of this kind in which
solutions of A and B {3-lactoglobulin at a concentration of2mgjml in acetate buffer of
I = 0.1 M were allowed to interact with the same protein mixture immobilized under
the conditions detailed in Table 1. The associating capacity of the Sepharose-bound
protein varies as a function of the coupling conditions. In particular, a change in the
immobilization pH from 6.7 to 6.0 (samples 1 and 2) and a high extent of matrix
activation (samples 3 and 4) decrease the associating capacity of the immobilized
protein; in the latter instance the effect is probably due to multi-point attachment to
the matrix.
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TABLE II

AMOUNT OF fl-LACTOGLOBULIN RETAINED ON A COLUMN OF IMMOBILIZED A AND
B fl-LACTOGLOBULIN

A column (5 ml) was saturated with fl-Iactoglobulin or whey at a concentration of 2 mg/ml in 0.1 M acetate
buffer (pH 4.65 or 6.0) at the indicated temperatures; elution with 0.1 M NaCI-HCI (pH 2.0).

Solution

A and B fl-Iactoglobulin

Whey

Immobilized mg bound fl-Iactoglobulin/mg
protein" immobilized protein'

SoC 23°C, pH 6.0

pH 4.65 pH 6.0

I 0.13
2 0.30 0.23
3 0.22 0.32
4 0.44 0.36

2 0.31 0.21
3 0.19 0.37 0.23'
4 0.53 0.41'

a Samples have the same numbering as in Table I.
b Amount of protein recovered after application of dissociating buffer.
" Protein eluted with 0.2 M acetate buffer (pH 3.6).

As mentioned above, the law of mass action requires the value of [Y], and
therefore the elution volume V, to depend on the concentations of soluble and
immobilized protein and on the association constants in solution and on the solid
phase. The dependence of V and [Y]/R - X t on the steady-state concentration of
soluble protein was measured for sample 4 and is depicted in Figs. 2 and 3, respectively.
Fig. 2 shows the significant increase in elution volume when the concentration of
soluble protein is low (< 2 mg/ml), a typical feature of subunit exchange chromato
graphy. Fig. 3 shows that the data are consistent with a dimerization constant of 250
dl/g both in solution and on the solid phase. It also shows that at high protein
concentrations (above 4 mg/ml), although dimer formation is still predominant, higher
polymers are formed. In line with these findings, sedimentation velocity experiments
carried out with the same A and B fi-Iactoglobulin mixture at a protein concentration
of 5 mg/ml yielded a single peak with szo,w = 2.9S, a value which corresponds to the
weight-average relative molecular mass (34 kilodalton) calculated with the dimeriza
tion constant given above using a partial specific volume V = 0.750 andf!f~ = 1.2.

Selective extraction of fi-Iactoglobulin from whey
The high capacity and affinity of immobilized A and B fi-Iactoglobulin for the

protein in solution can be exploited for its selective extraction from whey. Whey, in the
associating buffer 0.1 M acetate (pH 4.65), was percolated through a column of
immobilized A and B fi-Iactoglobulin equilibrated with the same buffer in sufficient
volume to ensure the establishment of a steady state (Fig. 4, top). The elution pattern
shows two distinct sigmoidal profiles: the first (at Vo) corresponds to the elution of all
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Fig. 2. Elution volume of A and B Ii-lactoglobulin li'om a column containing Sepharosc-bound A and
B [l-Iactoglobulin as a function of protein concentration in solution. 0 = Mixture of both genetic variants;
• = variant A; D = variant B. The protein in the solid phase was 4.lmg/ml and the bed volume 5.0 ml. The
column was equilibrated with 0.1 M acetate buffer (pH 4.65) at 8uC. Thc dashcd Iinc rcpresents the elution
volume (Vo) of a non-interacting protein.

Fig. 3. Binding of A and B [l-Iactoglobulin in solution to a column containing Sepharose-bound A and
B Ii-lactoglobulin as a function of the protein concentration in solution. The ordinates correspond to the
binding number, i.e., to the amount of soluble protein bound under steady-state conditions to the matrix, Y,
divided by the amount of immobilized monomer, R - X" The continuous curve was calculated according to
eqns. 5 and 6 in ref. 10. Experimcntal conditions and symbols as in Fig. 2.

inert whey proteins and the second to the elution of{i-lactoglobulin. After clearing the
column with the equilibrating acetate buffer, the specifically bound protein was eluted
by application of the dissociating buffer. The amount of eluted protein closely
corresponds to that expected on the basis of the amount ofwhey applied to the column.
The inset in Fig. 4 shows the quality of the separation achieved. Table II summarizes
the results obtained with the samples described in Table I.

Fig. 4 (bottom) shows an experiment carried out at 20DC and pH 6.0. These
conditions were tested because they allow complete deproteinization of whey to be
achieved simply by applying the inert proteins that are eluted in the void volume of the
subunit affinity column onto an ion-exchange column (see below). The elution profile
is very similar to that obtained at pH 4.65, indicating that the subunit affinity column is
efficient also at higher pH. In this experiment elution of the specifically bound
f3-lactoglobulin was attempted at pH 3.6, where the matrix is more stable than at pH
2.0; the recovery of the protein corresponds to about 80% of the column capacity.

Deproteinization of whey
Complete deproteinization of whey can be obtained easily by assoCIatmg

a DEAE-cellulose column [4,17,18] to the subunit exchange column. To this end, whey
in 0.1 M acetate buffer (pH 6.0) was percolated through the column containing
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Fig. 4. Selective extraction of A and B p-lactoglobulin from whey with a column containing Sepharose
bound A and B p-lactoglobulin. The protein in the solid phase was 4.1 mgjml and the bed volume was 5 m!.
Bottom: the column was equilibrated with 0.1 M acetate buffer (pH 6.0) at 23°C. (A) Application ofwhey at
2 mgjml in the same buffer; (B) application ofequilibrating buffer; (C) application 0.2 M acetate dissociating
buffer (pH 3.6); (0) application 0.1 M NaCI-HCl dissociating buffer (pH 2.0). Top: the column was
equilibrated with 0.1 M acetate buffer (pH 4.65) at goC. Application of whey at 2 mgjml in the same buffer,
application ofequilibrating buffer, application of0.1 MNaCI-HCl dissociating buffer (pH 2.0) as indicated
for the bottom part by A, Band C, respectively. The inset shows the polyacrylamide gel electrophoresis
patterns [16] of(a) commercial A and Bp-lactoglobulin, (b) the whey solution applied and (c~) the fractions
indicated on the elution profile.

immobilized fJ-lactoglobulin and equilibrated in the same buffer. The inert proteins
that elute in the void volume were diluted with an equal volume of distilled water and
applied to a DE-52 column equilibrated with the same buffer, i.e., 0.05 M sodium
acetate (pH 6.0). All the whey proteins bind to the column and can be eluted either all
at the same time with 0.1 M acetate buffer (pH 4.65) containing 0.2 M NaC!, or in
a differential way by applying an ionic strength gradient [4,17,18]. The gel electro
phoretic patterns in Fig. 5 show the different fractions isolated in the various stages of
the procedure. All the proteins obtained can be lyophilized and maintain their
functional and physico-chemical properties, in particular their solubility, intact after
rehydration.

CONCLUSIONS

The proposed use of a subunit affinity column containing immobilized A and
B fJ-lactoglobulin offers the possibility of extracting both variants selectively from
whey, thus permitting the use of the remaining whey proteins for the preparation of
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Fig. 5. Polyacrylamide gel electrophoresis patterns of whey proteins purified by the combined use of
subunit-exchange and ion-exchange chromatography. (a) Commercial A and B p-lactoglobulin; (b) whey;
(c) A and B p-Iactoglobulin purified by subunit-exchange chromatography; (d-g) protein fractions eluted
from a DEAE-cellulose column as described in the text.

special diet food, e.g., hypoallergenic infant milk formulas. The combined use of the
bioaffinity column with a DEAE column allows the complete deproteinization ofwhey
and the recovery of the remaining whey protein in a concentrated form. A further
advantage of the proposed method is that all the proteins can be lyophilized and are
fully soluble and functional after rehydration.

Immobilized {J-lactoglobulin can also be used to extract the protein directly from
milk [19].
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ABSTRACT

The cloning of a cDNA coding for the skeletal human {i-tropomyosin in the bacterial expression
vector pKK233-2 is reported. Deletion mutants were also constructed. pCF-Tl088 was obtained by elim
ination of exon 9 and pCF-Tl089 was built by deleting 2/3 of the first exon. The recombinant tropomyosins
were synthesized in E. coli after induction by IPTG. The mutant proteins were characterized by western
hlot using antibodies raised against native tropomyosin. The amount of the human protein synthesized in
E. coli varies with each mutant, suggesting the involvement of the structure of the protein or of the mRNA
on the synthesis or the stability of the recombinant protein. After precipitation of most of the bacterial
proteins at 100·C, purification was achieved by high-performance liquid chromatography (HPLC) using
TSK-DEAE, hydroxyapatite and reversed-phase columns. The chromatographic behaviour of the mutants
were compared. Characterization of the mutated tropomyosins was achieved by tryptic digestion and
analysis of the peptide composition by reversed-phase HPLC. A computer program for predicting the
retention times of the peptides generated was written. It is shown that it is possible to identify the mutations
solely by comparing the chromatogram of the tryptic digest with the profile obtained by computer sim
ulation.

INTRODUCTION

Tropomyosin is a major muscular protein involved in the regulation of muscle
contraction by Ca2+ [I]. The mechanisms of this regulation are still a matter of
debate [1]. Muscle tropomyosin is a two-stranded elongated molecule, having virtual
ly 100% a-helix conformation. It winds along the long-pitch grooves of the F-actin
helix. This rod-like fibril1ar molecule is considered to be a good model to investigate
the nature of protein stability and particularly to understand the respective roles of
hydrogen bonds and inter-helix interactions in the formation of the tertiary structure
of proteins [2].

Tropomyosin genes from different species and different tissues have already
been cloned (for reviews see Colote et al. [3] and Sri Widada et al. [4]). Muscle
tropomyosin gene is constituted of nine exons, three of which arise from alternative
splicing. Using an evolutionary approach, we have shown that the alternatively
spliced exons are conserved, suggesting an important role in the function of these
parts of the molecule. Tropomyosin presents numerous elementary functions such as
troponin binding, head-to-tail interactions or actin binding. None of them is defined
at the molecular level [1].

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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To understand the function of tropomyosin better, it is therefore necessary to
dissect the mechanisms that it involves at the submolecular level. Protein engineering
permits such an approach. We have cloned and expressed in E. coli the human skele
tal muscle f3-tropomyosin. Two deletion mutants were performed, expressed in E. coli
and purified using high-performance liquid chromatography (HPLC). In this paper
we describe the purification behaviours of these proteins and compare their chroma
tographic patterns. Tryptic digests were analysed by reversed-phase HPLC. We show
that a computer simulation can be used to identify the resulting peptides and thus
rapidly characterize the mutants.

EXPERIMENTAL

Materials
HPLC analyses were performed with a Gilson (Paris, France) apparatus. Ab

sorbances at 280 and 220 nm were monitored with a Holochrom spectrophotometer
(Gilson).

ADEAE-TSKcolumn(150 x 21.5 mm J.D.) and aTSKcolumn (60 x 21.5 em
J.D.) for gel permeation were obtained from LKB (Uppsala, Sweden). A hydroxyapa
tite column (Hypatite-C) (100 x 12.5 mm J.D.) was purchased from SFCC (Paris,
France). The column containing RP-18 (5-llm spherical particles) (130 x 4.0 mm
J.D.) was obtained from Brownlee Labs. (Santa Clara, CA, U.S.A.).

Open chromatography was carried out on an HA-Ultrogel column from IBF
(France). Acetonitrile (Chromasol Gradient) was purchased from SDS (Peypin,
France).

Recombinant DNA constructions
Construction of the expression vector containing f3-skeletal tropomyosin has

been described previously [5]. Briefly, the human tropomyosin clone exhibiting an
Ncol site at its start codon was inserted into the NcoI site of the PKK 233-2, thus
under the control of isopropyl thiogalactoside (IPTG)-inducible trc promoter. This
construction produces a complete unfusioned tropomyosin TMI [5]. A deletion mu
tant lacking the last 31 amino acids of the C-terminus (TM [C3l]) was obtained by
taking advantage of a Cia I restriction site at this position. Another deletion mutant
of 21 amino acids of the N-terminus (TM [N2l]) was obtained after cutting with
FnuDII restriction enzyme and addition of initiation codon. TM 1, TM[C3l] and
TM[N2l] were produced respectively in HBlOl, HBlOl and JMlO9 bacteria strains.

Production and extraction of tropomyosin mutants
E. coli containing the different vectors were grown in 20 I ofculture medium in a

fermenter under controlled conditions. Recombinant protein synthesis was induced
by IPTG. Bacteria were centrifuged and then disrupted in a French press, and the
supernatant was heated in a boiling water-bath for 5 min. The mixture was cen
trifuged for 15 min at 10 000 g. Tropomyosin present in the supernatant was concen
trated by ammonium sulphate fractionation. After precipitation of the nucleic acids
at 35% saturation (209 gil) of ammonium sulphate, f3-tropomyosin was precipitated
at 60% saturation (addition of a further 164 gil). The pellet was resuspended and
dialysed against buffer D [20 mM Tris-HCI (pH 7.5)-0.5 mM dithiothreitol (DTT)].
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HPLC on DEAE-TSK column
A 250-mg sample of protein in buffer 0 was applied to the OEAE-TSK col

umn. Elution was performed by increasing the salt concentration to 0.6 M ammoni
um acetate in buffer 0 with an increase of 10 mM/min using a flow-rate of 4.0 ml/min.
Absorbance was measured at 220 and 280 nm.

Chromatography on hydroxyapatite column
We employed either open-column chromatography using HA-Ultrogel or

HPLC using Hypatite-C. Proteins eluted from the OEAE-TSK column were adjusted
to I M NaCI and I mM phosphate (pH 7.0)-0.5 mM OTT. Proteins were adsorbed
on HA-Ultrogel (100 ml) equilibrated with the same buffer. Elution was performed at
100 ml/h with a 400-mllinear gradient from I to 300 mM phosphate (pH 7) contain
ing I M NaCI and 0.5 mM OTT. Alternatively, the mixture was deposited on a 100
x 12.5 mm LO. HPLC column containing hydroxyapatite. Elution was performed at
1.0 ml/min using a gradient of the following solutions: solution A, 10 mM NaH2P04

(pH 6.9)-0.2 M sodium acetate-0.5 mM OTT; and solution B, 300 mM NaH 2POC

0.2 M sodium acetate-0.5 mM OTT.

Simulation of tryptic digestion pattern and chromatogram
We have written a program that simulates the tryptic digestion pattern of a

protein. The retention of peptides on the reversed-phase column was calculated using
the algorithm of Meek [6] as modified by Guo et al. [7] It nevertheless appears that the
correlation between the calculated retention times and the experimental results is
good when the peptides are composed of more than six amino acids.

Oigestion of 0.2 mg of protein in 0.1 M Tris-HCI (pH 8.1) was performed with
10 pg of trypsin (TPCK-treated) (Sigma) for 2 hat 3rc. Reversed-phase chromato
graphy was performed on a C ts column using an acetonitrile gradient (1 % /min)
containing 0.1 % trifluoroacetic acid.

Other methods
Immunoblot analysis. Sodium dodecyl sulphate polyacrylamide gel electropho

resis (SOS-PAGE) was performed essentially as described by Laemmli [8], using
12.5% acrylamide. Proteins were transferred from SOS polyacrylamide slab gels to
nitrocellulose (Schleicher & Schull) using a Bio-Rad transfer apparatus in the pres
ence of 0.02% SOS. The nitrocellulose sheets were blocked with 8% dry milk in
phosphate-buffered saline (PBS). The nitrocellulose was incubated with anti-tropo
myosin antibodies raised against chicken gizzard tropomyosin diluted at I: 100 in PBS
supplemented with 5% bovine serum albumin (BSA). The antibody was revealed
using a protein A-peroxidase system containing 0.06% of chloronaphthol.

Protein sequence determination. The sequence of the NH 2 terminus was deter
mined with 120 pmol of protein using an Applied Biosystems Model 470A gas-phase
sequencer coupled with a Model 12A phenylthiohydantoin analyser.

Amino acid composition. The purified protein was hydrolysed by heating at
110°C in 5.7 M hydrochloric acid for 24 h. Composition was determined in a Beck
man 7300 system.
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Preparation and concentration of recombinant tropomyosins
The same purification scheme was used for the three recombinant tropomyo

sins, i.e., TMI, TM[C31] and TM[N21]. The heat precipitation step is very interesting
because a large amount of material can easily be processed. Most of the bacterial
proteins were precipitated whereas the three tropomyosin mutants remained in the
supernatant. We did not note any loss of recombinant protein in this step. As tropo
myosin is denatured at temperatures above 50°C [9], the solubilization is due to a very
rapid and efficient renaturation. The fact that the mutated proteins were resistant to
heat treatment implies that the spatial structure is at least partially conserved. Analy
sis of the purified mutants by circular dichroism confirmed this fact (data not shown).

Although most of the bacterial proteins were removed by heat treatment, the
nucleic acid still remained in the supernatant. Some of them were removed by precip
itation with 30% ammonium sulphate. Tropomyosin was then precipitated by in
creasing the ammonium sulphate concentration to 60%. In this step the recovery was
generally greater than 90%.

Chromatography on DEAE-TSK
Proteins concentrated by ammonium sulphate precipitation were dialysed

against buffer D and quantified using the Bradford reaction. A 250-mg sample of
proteins was chromatographed on the DEAE-TSK column as described under
Experimental. The chromatogram of each mutant is presented in Fig. I.

The chromatographic profile is very reproducible for a given preparation. The
yield in this step was ca. 60%. Nevertheless, the efficiency of the heat precipitation of
bacterial proteins varied with the amount of the extract. A better yield was achieved
with a smaller amount. The yield of the engineered proteins also depended on the
bacterial strain used. Finally, the amount produced varied from one mutant to anoth
er.

Fig. I shows that mutant TM[C31] was eluted earlier than the other two. This
behaviour is in agreement with the number ofcharges contained within the molecules.
TM[C31] possesses only 21 negative charges whereas TM1 and TM[N21] have 26 and
28 negative charges, respectively. Although TM[N21] eluted slightly (but reproduc
ibly) earlier than TM1, this difference is not very important, probably owing to the
high number of charges (53 positive and 81 negative charges for TMI and 43 positive
and 69 negative charges for TM[N21]). However, this result also implies that the
charges are mainly located at the surface of the molecule. This, in turn, is in good
agreement with the spatial model proposed by Phillips et al. [10].

Chromatography on hydroxyapatite
Tropomyosin is known to bind Ca2+. We therefore used hydroxyapatite for

further purification. Fig. 2 shows the results obtained with the three mutants. The
resolution of the column is not as good as with DEAE-TSK. However, because
tropomyosin eluted at the end of the gradient (300 mM phosphate), it is generally
electrophoretically pure after this step. The fact that the three mutants eluted at the
same concentration of phosphate strongly suggests that the calcium binding site on
the tropomyosin is situated in the middle of the molecule and is not removed from the
mutants.
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Fig. I. Chromatographic profile on TSK-DEAE obtained for the three mutants of tropomyosin. Proteins
were extracted from E. coli containing expression plasmids, heat treated and fractionated by ammonium
sulphate precipitation as described. Protein mixtures (250 mg) containing (A) complete tropomyosin
(TMI), (B) deletion mutants TM[C31] or (C) TM[N21] (see text) were chromatographed on a TSK-DEAE
column as described. Eluted fractions were analysed by SDS-PAGE. The localization of the tropomyosin
mutants is shown by bars and the maxima are indicated with arrows.

A further purification was sometimes needed. This was done by gel permeation
on a TSK-G300 column. However, the recovery was very low and we carried out this
procedure no often than was strictly necessary. We also tried reversed-phase chroma
tography but the resolution for large molecules was very poor. We performed instead
a pI precipitation at pH 4.1 to remove the remaining contaminants.

Tryptic digestion analysis
One major problem in site-directed mutagenesis lies in the way one has to

control whether the protein produced in E. coli is the one desired. As no selective
pressure is exerted on this kind of protein, the possibility of mutation or deletion is
very high. This makes the control of its sequence essential. To perform this task we
used the tryptic digest analysis by taking advantage of the possibility of predicting the
elution time of peptides using the algorithm of Meek [6] and the coefficient of Guo et
al. [7].
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min

Fig. 2. Hydroxyapatite purification. Fractions from the DEAE-TSK chromatography containing tropo
myosin were pooled and purified on hydroxyapatite as described. The eluted fractions were then analysed
by SDS-PAGE. The position of the tropomyosin mutants is shown by bars (the broken arows indicate the
start of gradient. Chromatograms of (A) TMl; (B) TM[C31] and (C) TM[N21].

Fig. 3 shows the analysis of tryptic digest by reversed-phase HPLC and com
pares the pattern obtained with that predicted by computer simulation. The presence
of tyrosine or phenylalanine in a peptide was monitored by the absorbance at 280 nm
and is indicated by black spots in the computer simulation (Fig. 3, AI, Bl, Cl). First,
agreement between the experimental result and the simulation was good for long
peptides. This allowed the identification of the peptides that were lost in the TM[C3l]
mutant. They are missing in the chromatogram of TM[C3l] shown in Fig. 3B (these
peptides are indicated by black triangles in Fig. 3A, on the chromatogram of TM l).
This result clearly demonstrates that the TM[C3l] mutant is correct. The case of the
TM[N2l] mutant was more difficult to resolve by this method. Peptides arising from
the deleted region are very small because of the high content of lysine and cannot be
identified accurately. Only a new peptide arising from the NHrterminus is character
istic of this mutant, and is shown by the black diamond in Fig. 3C.

Further biochemical characterization
Further analyses were carried out to confirm the reality of each mutation. First,

the purity and the antigenicity of the protein were checked by western blot analysis.
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The results are shown in Fig. 4. Amino acid analysis was also performed, although
the results were difficult to interpret because the sensitivity of the method is very
low. However, the amino acid composition coincided with the theoretical results
(result not shown). We also sequenced the NHz-terminus. This is particularly impor
tant for the TM[N21] mutant. The results in Table I clearly confirm that the purified
protein actually exhibits the desired mutation. The extra alanine at the N-terminus of
TM[N21] is due to the cloning procedure. Further, it must be pointed out that meth
ionine was removed only from the TM[N2I] mutant. This is due to the size of the
amino acid immediately adjacent to the methionine initiator. Methionine is removed
by the bacteria if this amino acid is small, as with the TM[21] mutant.

Fig. 4. Purity and antigenicity of proteins. The purified tropomyosin mutants were analysed by SDS
PAGE (I) and controlled by western blotting (2). TMI is shown as track A, TM[C31] as track Band
TM[N21] as track C.
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TABLE I

SEQUENCE OF THE NHz-TERMINUS OF THE PROTEINS

The NHz sequences were determined as described under Experimental. The sequence of TM 1 and
TM[C31] is identical with the N-terminus sequence of genuine tropomyosin. In contrast, as expected,
TM[N21] exhibits the sequence of the tropomyosin devoid of the first N-terminal20 amino acids. Single
letter code used for amino acids; Ac = Acetyl.

Protein

Genuine fJ-tropomyosin
TMI
TM[C31]
TM[N21]

CONCLUSION

Sequence

Ac- MDAIKKKMQMLKLDKENAID RAEQAEADKKQAE
MDAIKKKMQMLKLDKE
MDAIKKKMQMLKLDKE-

AAEQAEADK KQAE-

We have shown that recombinant tropomyosins can be rapidly purified using
HPLC. Although the purification was performed at room temperature, very little
degradation was observed, probably owing to the very rapid separation. The spatial
structure of tropomyosin was conserved. This is worth noting because mutant pro
teins are often less stable than native proteins. The mutant proteins moreover re
tained their activity in the regulation of muscle contraction (to be published else
where). We have also shown that the use of simulation of tryptic digestion analysis is
a powerful tool for rapidly controlling the preparation of proteins. One drawback of
this method is that the identification of small peptides is very difficult.
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ABSTRACT

Proteins, regardless of their origin, have to be highly purified, particularly from the immunochemical
point of view, if they are to be used to study their allergenicity. It is shown that cat albumin, a highly potent
allergen for cat-sensitive humans, can be isolated and purified from cat serum using immobilized metal ion
affinity chromatography (copper ions) instead of a salting-out process or precipitation with alcohol, tech
niques generally used for the preparation of serum proteins. During the process described, immunoglobu
lins are concomitantly isolated in a relatively pure form. Cat albumin amino acid composition and se
quence were analysed after an ultimate purification by ion-exchange chromatography. The highest
homology (>80%) was found with the rat serum albumin.

INTRODUCTION

Previous studies have shown that several allergens [1-3] may be extracted from
cat pelts. One of them is the major feline allergen Fel dI [4] and the others, to which
cat-sensitive patients are less frequently sensitive, are albumin [2,3,5] and immuno
globulins [5,6]. Nevertheless, cat albumin is a very potent allergen, hence a highly
purified form is obviously useful. Pure allergens are needed either for diagnosis or for
therapy of hypersensitivity,

A better knowledge of the allergen structures could lead to a better under
standing of their allergenic potency, The purpose of this work was to prepare a highly
purified cat albumin, to analyse its primary structure and to compare it with other
mammalian albumins for which cross-reactions have been reported either versus rabbit
IgG antibodies or versus human IgE antibodies [5,7],

The cat serum albumin (CSA) purification process described here is essentially

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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based on immobilized metal ion affinity chromatography (IMAC). We chose IMAC
taking in account the previous observations by other workers during human serum
protein fractionation [8,9], who stated that the adsorption capacity of the metal
chelates for serum proteins, particularly for albumin, decreased in the order
Cu > Zn > Ni > Mn [10]. We examined a Cu2 + charged chelating Sepharose fast
flow gel packed in a glass column, the ligand-exchange principle being involved in the
elution process.

EXPERIMENTAL

Materials
Cat sera were a kind gift from Dr. Prel, a veterinary clinician.
Rabbit IgG antibodies against cat serum were purchased from Sigma (St. Louis,

MO, U.S.A.).
As standard references for cat serum proteins, cat albumin (Cohn fraction V)

and cat immunoglobulins were purchased from Sigma.

Immobilized metal ion affinity chromatography
IMAC was performed on a cross-linked agarose gel to which imminodiacetate

was coupled, i.e., chelating Sepharose fast flow from Pharmacia (Uppsala, Sweden).
After being washed according to the manufacturer's suggestions, the gel was packed in
an HR 10/10 column and charged until saturation with copper ions from 0.5% (w/v)
copper(II) chloride solution. After thorough rinsing with water to eliminate unbound
copper ions, the column was washed again with a solution containing I mM imidazole
and 1 M sodium chloride buffered with 0.02 M sodium phosphate buffer (pH 7.0).
Saturation with imidazole was performed by injecting 30 ml of 10 mM imidazole
dissolved in the same salt-buffered solution.

A pre- and a post-column packed with the chelating gel without metal ions were
incorporated in the system to remove any free metal ions that might interfere with the
chelating process; the columns used were of the HR 5/5 type.

After loading the cat serum sample onto the column, elution was performed in
three steps: first an isocratic run, then either a linear concentration gradient of
imidazole followed by a plateau at 100% solution B, or stepwise elution with different
solutions of increasing imidazole concentration. The compositions of the solutions
were as follows: solution A, 1mM imidazole in 1MNaCI buffered with 0.02 M sodium
phosphate (pH 7.0) (see above); solution B, 20, 40 or 50 mM imidazole in 1 M NaCI
buffered with 0.02 M sodium phosphate (pH 7.0).

The whole process was controlled by a fast protein liquid chromatography
system (FPLC) (Pharmacia).

Chromatofocusing
A Mono P column of the HR 5/20 type (Pharmacia) was used after being

equilibrated with 0.025 M sodium acetate buffer (pH 5.58). The protein of interest was
dissolved in the same buffer and loaded onto the column. Elution was effected with
a Servalytes 2-4 solution at 40% (Serva, Heidelberg, Germany), diluted with water to
0.2% and adjusted to pH 2.05 with 1 M hydrochloric acid. The pH gradient was
recorded using a pH monitor (Pharmacia).
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Anion-exchange chromatography
A Mono Q column of the HR 10/10 type (Pharmacia) was previously

equilibrated with 0.03 M NaCI solution, buffered with a 0.02 M Tris-HCI (pH 8.00)
(solution).

Protein sample dissolved in solution A was loaded onto the column. Elution
began with an isocratic run with solution A, followed by a linear concentration
gradient ofNaCI from 0.03 to 1M (50% solution B). Solution B consisted of2 MNaCI
solution buffered with 0.02 M Tris-HCI (pH 8.00). The third run was a plateau at
100% B to desorb all the strongly bound material. Thereafter, the Mono Q column can
be washed and equilibrated with solution A to make it ready for the next separation
process.

Sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-PAGE)
Analyses were performed with a PHAST apparatus using PHAST gels 8-25

(Pharmacia) according to the manufacturer's instructions.

Amino acid analysis
The amino acid composition was determined with a Beckman 7300 amino acid

analyser after acid hydrolysis. Hydrolysis was performed in the vapour phase with
6 M hydrochloric acid containing 0.1% phenol for 24 h at 1l0°C in vacuo [II].

Micro-sequencing
Proteins were sequenced on a Model 470 A gas-phase protein sequencer

(Applied Biosystems, Roissy, France). Phenylthiohydantoin (PTH) derivatives of
amino acids were separated and identified by on-line reversed-phase high-performance
liquid chromatography with a Model 120 A-PTH analyser (Applied Biosystems)
added to prevent wash-out and to improve the initial yields [12].

An exhaustive search of homology cases was performed on the PSEQIP
database.

Crossed immunoelectrophoresis methods
To follow the purification steps of the cat serum albumin (CSA), crossed

immunoelectrophoresis (CIE) methods were used as previously described [13], using
rabbit IgG raised against the whole cat serum (Sigma). Each fraction obtained by
chromatographic techniques was tested by crossed line rocket immunoelectrophoresis
(CLRIE), i.e., the intermediate gel of a crossed line immunoelectrophoresis (CUE)
was lengthened on the right-hand part, allowing a rocket-line experiment (RUE) to be
performed, leading to an easy identification of each antigen [14].

RESULTS

Immobilized metal ion ajjinity chromatography
A I-ml volume of cat serum was loaded onto a copper column, prepared as

described under Experimental. For identification purposes this method was named
copper chelate chromatography (CCC).

In a first series of experiments we applied, after an isocratic run of 40 min with
solution A (I mM imidazole), a linear concentration gradient of imidazole from I to 20
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mM. Two peaks were eluted at 6 and 8 mM, the strongly bound material being eluted
during the last run at 100% B, i.e., 20 mM imidazole. The last peak was broad with
pronounced tailing. We therefore increased the imidazole concentration up to 50 mM
and a sharper peak without tailing was obtained. Finally, the complete process was
defined as a stepwise elution at 0, 12, 16 and 100% B (Fig. 1).

Fractions of 1 m1 were collected and pooled according to the recorded elution
scheme, dialysed against neutral distilled water and freeze-dried.

Using cat albumin and immunoglobulins from Sigma chromatographed under
the same conditions, we were able to identify peak Cu3 as probably being cat albumin
and Cu4 as essentially being cat immunoglobulins.

Chromatofocusing
In order to compare the degree of purity of cat albumin from a Cohn fraction

V (Sigma) and that of cat albumin prepared by IMAC (fraction Cu3), we performed
a chromatofocusing as described under Experimental on the two protein batches at the
same concentration, i.e., 20 mg/ml, of 200 III were loaded onto the column.

Fig. 2 shows that cat albumin obtained by copper chelate chromatography
(CSA-CCC) is as pure as that obtained by the Cohn method. It should be noted that
the last peaks on the chromatogram correspond to ampholytes in the pH 2 zone, which
absorb in the UV region at 280 nm.

SDS-PAGE
Homogeneity of the cat albumin Cu3 was compared with that of Cohn fraction

V (Sigma) by SDS-PAGE in an 8-25% gradient gel (PHAST gel). Fig. 3 shows that
Cu3 is at least as pure as the Cohn fraction.

Anion-exchange chromatography
Considering the results obtained either by chromatofocusing or by SDS-PAGE,

and also those obtained by immunochemica1 analysis, we concluded that some other
unidentified proteins contaminate cat albumin preparations whatever the purification
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Fig.!. Copper chelate chromatography. Column, HR 10/10 packed with chelating Sepharose fast flow
(Pharmacia), charged with Cu2 +, washed with I mM imidazole in I M NaCI solution buffered with 0.02
M sodium phosphate buffer (pH 7.0), saturated with 10 mM imidazole in the same buffered salt solution.
A I-ml volume of cat serum, previously dialysed against I mM imidazole, was loaded onto the column.
Stepwise elution was performed at a flow-rate of 1.0 ml/min.
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Fig. 2. Chromatofocusing with a Mono P HR 5/20 column equilibrated with 0.025 M sodium acetate buffer
(pH 5.58). A 200-jll aliquot (4 mg ofCSA) was loaded onto the column. Elution was performed at a flow-rate
of 1.0 ml/min with a Servalytes 2-4 solution (Serva) at 0.2% adjusted to pH 2.05. The pH gradient was
recorded using a pH monitor (Pharmacia). Solid curve, CSA-CCC; dashed curve, CSA Cohn fraction V.

process used. To eliminate these contaminants from the CSA-CCC, anion-exchange
chromatography was carried out on Cu3. A 20-mg amount of lyophilized Cu3,
solubilized in I ml of solution A (0.03 M NaCI), was loaded on the Mono Q column
previously equilibrated with the same buffered salt solution. After a short isocratic
elution during which no material was eluted, a linear concentration gradient of NaCl
was applied, which gave five elution peaks (Fig. 4). Fractions from four of them, the
quantitatively most important, i.e., P2, P3, P4 and P5 were pooled, then dialysed
against neutral water and freeze-dried.

Analyses were performed by SDS-PAGE and CLRIE, the results of which are
shown in Figs. 3 and 5, respectively. P4 appears as a highly pure cat albumin
preparation, while P5, found to be pure in CLRIE, contains two components, as
shown by SDS-PAGE, with M r 67 and 90 kilodalton, respectively.

Fig. 3. SDS-PAGE using PHAST gels 8-25 on a PHAST apparatus (Pharmacia). Lanes I and 8, standard
protein markers; lane 2, cat albumin CCC, 1.20 jlg; lane 3, fraction P2, 0.40 jlg; lane 4, fraction P3, 0.35 jlg;
lane 5, fraction P4, 0.64 jlg; lane 6, fraction P5, 1.65 jlg; lane 7, cat albumin (Sigma), 1.20 jlg.



480

OD280nm
1

0.5

o O%B
6 18

50%B

24 ml/min

J. P. DANDEU el al.

Fig. 4. Anion-exchange chromatography on Mono Q HR 10/10 column equilibrated with 0.03 M NaCI
solution buffered with 0.02 M Tris-HCI (pH 8.00) (solution A). Elution was performed at a flow-rate of 1.0
ml/min with a linear concentration gradient of NaCl from 0.03 to I M (50% solution B). Solution
Bconsisted of2 M NaCI solution buffered with 0.02 MTris-HCI (pH 8.00). A I-ml volume ofCSA-CCC (20
mg) was loaded onto the column.

Immunochemical analyses
The above results on the immunochemical purity of the different fractions

obtained in the purification of cat albumin from cat serum were obtained using the
method described under Experimental (Fig. 5). Rabbit IgG raised against whole cat
serum was used in a CLIE, the LIE part was lengthened on the righ-hand part and
rockets were included which allowed the proteins of interest to be identified
commercially available preparations were used to identify albumin and immuno
globulins.

From an immunological point of view, albumin from fraction Cu3 seems to be
less contaminated than the Cohn fraction V and P4, the most homogeneous cat
albumin that we prepared, appears to be totally free from contaminants, at least under
the conditions ofthis experiment, i.e., antigen concentrations as indicated in Fig. 5 and
using rabbit IgG antibodies.

Amino acid analysis
As Cu3P4 could be considered as a highly pure cat albumin, its amino acid

composition was determined (Table I) and it showed differences in comparison with
three other serum albumin amino acid compositions cited in the literature [15], e.g.,
glycine is twice as concentrated and tryptophan seems to be absent.

Sequencing of the N-terminal peptide
The amino acid sequence ofa 30-residue N-terminal peptide was determined and

homologies were investigated (Table II).
The highest homologies were observed with RSA (83%), then with BSA (80%)
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Fig. 5. CYE and CLRIE performed as described. The antibody containing agarose gel was poured in two
parts; the upper part contained 1.5 Jl.1/cm 2 of antibodies and the lower past 0.5 Jl.1/cm2

. The amount of each
"antigen" deposited was as follows. In the first dimension either in the CIE or in the CLRIE experiments, 10
Jl.I of 1:50 diluted cat serum were submitted to zone electrophoresis. The intermediate gel, in the CLRIE,
contained a dilution of the same cat serum enriched with cat IgG (Sigma). For the RUE, the antigens were as
follows: I, Cu3 (partially purified CSA), 54 Jl.g in 10 Jl.I; 2, Cu3P2, 13 Jl.g in 10 Jl.1; 3, Cu3P3, 10 Jl.g in 10 Jl.1; 4,
Cu3P4, 100 Jl.g in 10 Jl.1; 5, Cu3P5, 50 Jl.g in 10 Jl.I; 6, Cu4, 60 Jl.g in 10 Jl.l; 7, whole cat serum (protein
equivalent), 58 Jl.g in 5 Jl.I; 8, cat immunoglobulins (Cohn fraction V, Sigma), 5 Jl.g in 10 Jl.l.

TABLE I

AMINO ACID COMPOSITION OF FOUR SERUM ALBUMINS

Amino CSA" BSA [1St HSA [1St RSA [1st
acid

Asx 7.7 7.0 6.1 5.5
Asn nd 2.2 2.9 3.4
Thr 4.8 5.8 4.8 5.6
Ser 6.0 4.8 4.1 4.1
Glx 15.3 10.1 10.6 9.7
GIn nd 3.4 3.4 4.3
Pro 5.3 4.8 4.1 5.1
Gly 5.3 2.7 2.0 2.9
Ala 10.7 7.9 10.6 10.4
Cys nd 6.0 6.0 6.0
Val 7.5 6.2 7.0 6.0
Met 1.2 0.7 1.0 1.0
lie 1.4 2.4 I.3 2.2
Leu 10.5 10.5 10.4 9.6
Tyr 3.2 3.2 3.0 3.6
Phe 5.8 4.6 5.3 4.4
His 3.0 2.9 2.7 2.5
Lys 8.1 10.1 10.0 9.0
Arg 4.2 4.4 4.1 4.1
Try 0.3 0.1 0.1

:E(mol-%) 100.0

a nd = Not detected.
b Calculated from the amino acid sequences.
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TABLE II

CAT SERUM ALBUMIN HOMOLOGIES (N-TERMINUS): N-TERMINUS COMPARISONS

COMMON RESIDUES a

BSA1

D T~K~'
A H R F K D L G E

E H~K
G L V L

'~S~HSA2 ,3 D A H K S E V A H R F K D L G E E N F K A L V L I A F A Q Y

RSA4 E A H K S E I A H R F K D L G E Q H F K G L V L I A F S Q Y

CSA E A H Q S E I A H R F N D L G E E H F R G L V LVA S QY

HOMOLOGOUS RESIDUES TO THOSE OF CSAa

BSA1
K

HSA2,3 K

RSA4

CSA Q

S E I A H R F

S Eff}A H R F

S E I A H R F

S E I A H R F

K D L GEE H F

KDLGE..!ffiJF

K D L G El£lH F

N D L GEE H F

K G L V L I A F S Q Y

K A L V L I A F A Q Y

L V L I A F S Q Y

R G L V L V A F S Q Y

a I = Albusbovin, serum albumin precursor, bovine (bos taurus) [16]; 2 = Albushuman, serum
albumin precursor, human (homo sapiens) [17]; 3 = Base8, preproalbumin human serum [18]; 4 = Albusrat,
serum albumin precursor, rat (rattus norvegicus) [19].

and HSA (70%). For the RSA, three lysine residues are changed into glutamine,
asparagine and arginine in positions 4, 12 and 20, respectively. The isoleucine in
position 25 was replaced by a valine residue and glutamine in position 17 by a glutamic
acid residue. The residues at position 28 in HSA and CSA are different.

DISCUSSION

Although cat albumin was stated to be a less important allergen than the major
feline allergen Fel dI [2], it remains a protein ofinterest for the human patients sensitive
to this albumin [7].

Identifying structures of allergenic molecules responsible for IgE antibody
synthesis induction, apart their specific epitopes, is a difficult task and requires the
availability of allergenic molecules of the highest degree of purity.

Sometimes, cloning of an allergenic protein as Der pI, a major allergen from
Dermatophagoidespteronyssinus mite, is possible [20]. Otherwise, a major allergen such
as Fel dI, the major feline allergen, can be purified either by using monoclonal
antibody immunosorbent [21] or metal chelate chromatography [14].

Some proteins, such as albumins and immunoglobulins, have been obtained in
a relatively pure form by a salting-out procedure, precipitation with alcohol or gel
permeation. In order to improve their purification, we tried to use IMAC, a suitable
chromatographic process for the large-scale fractionation and purification ofproteins.
IMAC has certainly already been used for serum protein fractionation [7,22] but, to
our knowledge, copper chelate chromatography with a ligand-exchange process has
never been used to isolate and purify cat serum albumin. Only human albumin was
purified from a Cohn fraction on immobilized nickel by Andersson et al. [23].

TMAC, a method for protein fractionation. was developed about 15 years ago
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[10]. It was essentially based on metal and amino acid interactions first described by
Gurd and Wilcox [24], i.e., histidine and cysteine, which have an electron donor atom
in their side-chains, form fairly stable complexes with copper and zinc ions in nearly
neutral aqueous solutions. That imidazole side-chains of histidine residues play the
role of a ligand for divalent metal ions such as Cu2 + was further studied for HSA by
Peters [15], since it was previously stated by Hearon [25] that exposed imidazole and
thiol groups of the proteins, more particularly albumins, were involved in the
protein-metal ions interactions. Subsequently a hydrophilic gel such as Sepharose,
a cross-linked agarose, activated by a chelating agent (immunodiacetate) charged with
metal ions, was shown to be a selective adsorbent for cysteine- and histidine-containing
proteins [10]; although a relationship between the number of transition metal ions
bound and the number of imidazole side-chains has never been clearly demonstrated
[26], their chromatographic behaviour could be governed by the surface number of
imidazole and/or thiol groups [9]. Consequently, and as it has been shown that the
adsorption capacity of the metal chelate for serum proteins decreased in the order
Cu > Zn > Ni > Mn [10], we chose copper chelate chromatography for the isolation
and purification of cat serum albumin.

It is known that proteins can be eluted from IDA-M 2 + columns (M = metal) at
nearly neutral pH by a competing electron donor solute such as imidazole, which
forms a stable metal complex with IDA-M 2 +. However, the copper chelate gel has to
be previously saturated with imidazole before an increasing concentration gradient of
imidazole can be applied to the column [27].

The results reported show that cat serum loaded on a copper ion-charged
chelating Sepharose fast flow column can be fractionated into four fractions, one of
them relatively strongly bound to the IDA-Cu2+ containing a highly pure albumin,
purer than a Cohn fraction V (Sigma), as judged by chromatofocusing, SDS-PAGE
and immunochemical methods. Nevertheless, as we wished to analyse further
structures of this potent allergen at chemical and immunological levels, we further
purified this CSA preparation by anion-exchange chromatography. The resulting
CSA was shown to be suitable for amino acid analysis and sequencing, and we
therefore undertook an exhaustive search for homologies. It seemed that the CSA
amino acid sequence, at least for tHe amino-terminal peptide, displayed only some
small differences and showed the highest homology first with the rat serum albumin
(83%), second with the bovine serum albumin (80%) and then the human serum
albumin (70%).

If the primary structure of a protein is not totally responsible for its antigenic
and/or allergenic potency, it is an important part of the constitution of its epitopes. It
may be assumed that proteins having a high level of homologies in their amino acid
sequence, even if the three-dimensional structures of homologous proteins are
generally better conserved than primary ones, could display very important cross
reactions when tested against polyclonal and monoclonal antibodies, whatever their
origin, e.g., rabbit or human. It was recently shown that dog albumin and CSA
cross-react with human IgE antibodies from cat-sensitive sera [7]; hence it would be
interesting to analyse their homologies and also to test cross-reactions between RSA
and CSA against the same IgE antibodies. This is currently under study.
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Purification of a hybrid plasminogen activator protein
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ABSTRACT

Recombinant DNA technology has been employed to produce a hybrid gene in which the kringle and
serine protease domains of tissue plasminogen activator are linked to the heavy-chain Fd region of a
fibrin-specific antibody. The hybrid gene is co-expressed with antibody light chains. This communication
describes a purification procedure for the hybrid protein, involving affinity and ion-exchange chromatogra
phy. The purified hybrid protein has been used in vivo and in vitro clot lysis experiments and has been
shown to be effective at clot dissolution.

INTRODUCTION

It is well known that the presence of blood clots in blood vessels can be life
threatening and can lead to acute cardiovascular diseases. A particular class of agents
which could be used to treat such diseases are plasminogen activators. These agents act
by converting plasminogen to plasmin, which then acts on the firbrin in blood clots,
causing it to break down and be dissolved (see Fig. 1). There are three well known
plasminogen activators, these being streptokinase, urokinase and tissue plasminogen
activator (t-PA); only t-PA will be discussed in this communication. Recombinant
t-PA has been marketed by Genentech under the name of "Activase" as a thrombolytic
for clinical use. The unique property of t-PA is its ability to selectively activate
plasminogen bound to fibrin which minimises systemic fibrinolysis. However, it is
impossible to differentiate between fibrin in the thrombus or the heamostatic plug and
hence its use may cause undesired bleeding. t-PA has a relatively short half life of
approximately 6 min [I], and therefore treatment requires large and lengthy doses to
maintain biological effect.

Although t-PA is being used as a thrombolytic it would be desirable to improve
its half-life and its specificity or to produce a novel molecule having thrombolytic
properties, but having an improved half-life and specificity as compared to t-PA. In
order to achieve this end, recombinant DNA technology has been employed to
produce novel plasminogen activators. Various approaches include: domain shuffling,
i.e., deleting domains from existing plasminogen activators or combining different

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.V.
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Fig. I. A schematic representation of the fibrinolytic system. -- = Major fibrinolytic pathways;
- - - = site of cofactor action; SC U-PA = single chain urokinase; U-PA = urokinase; T-PA = tissue
plasminogen activator.

domains from different activators [2]; linking a plasminogen activator to a molecule
with high fibrin binding activity [3,4] or producing an antibodyjplasminogen activator
molecule using a monoclonal antibody having a specificity for fibrin [5]. Our approach
has involved the use of recombinant DNA technology to combine the clot dissolution
properties of a plasminogen activator with the fibrin specificity of an antibody in the
form of a hybrid molecule (see Fig. 2). This communication is primarily concerned
with the development of a purification procedure for such a hybrid protein.

MATERIALS AND METHODS

Recombinant DNA techniques and cell culture
Methods used for the production ofexpression vectors and to transfeet cell lines

were as described by Maniatis et al. [6] and Bebbington and Hentschel [7]. A Chinese
hamster ovary cell line was established and cultured at 100-1 scale using Airlift
Fermenter (ALF) technology as described by Rhodes and Birch [8]. Fermenter
harvests containing hybrid protein were clarified by continuous centrifugation and
concentrated lO-fold by ultrafiltration.
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ANTIBODY

DOMAIN

Kringle

SERINE PROTEASE

DOMAIN

Fig. 2. Diagrammatic representation of the hybrid molecule. The molecule has two domains -the antibody
domain and the serine protease domain of t-PA. The molecule has two potential glycosylation sites (T)
which are situated in the serine protease domain. These correspond to Asn 184(1) and Asn 448(2) from the
t-PA molecule, the former site is only optionally glycosylated. P indicates the site of plasmin cleavage
whereupon the molecule can be cleaved to the two chain form. - - - = Disulphide bridges.

Purification of the protein
Initial purification of the hybrid protein was achieved by the use ofa Fibrinogen

Reacti-Gel adduct. Fibrinogen-Reacti-Gel was prepared by coupling fibrinogen
(human, Kabi Vitrum) to carbonyldiimidazole (CDI) Reacti-Gel (6 x) from Pierce
according to manufacturers instructions.

Concentrated culture supernatant (2.5 I) was loaded onto the Fibrinogen
Reacti-Gel matrix (100 ml) pre-equilibrated in 50 mM sodium phosphate buffer pH 7.4
containing 0.9% (w/v) NaCI; 0.05% (v/v) Tween 80. After loading the matrix was
washed with the same buffer containing 50 mM e-aminocaproic acid. Bound hybrid
protein was then eluted from the matrix using 0.3 M glycine hydrochloride buffer
pH 2.5, containing 0.9% (w/v) NaCI and 0.05% (v/v) Tween 80, and immediately
adjusted to neutrality using 1 M Tris.

The eluate from Fibrinogen-Reacti-GeI™ was diluted two-fold with 50 mM
sodium phosphate buffer pH 5.5 containing 0.01 % Tween 80 and the pH adjusted to
5.5 by the addition of hydrochloric acid and then loaded onto an sulfopropyl
Sepharose (S-Sepharose) column (40 ml) pre-equilibrated with 50 mM sodium
phosphate buffer (pH 5.5) containing 0.01 % (v/v) Tween 80. Bound protein was eluted
with 50 mM sodium phosphate buffer (pH 7.4) containing 0.1 MNaCI and 0.01 % (v/v)
Tween 80. Fractions containing enzymatically active hybrid protein were combined,
concentrated as necessary by ultrafiltration and dialysed into final buffer.

Active site titrations
The activity of the protein was measured (using the S2288 chromogenic substrate

assay, see Dodd et al. [12]) in the presence ofan inhibitor, diisopropyl fluorophosphate
(DFP), which binds irreversibly to the protein in a I: 1 ratio. A plot of activity against
DFP concentration thus yields the activity of the enzyme as the intercept on the
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ordinate and the concentration of the enzyme as the intercept on the abscissa. The
titration was calibrated using commercially available t-PA (American Diagnostics) of
known concentration. Both the standard and hybrid protein were converted to their
two chain forms by incubation with plasmin before titration. This ensures that
mixtures of single and two chain species are not present in the titration.

In vitro and in vivo clot lysis
In vitro clot lysis by the hybrid protein was tested using fresh human blood

labelled with 1251according to the method described by Zamarron et al. [9]. The in vivo
clot lysis was tested using the rabbit jugular vein model using the method described by
Collen et al. [10].

Miscellaneous
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was

carried out essentially according to Laemmli [II]. Fibrin zymography and amidolytic
activity assays using S2288 chromogenic substrate were carried out as described by
Dodd et al. [12].

RESULTS AND DISCUSSIONS

Purification of the hybrid protein
The hybrid protein was purified as described in the Materials and Methods

section and monitored throughout using the assay systems described previously.
Table 1shows that 32 mg of purified protein (calculated from S2288 activity assay) was
obtained from the process, corresponding to a 39% recovery of activity units. The
major loss in recovery for the process occurred upon chromatography using
Fibrinogen-Reacti-Gel. This reflects the removal of degraded protein which con
tributes to the S2288 chromogenic substrate activity of culture supernatants. Analysis
ofeluates throughout the purification was carried out using SDS-PAGE (reducing and
non-reducing) and zymography.

Analysis by zymography is shown in Fig. 3. Strong clearance of the fibrin agar
gel was observed at a single spot indicating that most of the enzymic activity was
associated with a single species, identified as the hybrid protein by N-terminal
sequence analysis. The relative molecular mass (Mr) of this species was determined by

TABLE I

YIELD TABLE FOR THE PURIFICATION OF THE HYBRID PROTEIN

Total yield (mg) obtained from each step in the process was calculated from S2288 activity assay data using
a conversion factor of 444 000 IV = I mg.

Total recovery
(mg)

Culture supernatant (10 x concentrate) 92
Fibrinogen-Reacti-Gel 39.5
S-Sepharose 34.5
Dialylsis 32

Cumulative
yield (%)

100 (assumed)
43
37
35
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Fig. 3. Analysis ofeluates from th~ purification of the hybrid protein using zymography and SDS-PAGE.
Lanes: I = culture supernatant (10 x concentrate); 2,3 = eluate from Fibrinogen-Reacti-Gel; 4,5 = eluate
from S-Sepharose; 6,7 = final product after dialysis; 8 = final product after analysis by Coomassie blue
staining of SDS-PAGE (non-reducing).

Coomassie blue-stained SOS-PAGE (non-reduced) to be approximately 97 000 dalton
(Oa) and constitutes ~90% of total protein as determined by scanning densitometry.
Slight clearing of the zymogram was also observed at approximately 35 000 dalton,
which is consistent with some cleavage of the serine protease domain of the molecule.

Analysis of eluates across the purification using Coomassie blue staining of
SOS-PAGE (reducing) is shown in Fig. 4. From this figure it can be seen that most of
the contaminant protein elutes in the flow through from the Fibrinogen-Reacti-Gel
step with remainder being eluted from the matrix in the subsequent wash steps.
Chromatography using S-Sepharose serves as a final polishing step and remove trace
amounts of albumin present after chromatography on Fibrinogen-Reacti-Gel.

Bands for the heavy and light chain moieties of the hybrid protein (Mr 67 000
and 30 000 dalton, respectively) can be observed as well as three additional bands
(Mr 40000, 38 000 and 35000 dalton) which have been subjected to N-terminal
sequence analysis to identify their origin. The 40 000- and 38 ODD-dalton bands
correspond to the molecule without light chain and serine protease domains. The
difference in molecular mass is a result of differential glycosylation of glycosylation
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Fig. 4. Analysis of eluates from the purification of the hybrid protein using SDS-PAGE (reducing). Lanes:
1 = molecular mass markers; 2 = culture supernatant; 3 = flow through from Fibrinogen-Reacti-Gel;
4,5 = wash eluates from Fibrinogen-Reacti-Gel; 6 = eluates from Fibrinogen-Reacti-Gel; 7 = eluate from
S-Sepharose; 8 = final purified hybrid protein.

site 1 (Fig. 2). The 35 OOO-dalton band corresponds to cleaved serine protease. The
67 OOO-dalton band appears as a doublet which is a result of differential glycosylation
of the heavy chain moiety. This cleavage is not observed by SDS-PAGE under
non-reducing conditions as internal disulphide bonds hold the molecule together
(Fig. 2).

Active site titration ofpurified hybrid protein
Active site titrations of the purified hybrid protein were carried out as described

in the Materials and Methods and compared to t-PA. The intrinsic activities of these
molecules towards the low-molecular-mass substrate (S2288) were determined. The
results of these measurements are shown in Table II. It can be seen from these data that
the activity ofthe hybrid molecule towards the low-molecular-mass substrate S2288 is
similar to that oft-PA and appears to be unaffected by the removal of part of the t-PA
molecule and addition of the antibody variable region.

Activity of the hybrid protein in vitro
A comparison of in vitro clot lysis activity of t-PA and the hybrid protein was
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TABLE II

ACTIVITY OF HYBRID PROTEIN TOWARDS ITS LOW-MOLECULAR-WEIGHT SUBSTRATE
82288

This compares the activity of the hybrid protein with that of t-PA towards the low-molecular-mass
substrate, Ile-Pro-Arg-pNA (S2288).

Enzyme

t-PA
Whole hybrid

Concentration
of enzyme (nM)

4.6
4.3

Enzyme activity
(AU/min)"

8.30
8.15

Specific activity
(AU/min/nM enzyme)

1.8
1.89

" AU = Activity units.

carried out. The hybrid protein and t-PA were present at 500 units/ml in plasma (as
determined using the 82288 chromogenic substrate assay). Fig. 5 shows the results of
this experiment. From this preliminary study it is apparent that the hybrid protein has
comparable clot lysing activity in vitro to that of t-PA.

Activity of the hybrid protein in vivo
The results of preliminary experiments giving a local infusion of the hybrid

protein via the ipsilateral ear vein (10 ml over a period of 10 min) are shown in
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Fig. 5. Activity of the hybrid protein in vitro. Activity of the hybrid protein in in vitro clot lysis experiments
and compared to that of t-PA. - - - =. t-PA; -- = hybrid protein.
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TABLE III

ACTIVITY OF THE HYBRID PROTEIN IN VIVO

J. DEISTUNG et al.

This table compares the activity of the hybrid protein and t-PA in vivo at two dose levels (calculated using
S2288 assay). Each data point was obtained using a separate rabbit (n = 3).

Dose (IVjkg)

50000
500000

% Lysis (t-PA)

17.53 ± 5.17
50.9 ± 1.85

% Lysis (hybrid)

20.03 ± 3.52
41.7 ± 8.79

Table III. Lytic activity was compared with that oft-PA. These results indicate that the
hybrid protein is thrombolytically active in vivo and that its activity is broadly similar
to that of t-PA. However, further experiments will be required to fully evaluate the
efficacy of the hybrid protein in vivo.

CONCLUSIONS

A purification procedure has been described for the hybrid plasminogen
activator molecule from Chinese hamster ovary (CHO) culture supernatant, which
includes both an affinity chromatography and an ion-exchange chromatography step.
The purified material has been obtained with an overall yield of 35% with a purity
~ 90%. The hybrid plasminogen activator molecule has been shown to be effective at
clot dissolution in both in vitro and in vivo clot lysis experiments. Further experiments
are necessary to fully evaluate this molecule as a potential thrombolytic agent.
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ABSTRACT

Heparin cofactor II (HCII) is an inhibitor of thrombin in human plasma whose activity is enhanced
by heparin and dermatan sulphate. HCII was purified to homogeneity from normal human plasma with an
overall yield of 7.5%. After treatment with barium chloride, precipitation with 50% saturated ammonium
sulphate and dialysis of the resuspended precipitate against 0.02 M Tris-HCI (pH 7.4), the sample was
chromatographed on a heparin-Sepharose CL 6B affinity column, DEAE-Sepharose CL 6B ion-exchange
gel and an AcA 34 gel permeation column. For the final steps, a high-performance liquid chromatographic
system was used which included ion-exchange chromatography on a Mono-Q column and gel permeation
using a Superose column. The purified protein was homogeneous by sodium dodecyl sulphate-polyacryl
amide gel electrophoresis. The specific activity of purified HCII was 12.2 U/mg. The HCII activity was
evaluated as antithrombin dermatan sulphate cofactor activity. A specific antiserum against HCII was
raised in the rabbit.

INTRODUCTION

Heparin cofactor n (HCII) is a recently described plasma inhibitor of thrombin
[1,2], the activity of which is potentiated by heparin and more specifically by dermatan
sulphate, another glycosaminoglycan [3]. HCIl displays structural and biological
similarities with antithrombin III (ATIII) [4,5], the main plasma cofactor of heparin
[6]. Nevertheless, whereas ATIll is active towards most of the activated clotting factors
[6], Hcn is a specific inhibitor of thrombin [1,2,7].

We report here the purification to homogeneity of HCn from human plasma
and the production of a specific antiserum against the inhibitor raised in the rabbit.

EXPERIMENTAL

Materials
All reagents were of analytical-reagent grade and were obtained from Merck

(Darmstadt, Germany) unless stated otherwise. Heparin-Sepharose CL6B and
DEAE-Sepharose CL6B were purchased from Pharmacia (Uppsala, Sweden). The

• Present address: Laboratoiree d'Hematologie, Hopital Cochin, 27 Rue du Faubourg Saint Jacques,
F-75674 Paris Cedex 14, France.
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anion-exchange chromatographic Mono-Q column and the gel permeation Superose
column were obtained prepacked from Pharmacia. The fast protein liquid chromato
graphy (FPLC) system (Pharmacia) was used. The AcA-34 gel permeation column was
obtained from IBF (Villeneuve la Garenne, France).

Collection ofplasma
Venous blood was collected from at least 30 healthy individuals in evacuated

tubes containing 0.129 M trisodium citrate (1:9) (Vacutainer 606608; Beckton
Dickinson, Orangeburg, NJ, V.S.A.). Blood samples were immediately centrifuged at
2300 g and 3°C for 15 min. Plasma samples were pooled and stored frozen at - 70°C
until used.

Purification of HCll
The thawed plasma (485 ml) was treated with 1 M barium chloride solution

(1:10, v/v) with constant magnetic stirring for 15 min at room temperature. After
a IO-min centrifugation at 5000 g, the precipitate was discarded. All subsequent steps
were carried out at 4°C, except the two final steps performed using the FPLC system.
The supernatant was treated with 50% saturated ammonium sulphate (final con
centration) for 20 min with constant magnetic stirring and centrifuged at 10000 g for
20 min. The precipitate was dissolved in 65 ml of 0.02 M Tris-HCI buffer (pH 7.4),
dialysed overnight against the same buffer, and the solution was centrifuged at 10 000
g for 20 min.

The supernatant was applied to a column (20 x 2.5 cm LD.) of heparin
Sepharose CL6B equilibrated in 0.02 M Tris-HCI (pH 7.4). The column was
extensively washed with this buffer until the absorbance of the effluent was zero. The
column was eluted with 350 ml of a linear gradient from 0.0 to 0.4 M NaCI in 0.02
M Tris-HCI (pH 7.4). Fractions of 4.2 ml were collected at a flow-rate of 13 ml/h.
Fractions containing more than 1.5 V Iml of dermatan sulphate (DS) cofactor activity
were pooled (volume v = 29.4 ml) and diluted 1:3 in 0.02 M Tris-HCI (pH 7.4) to
reduce the ionic strength.

This protein solution was applied to a column (30 x 1.5 cm LD.) of DEAE
Sepharose equilibrated in 0.02 M Tris-HCI (pH 7.4). The column was extensively
washed until the absorbance of the effluent was zero and eluted with 150 ml ofa linear
gradient from 0 to 0.4 MNaCI in 0.02 MTris-HCI (pH 7.4). Fractions of 1.5 ml were
collected at a flow-rate of 9 ml/h. Fractions containing more than 1.5 Vlml of DS
cofactor activity were pooled (v = 10.5 ml) and concentrated against polyethylene
glycol (PEG) to a final volume of 3 m!.

The solution was applied to a column (80 x 1.5 cm LD.) ofAcA-34 equilibrated
with 0.15 M NaCI buffered with 0.02 M Tris-HCI (pH 7.4). Gel permeation
chromatography was carried out in this buffer at a flow-rate of6 ml/h. Fractions of 1.2
ml were collected. Fractions containing more than 2.0 Vlml DS cofactor activity were
pooled (v = 8.4 m1).

The final steps were performed using the FPLC system at room temperature.
The protein solution was applied to a Mono-Q ion-exchange column equilibrated with
0.02 MTris-HCI (pH 7.4). The elution was carried out using a linear gradient from 0.0
to 0.5 M NaCI in 0.02 M Tris-HCI (pH 7.4). Fractions of 1.0 ml were collected at
a flow-rate of 1.0 ml/min. Fractions containing the peak of DS cofactor activity were
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pooled (v = 3 ml), concentrated against PEG and applied to a gel permeation
(Superose) column equilibrated in 0.02 M Tris-HCI (pH 7.4) containing 0.3 M NaCI.
The chromatography was performed using this buffer and 1.0-ml fractions were
collected at a flow-rate of 0.10 ml/min. Fractions containing the peak of DS cofactor
activity were pooled (v = 4 ml). This preparation was stored frozen at -70°C in
aliqilots.

Electrophoretic techniques
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was

performed, according to Laemmli [8], in 7.5% polyacrylamide slab gels containing
0.1 % (vjv) SDS. Apparent relative molecular masses (Mr) were obtained by
comparison with a mixture of reduced reference proteins (Bio-Rad Labs., Richmond,
CA, U.S.A.): f1-galactosidase (Mr 116000 dalton), phosphorylase B (Mr 92 000
dalton), bovine serum albumin (Mr 66 000 dalton), ovalbumin (Mr 45 000 dalton),
carbonic anhydrase (Mr 31 000 dalton) and soybean trypsin inhibitor (Mr 22 000
dalton). All gels were stained with Coomassie Brillant Blue R.

Crossed immunoelectrophoresis was performed according to Ganrot [9] in 1%
agarose gel containing I% antisera against HCII.

Determination of proteins
The protein concentrations in the chromatographic fractions were determined

by measuring the absorbance at 280 nm [10] in a cell of l-cm light path. The extinction
coefficients at 280 nm (A~~'b) used were 10 for a mixture of proteins and 11.7 for
purified HCII [2].

HCll activity assay
Hcn activity was assayed as antithrombin dermatan sulphate cofactor activity

[11 ].

Production of specific antiserum against HCll
A 50-,ug sample of the purified protein mixed with 1 ml of complete Freund's

adjuvant was injected subcutaneously into rabbits. The animals received three
subsequent injections of 50 ,ug of HCII mixed with 1 ml of Freund's incomplete
adjuvant at I-week intervals. The rabbits were bled 1week after the last injection. The
blood was allowed to clot at 37°C for 3 h and the serum, obtained by centrifugation at
2300 g for 15 min, was stored frozen at -30°C in aliquots.

RESULTS

Purification of HCll
As shown in Fig. 1, the peak of DS cofactor activity was eluted from the

heparin-Sepharose column with a mean concentration of 0.18 M NaCl in 0.02
M Tris-HCl (pH 7.4). The fractions containing more than 1.5 Vlml were pooled,
diluted in buffer to reduce the ionic strength and applied to a DEAE-Sepharose
column and eluted with a linear gradient from 0 to 0.4 MNaCl in 0.02 MTris-HCI (pH
7.4). Fractions containing a DS activity ofmore than 1.5 UIml were eluted with a mean
sodium concentration of0.18 M, as shown in Fig. 2. These fractions were then pooled,
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Fig. 1. Elution of HCII activity from heparin-Sepharose. The column (20 x 2.5 cm I.D.) was eluted with
a 350-mllinear gradient from 0.0 to 0.4 M NaCl in 0.02 M Tris-HCl (pH 7.4). Fractions of 4.2 ml were
collected at a flow-rate of 13 ml/h.• = Absorbance at 280 nm; ... = HCII cofactor activity evaluated as
antithrombin dermatan sulphate cofactor activity. Pooled fractions are indicated by a solid bar.

concentrated against PEG and gel chromatographed on an AcA-34 column. The
elution profile is shown in Fig. 3. The DS cofactor activity was eluted with an elution
volume of 54.0 mI. This protein solution was then applied to a Mono-Q ion-exchange
column connected to the FPLC system. The column was eluted with a linear gradient
from 0.0 to 0.5 M NaCI in 0.02 M Tris-HCl (pH 7.4). As shown in Fig. 4, the peak of
DS cofactor activity was eluted with a mean concentration of 0.28 M NaC!. The final
step consisted ofgel permeation using a Superose column. The elution profile is shown
in Fig. 5.
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Fig. 2. Elution of HCII activity from DEAE-Sepharose. The column (30 x 1.5 cm I.D.) was eluted with
a 150-mllinear gradient from 0.0 to 0.4 M NaCI in 0.02 M Tris-Hel (pH 7.4). Fractions of 1.5 ml were
collected at a flow-rate of 9 ml/h. Symbols as in Fig. I.
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Fig. 3. Gel permeation ofHClI activity on AcA 34. The proteins were chromatographed on a column (80 x
1.5 cm I. D.) equilibrated with 0.15 M NaCl in 0.02 M Tris-HCI (pH 7.4). Fractions of 1.2 ml were collected
at a flow-rate of 6 ml/h. Symbols as in Fig. I.

HCll was purified 760-fold from human plasma with an overall yield of 7.5%
(Table I). The final product was homogeneous in SDS-PAGE (Fig. 6). No anti-Xa
activity or immunoreactive ATill could be detected in the protein preparation. Thus
the purified HCll preparation was devoid of ATIII. HCII was eluted from the column
ofheparin-Sepharose (Fig. I) with a much lower ionic strength (0.18 M) than ATIII,
which appeared in the effluent at higher saline concentrations (0.80 M) (not shown).
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Fig. 4. Elution of HCII activity from a Mono-Q anion-exchange column. The column was eluted with
a 35-mllinear gradient from 0.0 to 0.5 M NaCI in 0.02 M Tris-HCI (pH 7.4). Fractions of 1.0 ml were
collected at a flow-rate of 1.0 mljmin. Symbols as in Fig. I:
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Fig. 5. Gel permeation of heparin cofactor n on a Superose column. The column was eluted with 0.3
M NaCI in 0.02 M Tris-HCI (pH 7.4). Fractions of 1.0 ml were collected at a flow-rate of 0.10 ml/min.
Symbols as in Fig. I.

Specificity of the antiserum against Hell
The antiserum was found to be monospecific, as evidenced by the single peak

pattern ofnormal human plasma in crossed immunoelectrophoresis (CrE) as shown in
Fig. 7. When purified ATIll was submitted to CrE, no immunoreactive protein could
be found (not shown).

DISCUSSION

Functionally active heparin cofactor II was purified to homogeneity from
human plasma with a recovery of 7.5%. The specific activity of the purified protein

TABLE I

PURIFICATION OF HEPARIN COFACTOR II FROM HUMAN PLASMA

Step Volume Total Total Specific Yield Purification
(m1) protein HCn activity (%) factor

(mg) (U/ml) (U/mg)

Starting plasma 485 26389 418.5 0.016 100 I
Barium chloride-treated plasma 495 25533 413.2 0.016 98.7 I
Ammonium sulphate precipitate 110 5809 176.0 0.030 42.1 1.88
Heparin-Sepharose 29.4 71.3 85.8 1.201 20.5 75.1
DEAE-Sepharose 10.5 12.8 61.5 4.805 14.6 300
AcA-34 8.4 6.8 46.0 6.765 11.0 422
Mono-Q 3 4.1 42.7 10.41 10.2 650
Superose 4 2.57 31.4 12.20 7.5 763
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Fig. 6. SDS-PAGE of the final preparation of HCII. The final' product was homogeneous and migrated
with M, 66 500 dalton (lane B). The molecular mass standards (M, in kilodaltons) are in lane A.

Fig. 7. Crossed immunoelectrophoresis of a plasma sample. The antiserum was used at a concentration of
1% (vjv) in the second dimension. A single peak pattern was found, suggesting the monospecificity of the
antiserum.
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was 12.2 Ujmg. These results are similar to those obtained with previously published
purification procedures [2,12-14], which gave purified HCn with a overall yield
between 3% [2] and 30% [13].

The physiological role ofHCII is still unknown. Even though cases of hereditary
HCn deficiency were reported in patients with thrombophilia [15,16], the correlation
between HCII deficiency and thrombosis is still controversial [17,18]. In addition to
the quantitative deficiencies, a hereditary HCII variant, HCII OSLO (Arg-189-His)
was recently found [19] in a clinically asymptomatic subject; the plasma HCII activity,
measured as dermatan sulphate cofactor activity, was decreased whereas the HCn
antigen concentration was normal. The specific antiserum against HCn, raised in the
rabbit, can be a useful tool for the measurement of HCn antigen concentrations in
clinical studies.
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ABSTRACT

Cloned trypanosomaI calmodulin was expressed in E~cherichia coli and purified to homogeneity
using hydrophobic interaction chromatography on phenyl-Sepharose. The purified protein was subjected
to NMR analysis which allows detailed changes to be observed when, firstly, calcium, and secondly, the
drug calmidazolium bind. These spectral changes are the result of conformational changes in the protein
and proximity effects due to the drug.

INTRODUCTION

Calmodulin is a 17 ODD-dalton, multifunctional, universal regulator of calcium
functions, which is present in all eukaryotic cells. The protein detects free calcium and
translates changes in calcium concentrations into altered states of metabolism [1].
Calcium-bound calmodulin interacts with and regulates a large number of enzymes,
particularly those of nucleotide phosphate transfer and hydrolysis [2].

Calmodulin has been purified to homogeneity from a wide variety of sources,
including vertebrates, invertebrates, plants and protozoans [3,4]. The size, abundance,
heat stability and ability of the calcium-bound protein to bind drugs and target
proteins have provided the basis for a number of isolation procedures [5,6]. NMR
studies on human and bovine calmodulins have yielded much information on the
conformational transitions associated with calcium binding and drug interactions [7].

We report here the purification of cloned trypanosomal calmodulin using
hydrophobic interaction chromatography. Calmodulin is a highly conserved protein.
However, the trypanosomal protein contains 22 amino acid substitutions when
compared to the human protein. Substitutions at positions 77 and 79 are unique to
trypanosomal calmodulin and are in a region thought to be involved in drug and target
protein interaction.

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.



502 P. J. SWEENEY et al.

The purpose of these investigations is to study drug interactions with the
trypanosomal protein and eventually compare assignments of human and trypanos
omal calmodulins with a view to the design of trypanosomal calmodulin-specific
drugs. We therefore also report preliminary NMR studies on the trypanosomal
protein.

MATERIALS AND METHODS

E. coli strain AR58, containing the cDNA clone of trypanosomal calmodulin
inserted into the expression vector pMG/Nco, was cultured in 25 250-ml conical flasks,
each containing 100 ml of media, at 30°C, with shaking. The medium was a minimal
bacterial medium, containing the following: 5 gil sodium acetate, 2.5 gil ammonium
chloride, 1.9 gil disodium hydrogen phosphate, 0.75 gil potassium dihydrogen
phosphate, 0.13 gil sodium sulphate, 0.05 gil magnesium sulphate, 0.2 ml LB broth
and 0.05 ml trace element solution. When the cultures reached an absorbance of
0.4-0.6 at 550 nm, the flasks were transferred to a 42°C shaking water bath for 2 h to
induce expression of calmodulin. The cells were then recovered by centrifugation,
washed in 40 mM Tris-HCl, pH 7.5, resuspended in 250 ml of 50 mM Tris-HCl
(pH 7.5), 1mM mercaptoethanol, 1mM EDTA (buffer 1), disrupted by sonication for
6 min, and the solution was clarified by centrifugation at 15 000 g for 15 min.

Calmodulin was purified from the clarified supernatant according to a method
based on that described by Gopalakrishna and Anderson [8]. The soluble E. coli
extract was passed through a phenyl-Sepharose (Pharmacia) column (14 cm x 1.6 cm
1.0.), equilibrated with buffer 1, and the unbound fraction collected and made 5 mM
in CaCho It was then applied to a second phenyl-Sepharose column (14 cm x 1.6 cm
1.0.), equilibrated with buffer 2 (50 mM Tris-HCI, pH 7.5, 1 mM mercaptoethanol,
0.1 mM CaCI2) and the column washed with 15 column volumes of buffer 2, followed
by 3 column volumes of buffer 3 (buffer 2 containing 0.5 M NaCl). The bound
calmodulin was then eluted by washing the column with buffer I. This fraction was
made 50 mM in EDTA to remove calcium and the calcium free protein was then passed
through a G-25 Sephadex (Pharmacia) column (45 cm x 1.6 cm 1.0.), equilibrated
with 100 mM ammonium bicarbonate, to remove EDTA, the calmodulin fractions
were collected, pooled, freeze-dried and stored at - 70°C.

Sodium dodecyl (lauryl) sulphate-polyacrylamide gel electrophoresis (SDS
PAGE) was performed according to the method of Laemmli [9]. N-Terminal
sequencing was determined by sample application to an Applied Biosystems 477
pulsed liquid phase sequencer, with a 120A phenylthiohydantoin analyser for
detection (Applied Biosystems).

Proton NMR spectra were acquired at 37°C and 360 MHz on a Bruker AM360
spectrometer. A 25-mg sample of trypanosomal calmodulin was dissolved in 0.4 ml
2H20 (Aldrich), which was 0.1 M and 0.05 Mwith respect to potassium chloride and
potassium phosphate and adjusted to pH 7.0. 43CaCh was used for the calcium
titration experiments and calmidazolium was the compound chosen to perform the
drug titration experiments. Calmidazolium (R24571) (Roche) was dissolved in
deuterated methanol (Aldrich). One thousand scans were collected at each titration
point and resolution enhancement was achieved using a convolution difference,
procedure (LB = 2.5) followed by exponential multiplication (LB = I).
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Fig. 1. Phenyl-Sepharose chromatography elution profile for trypanosomal calmodulin (second chromato
graphy, see Results and Discussion).

Fig. 2. SDS-PAGE analysis of E. coli extracts and purified trypanosomal calmodulin. From left to right,
lanes 1,3: E. coli extract at point of induction, lanes 2,4: E. coli extract 12 h after induction, lanes 5,6: 12-h
extracts in I roM EDTA (showing altered electrophoretic mobility ofcalmodulin in the absence ofcalcium),
lanes 7-11: purified calmodulin fractions from column.
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RESULTS AND DISCUSSION
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Calmodulin was purified to homogeneity at a yield of 12-13 mg/I culture. The
elution profile is illustrated in Fig. 1. The protein migrated as a single band on
SDS-PAGE (Fig. 2) and N-terminal sequencing revealed a single N terminus. The first
fifteen residues were identified by sequencing and agreed with the published sequence
(single-letter code for amino acids): A-D-Q-L-S-N-E-Q-I-S-E-F-K-E-A.
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Fig. 3. NMR spectra of aromatic (4.5-9.0 ppm) and aliphatic (-1.0-3.0 ppm) regions of trypanosomal
calmodulin. (a) 25 mg of calcium-free calmodulin, (b) 2: I calcium--{;almodulin complex, (c) 4: I
calcium--{;almodulin complex, (d) 1:1 calmidazolium--{;alcium-saturated calmodulin complex.
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The binding of calcium takes place in two distinct phases, corresponding to
binding the two high-affinity, and the two low-affinity sites, respectively. As reported
for bovine calmodulin [10], these two phases are characterized by slow exchange
(discrete signals observed for CaH -free and Ca2 + -bound protein) and fast exchange
(time-averaged single resonances observed for both forms of the protein) on the NMR
time scale, corresponding to successive occupation of the two high-affinity and two
low-affinity sites. As shown in Fig. 3a, band c, the interaction produces major
conformational changes which are reflected in dramatic differences in the proton
NMR spectra at each stage of the titration. Further changes accompany drug binding
(Fig. 3d), corresponding, firstly, to the appearance ofdrug signals in the 6.5 to 7.5 ppm
spectral region, and, secondly, to chemical shift and line-width changes in signals from
the protein. The latter reflect both the effects of the drug on residues close to its binding
site, and long range drug-induced conformational changes. The appearance of the
aromatic region of trypanosomal calmodulin is very similar to that of the bovine
protein, with the exception of the absence of the doublet corresponding to tyrosine,
which may be accounted for by the Y-99-F-99 change in the former. However, spectral
changes induced by the addition ofone equivalent ofcalmidazolium are quite different
from those observed in bovine calmodulin [11], although the compound still binds with
high affinity, reflected in the slow exchange nature of most of the changes.

We are currently analysing the nature of the drug binding site by nuclear
Overhauser effect experiments, assisted by selective and total deuteration of the
protein, to allow drug signals to be observed in isolation, and assigned unambiguously.
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ABSTRACT

Homoserine dehydrogenase (E.C. 1.1.1.3) from a mutant strain of Corynebacterium glutamicum was
purified using the pseudo-specific affinity dye Cibacron Blue F3G-A. The triazine dye was coupled either
directly or via 1,4-diaminobutane to Sepharose 4B. Both the recovery and purification factor were signif
icantly higher when the dye was coupled to the gel matrix via the spacer. Using this configuration, a
recovery of about 62% was obtained with a purification factor of about 95-fold, achieved in a rapid
one-step protocol.

INTRODUCTION

Procedures for the purification ofhomoserine dehydrogenase (E.C. 1.1.1.3) have
been reported for various microorganisms [1-4] but these early procedures suffered
from various limitations in that they were time consuming and consisted of several
tedious steps. More recently, improved purification scheme have been reported for the
E. coli enzyme using Sepharose substituted with alkyl chains of varying length [5].
Also, a Green A-agarose dye affinity column has been used as the final step in
a purification scheme that involved a total of five steps [6].

Our interest in the improvement of Corynebacterium glutamicum strains that
over-produce amino acids of the aspartate family [7,8] led us to undertake the
purification ofthis key regulatory enzyme. We report here a simple one-step procedure
for the purification of homoserine dehydrogenase using the pseudo-specific triazine
dye Cibacron Blue F3G-A. A comparison is made between the purification achieved
when the dye was immobilized to Sepharose 4B directly and that obtained when
immobilized via 1,4-diaminobutane.

EXPERIMENTAL

Reagents
Sepharose 4B was purchased from Pharmacia (Uppsala, Sweden) and Cibacron

Blue F3G-A (Reactive Blue), tresyl chloride, 1,4-diaminobutane and Coomassie

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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Brilliant Blue from Sigma (St. Louis, MO, U.S.A.). All other reagents were of
analytical-reagent grade.

Immobilization of Cibacron Blue F3G-A
In the absence of the spacer arm, coupling was effected by mixing Cibacron Blue

(10 flmol/ml gel) with Sepharose 4B suspended in sodium carbonate, using essentially
the procedure described previously [9]. The reaction was allowed to proceed for 2 h at
80°e. In the second aternative, the spacer arm, 1,4-diaminobutane, was added in
ten-fold excess to tresyl-activated Sepharose 4B [10] and the coupling was run for I hat
room temperature. After extensive washing, the gel was mixed with Cibacron Blue as
described above except that the reaction was allowed to proceed for I h at 40°e.

Extraction of homoserine dehydrogenase .from Corynebacterium glutamicum
The C. glutamicum mutant was grown as described previously [7]. Cells were

harvested in the late log phase by centrifugation. The cell pellet was suspended in 100
mM potassium phosphate buffer (pH 7.0)-100 mM KCl-I mM dithiothreitol
(DTT)-I mM EDTA at 4°e. This cell suspension [4% w/v (wet weight)] was disrupted
by ultrasonic homogenization (200 W for 4 min). The homogenate was centrifuged
(10000 g for 20 min) and the resultant supernatant filtered (0.22-flm filter; Millipore).
The cell-free extract (1 ml) was diluted (1:1) with 100 mM Tris-HCI (pH 7.0)
containing 100mMKCI, 0.5mMDTT,0.1 mMEDTAand 5mM cysteine and applied
immediately to a column (30 x I cm J.D.) packed with Sepharose 4B-Cibacron Blue
previously equilibrated with the same buffer and washed at a flow-rate of20 ml/h until
the absorbance at 280 nm was less than 0.03. Homoserine dehydrogenase was eluted
from the column with three column volumes of 2 mM nicotinamide-adenine
dinucleotide phosphate, oxidized (NADP) in the same buffer system.

Homoserine dehydrogenase activity [II] and protein concentrations [12] were
determined using published procedures.

RESULTS AND DISCUSSION

Homoserine dehydrogenase was eluted from the pseudo-affinity column by
forming a stable ternary complex [13] with NADP and the competitive inhibitor
cysteine [6]. Homoserine dehydrogenase activity was detected in a single essentially
symmetrical peak. No homoserine dehydrogenase activity was detected in the large
peak containing unbound protein that appeared in the void volume (results not
shown).

The results presented in Table I show that the use of Cibacron Blue coupled to
Sepharose 4B via the spacer arm gave a significantly higher recovery than when the dye
was coupled directly to the gel matrix. In the latter instance the total enzyme activity
was about 62%, suggesting incomplete elution. However, neither increasing the
NADP concentration lO-fold nor eluting with up to five column volumes resulted in
increased recovery. Despite some loss of activity, the yield nevertheless compares
favourably with the 24% yield obtained by other workers [6] who used Green
A-agarose as the final stage in a multi-step purification scheme.

When Cibacron blue was coupled to the gel via the spacer arm, a 95-fold
purification of homoserine dehydrogenase was obtained in. a single step. This
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TABLE I

PURIFICATION OF HOMOSERINE DEHYDROGENASE FROM CORYNEBACTERIUM GLU
TAMICUM

Parameter Crude extract Cibacron Blue-Sepharose 4B

Without spacer With spacer

Total protein (mg) 8133 75 53
Total activity (U) 244 93 151
Specific activity

(U/mg protein) 0.03 1.24 2.85
Recovery (%) 100 38.1 61.9
Purification (-fold) I 41 95

purification factor is about double than that obtained in the absence ofthe spacer arm.
In order to exclude the possibility that the higher yield observed may have

resulted from higher dye loading on the dye-spacer-Sepharose matrix, the absorb
ances at 600 nm of the two matrices were determined after gentle heating. As no
significant difference was observed between the two matrices, it appears that the total
dye load was the same in both instances (Fig. I).

The higher yield observed in the presence of the spacer suggests that, as has been
reported previously for various enzymes such as alcohol dehydrogenase [9], a spacer
arm that renders the ligand more flexible is necessary for correct spatial orientation to",
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Fig. I. Dye pseudo-affinity purification of homoserine dehydrogenase. An extract of C. g/utamicum (244
units of enzyme) was applied to a column of Cibacron Blue F3G-A immobilized onto Sepharose 4B via
1,4-diaminobutane. The homoserine dehydrogenase was eluted with 2 mMNADP (as indicated by arrow) in
100 mM Tris-HCI (pH 7.0) containing 100 mM KCI, 0.5 mM DTT, 0.1 mM EDTA and 5 mM cysteine.
Fractions (2 ml) were collected and enzyme activity was assayed as described under Experimental.
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homoserine dehydrogenase, whereas in the absence of the spacer steric factors hinder
access to the ligand.

Work is in progress to optimize the purification by avoiding problems associated
with the use ofunpurified dyes [14], studying the effect ofusing longer spacer arms such
as diaminohexane and studying the many other factors that affect purification
efficacy.
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ABSTRACT

The purification of DNA polymerases (RNA-directed DNA polymerases and DNA-directed DNA
polymerases) on poly(U)~Sepharose 4B from a breast tumour cell line (TA7D) is reported. The elution of
these enzymes was followed in each fraction by activity measurements with the four primer-tem
plates poly(rA)~oligo(dT)[2_[S' poly(dA) oligo(dT)12_[S' poly(rC)-oligo(dG)[ 2-[ 8 and poly(rCm)-oligo
(dG)12_[8' The control of the polymerase purification by chromatography was performed by sodium
dodecyl sulphate-polyacrylamide gel electrophoresis of the pooled active enzymatic fractions.

INTRODUCTION

DNA polymerase (RNA-directed DNA and DNA-directed DNA polymerase)
activities have been detected in Rous sarcoma [I] and in different human neoplasias,
such as leukaemias [2-4] and breast tumours [5].

The DNA polymerases have been purified using glycerol gradient centrifugation
[6], a combination of sucrose gradient and ion-exchange column chromatography [7]
or extraction of retroviruses with a detergent followed by an oligo(dT)12_18-eellulose
column and non-dissociating gel electrophoresis [8]. These procedures are cumber
some and their yields are often poor. This paper demonstrates that highly pure DNA
polymerase can be readily prepared by a single chromatographic step on a polyuridylic
acid [poly(U)]-Sepharose 4B column.

EXPERIMENTAL

Chemical and reagents
Poly(riboadenylic acid)-oligo(deoxythymidylic acid) 12-18 [poly(rA)-oligo

(dT) 12-18], poly(deoxyadenylic acid)~oligo(deoxythymidylic acid) 12-18 [poly(dA)
0Iigo(dTL2_18], poly(ribocytidylic acid)-oligo(deoxyguanylic acid)12_18 [poly(rC)
0Iigo(dG)12_18], poly(2'-O-methylribocytidylic acid)-oligo(deoxyguanylic acid)12_18-

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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[poly(rCm)-0Iigo(dG)12_1S] and poly(uridylic acid) [poly(U)]-Sepharose 4B were
purchased from Pharmacia (Uppsala, Sweden). Nonidet P 40 (NP 40) and trichloro
acetic acid (TCA) were purchased from Sigma (St. Louis, MO, U.S.A.). Deoxy[3H]
methylthymidine 5'-triphosphate ([3H]-dTTP) and deoxy[8-3H]guanosine 5'-tri
phosphateWH]-dGTP) were purchased from Amersham International (Amersham,
U.K.). Filters were obtained from Millipore (Bedford, MA, U.S.A.) and T75 flasks
from Corning (Corning, NY, U.S.A.). RPMI 1640 medium was purchased from Gibco
Europe (Renfrewshire, U.K.). Foetal calf serum (FCS) and phosphate-buffered saline
(PBS) were obtained from Boehringer (Mannheim, Germany).

Cell culture and harvesting
T-47D cell line originated from a pleural effusion of a patient with intraductal

and invasive breast carcinoma [9]. Cells were grown in closed plastic T75 flasks in
growth medium composed of RPMI 1640 buffered with sodium hydrogencarbonate (2
gil) supplemented with 2 mM glutamine, gentamycin (20 .ug/ml) and 10% heat
inactived FCS. Cells were grown in a humidified incubator with 5% carbon dioxide at
37°C. Cultures were re-fed every 2~3 days. Culturing (after growth for I week)
involved trypsin digestion (7.5 mg/ml PBS per flask), to obtain monocellular
suspensions, followed by the plating of 3 x 106 cells per flask. Cultures were confluent
after 5-6 days (ca. 107 cells per flask). Ten flasks were used.

Preparation of NP 40 extract
The growth medium was removed from each flask and cells were washed in the

flask with PBS. Protein solubilization was performed with 3 ml of 0.5% NP 40 in TBS
[150 mM NaCl-50 mM Tris-0.02% NaN3 (pH 7.0)] for 15 min at 4°C. The insoluble
material was removed by centrifugation at 30000 g for 30 min. The collected extract
was used immediately.

Affinity chromatography on poly (U)-Sepharose 4B
The NP 40 extract was poured onto a poly(U)-Sepharose 4B column (10 x 0.9

cm J.D.), previously equilibrated with 2-3 volumes of buffer A [50 mM Tris-HCl (pH
7.5)-0.1 M EDTA-3 mM dithiothreitol-0.02% (v/v) NP 40-10% (v/v) glycerol]. NP
40 extract precycling was performed for DNA-polymerase adsorption on the affinity
gel. The enzyme was eluted with a linear gradient from 0 to 0.8 M KCl in buffer A at 10
ml/h. Fractions (1.5 ml) were collected with an automatic fraction collector and
aliquots (100 .ul) were taken and assayed for DNA polymerase activity [10].

Sodium dodecyl sulphate~polyacrylamidegel electrophoresis (SDS-PAGE)
Control of the purification of the DNA polymerases was performed by

SDS-PAGE after their elution on poly(U)-Sepharose. Fractions exhibiting an
enzymatic activity were pooled, then concentrated by ultrafiltration (Millipore CX 10
immersible ultrafilters, cut-off 10 000 dalton) to a final volume of 500 .ul.

A sample of 50 .ul was denatured by heating for 2 min at 100°C with addition of
50 .ul SDS gel sample buffer [60 mM Tris-HCl (pH 6.8)-11.2% glycerol-3%
SDS-O.Ol % bromophenol blue-5% p-mercaptoethanol]. The sample was then
analysed on a 12.5% SDS-polyacrylamide gel together with molecular mass standards
(phosphorylase b, M r 94 000; bovine serum albumin, M r 67 000; ovalbumin, M r 43 000;
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carbonic anhydrase, M r 30000; soybean trypsin inhibitor, M r 20 100; :x-lactalbumin,
M r 14400; Pharmacia). Electrophoresis was performed at 20 mA for 3 h. The gel was
then fixed in 20% TCA (0.5 h), stained with 0.04% (w/v) Serva Blue W (Serva,
Heidelberg, Germany) in water (0.5 h), destained with water (I h) and 20% glycerol (12
h) and dried on a slab dryer (Protean II; Bio-Rad Labs.) under vacuum.

Assays for DNA-polymerase activity
Before assay with the primer templates poly(rA)-oligo(dT)12_18 and poly

(dA)-oligo(dTh2_18' samples were dialysed for 5 h against buffer B [40 mM Tris-HCI
(pH 7.8)-60 mM KCI-2.2 mM dithiothreitol-IO mM MgCI 2-O.1 % Triton X-IOO].
Before assay with the primer-templates poly(rCm)-oligo(dG)12_18 and poly(rC)
oligo(dGh2_18, samples were dialysed in buffer C, which was buffer B with 0.8 mM
MnCI2 in place of 10 mM MgCI 2 [II]. The assay was run to a final volume of 130,u1
containing 8 ,uCi of [3H]-dTTP (specific activity 2.07 TBq/mmol) and 1.6 lig of
poly(rA)-oligo(dTb_l8 or poly(dA)-oligo(dT) 12-18, or 8 ,uCi ofeH]-dGTP (specific
activity 518 GBq/mmol) with 1.6 ,ug of poly(rCm)-oligo(dG)12_18 or poly(rC)
oligo(dG)12_18' Aliquots of the solubilized proteins (100 ItI) and buffer B or C (14 ,ul)
were then added. Controls were performed in the same reaction medium without
a primer-template. Each assay was performed in triplicate. The reaction was
conducted for 30 min at 37°C and stopped by precipitation of the polymerized material
with a mixture of 5% TCA, 0.05 M sodium pyrophosphate and 0.5 M HCI (4 ml).
Precipitates were collected by filtration on 0.22-,um filters, washed, dried and their
radioactivity measured in a liquid scintillation counter (Packard Tri-Carb 4530) after
dissolution in Ready Solv MP (Beckman) scintillation medium.

RESULTS AND DISCUSSION

We have demonstrated the purification of DNA polymerases (RNA-directed
DNA polymerase and DNA-directed DNA polymerase) on poly(U)-Sepharose 4B
(gives a high yield of purified enzyme) in comparison with more conventional methods,
such as sucrose gradient centrifugation followed by phosphocellulose [8] or oligo
(dTh2_18---eellulose [12] columns, which are time consuming (and give a limited
amount of purified enzyme).

The cellular DNA polymerases can be obtained with poly(U)-Sepharose 4B
from different cell sources such as cell lines, surgical biopsies or peripheral blood. The
method allows the identification of the DNA polymerases in the eluted fractions using
a synthetic primer-template. Ross et al. [13] have demonstrated that poly(rA)-oligo
(dT)12_18 was copied by DNA polymerases. Later, it was demonstrated that
poly(dA)-oligo(dT)12_18 was copied by DNA-DNA polymerases and RNA-DNA
polymerases [14]. Other workers have demonstrated that RNA-DNA polymerase
activity was more specific with poly(rC)-oligo(dG)12_18 than with poly(rA)
oligo(dT)12_18 [15]. Gerard et al. [7] have demonstrated that poly(rCm)-oligo
(dGh2-18 was highly specific for RNA-DNA polymerases.

In this work, we determined in each fraction the DNA polymerase activities
from T-47D cells after chromatography of the extract on poly(U)-Sepharose 4B, with
the four primer-templates poly(rA)-oligo(dTh2_18' poly(dA)-oligo(dT)12_18' poly
(rC)-oligo(dG)12-18 and poly(rCm)-oligo(dG)12_18' in order to establish an activity
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spectrum allowing enzyme characterization. The reactions were conducted as follows.
After incubation of the 3H-labelled nucleotide with primer-template complex, the
high-molecular-mass polydeoxyribonucleotides obtained, insoluble in 5% TCA, were
separated from the TCA-soluble labelled starting materials by filtration. The
incorporated radioactivity was determined by dissolution in a scintillation liquid and
counting.

The results for the primer-templates poly(rA)-0Iigo(dT)12_1s and poly(dA)
0Iigo(dT)12_1s are plotted in Fig. I. Each value corresponds to the arithmetic mean of
the three different assays for each eluted fraction. Significant incorporation of
eH]-dTTP into poly(dA)-0Iigo(dTL2_1s, corresponding to a DNA-DNA polymerase
activity, was measured. Fractions 8-19 were concentrated and submitted to SDS
PAGE as described above. Between fractions 10 and 15 was measured a low
incorporation of [3H]-dTTP into poly(rA)-0Iigo(dT)12_1s, corresponding to a low
specificity of DNA-DNA polymerase against this primer-template, which confirms
the findings of Ross et al. [13]. Conversely, no incorporation of eH]-dGTP with the
primer-templates poly(rC)-oligo(dGL2_1S and poly(rCm)-oligo(dG)12_1s, which
usually corresponds to an RNA- directed DNA polymerase activity, was measured.
This result shows the absence of RNA-DNA polymerase in the solubilized proteins
from non-stimulated T-47D cells. This enzyme, characteristic of the retroviruses and
retrovirus-like particles, was not found because the cells were not stimulated by
17f1-estradiol and progesterone, which are necessary for the activation of the retrovirus
life cycle [9].

Fig. 1. Elution pallern on poly(U)-Sepharose 4B of DNA polymerases oblained from T-47D lumour cells.
Flow-rate, 10 ml/h with a linear gradient ofKCI from 0 to 0.8 M in buffer A. Aliquots (1 00 Ill) ofeach 1.5-ml
fracti6n were assayed for incorporation of [3H]-dTTP into (.) po]y(dA)-oligo(dT)12_1S and (0)
poly(rA)-oligo(dT)12_1 S'
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Fig. 2. SDS-PAGE ofDNA polymerases after purification on poly(U}-Sepharose 4B (A). Molecular mass
standards were phosphorylase b (M, 94000), bovine serum albumin (M, 67000), ovalbumin (M, 43000),
carbonic anhydrase (M, 30000), soybean trypsin inhibitor (M, 20100), lX-lactalbumin (M, 14400) (B).
Staining was performed with Serva Blue W. KDa = Kilodalton.

The purification yield on poly(U)-Sepharose of DNA polymerases from 108

cells as starting material was about 54% when the incorporation of radioactivity was
measured with the primer-template poly(rA)-oligo(dT)lz_18 and about 67% when the
incorporation of radioactivity was measured with poly(dA)-oligo(dThz_18' More
over, the degree of purity of DNA polymerases after purification on poly(U)-Sepha
rose was demonstrated after SDS-PAGE of pooled active enzymatic fractions. One
major band was obtained at 70000 dalton, and less intense bands between 70000 and
50000 dalton (Fig. 2). These results are in agreement with the findings of Hesselwood
et at. [16] on calf thymus ct-DNA polymerase and De Recondo et at. [17] on rat liver.
Similar results were obtained by Grurnmt et al. [18], who demonstrated that calf
thymus ct-DNA polymerase was constituted of an association of seven polypeptide
chains between 64000 and 52000 dalton.

In conclusion, poly(U)-Sepharose 4B chromatography enables DNA poly-
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merases (RNA- and DNA-directed DNA polymerases) to be isolated from cell
extracts with a good yield and high purity. Their enzymatic activities can be
determined in the eluted fractions by measuring the incorporation of [3H]nucleotides
in their corresponding primer-templates. In this way, DNA polymerases can be
obtained from cells and from retroviruses secreted in the culture medium.
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ABSTRACT

NAD glycohydrolase from Neurospora crassa conidia was purified by affinity chromatography on a
column of polyclonal antibodies bound to an agarose matrix. The procedure was easy, non-denaturating
and suitable for repetitive use of the gel. The enzyme obtained appeared homogeneous by sodiumdodecyl
sulphate-polyacrylamide gel electrophoresis.

INTRODUCTION

NAD glycohydrolase (NADase, E.C. 3.2.2.5) from Neurospora crassa conidia is
a hydrolytic enzyme which uses NAD+ as a substrate, catalysing the reaction

NADase
NAD+ + H 20 ) nicotinamide + ADPR + H+ (1)

NADase is a glycoprotein of 33000 dalton and was purified by affinity
chromatography [I] using a competitive inhibitor, 4-methyl-NAD, bound to a Se
pharose-4B gel through a hydrophilic spacer arm. The enzyme possesses hydrophobic
characteristics which were used for its immobilization onto propyl-Sepharose [2] and
for the isolation of the protein by hydrophobic chromatography [3]. However, both
purification methods used show some disadvantages:

(a) 4-methyl-NAD is not a commercial nucleotide and its preparation is a long
and cumbersome process;

(b) the crude extract of conidia contains pyrophosphatases and nucleotidases
which hydrolyse the ligand and shorten the life of the affinity column;

(c) hydrophobic chromatography can be performed only under weU established
conditions, i.e., with a propylic residue as a ligand and a gel capacity in the range
0.09-0.17 mmol/g; and

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B.Y.
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(d) the elution of the protein from propyl-Sepharose gels can be accomplished
only under the conditions that lead to a high percentage of denaturation (6 M urea or
I M n-propylamine).

For these reasons, we prepared a new column with a polyclonal antibody to
NADase bound to an agarose gel and in this paper we report the results obtained for
the purification of the enzyme.

EXPERIMENTAL

NAD+ was purchased from Boehringer (Mannheim, Germany) and adenosine
diphosphoribose (ADPR) from Sigma (St. Louis, MO, U.S.A.). Acrylamide, N,N-bis
acrylamide and sodium dodecyl sulphate ofelectrophoresis grade and Affi-Gel 10 were
obtained from Bio-Rad Labs. (Richmond, CA, U.S.A.). All other reagents were of
analytical-reagent or high-performance liquid chromatographic (HPLC) grade. A
crude extract ofNADase was obtained by washing the Neurospora crassa conidia with
water and centrifuging the suspension at 5000 g for 15 min at 2°e.

NADase was previously purified by affinity chromatography [I] in order to
obtain polyclonal antibodies.

NAD glycohydrolase activity was assayed by HPLC [4] when the enzyme was in
phosphate buffer, or by titrating the hydrogen ions produced in the reaction with
5 mM sodium hydroxide through a pH-Stat apparatus (Radiometer) when a dialysed
solution was used.

HPLC was carried out on a CIS Resolve column (Waters Assoc., Milford, MA,
U.SA.) (150 x 4.5 mm J.D.; 5 J1.m average particle size) with a Corasil precolumn (35
x 3.9 mm 1.0.), eluted with 4% (v/v) methanol in 0.1 M phosphate buffer (pH 6.2)
using a Waters Assoc. apparatus. The instrument consisted of a Model 590 pump
equipped with a Model U6K universal injector, a Lambda-Max Model 480 UV
detector and a Model 730 data module. The chromatographic assay was accomplished
at a flow-rate of2.0 ml/min and the eluent was monitored by UV absorption at 254 nm
(0.05 a.u.f.s.).

One NAD glycohydrolase unit is defined as the amount of enzyme which
catalyses the hydrolysis of I J1.mol of NAD+ per minute at 37°C and pH 7.0.

Preparation of the polyclonal antibodies of NADase
Antisera were obtained in rabbits by a series of4-weekly injections ofNADase,

previously purified by affinity chromatography, emulsified with complete Freund's
adjuvant and bleeding I week after the last injection. Antibodies against NADase from
Neurospora crassa conidia were purified according to the rivanol method [5], and
linked to alkaline phosphatase by means of glutaraldehyde [6] in order to assay their
specificity. For extended storage the derivatives were kept frozen in working aliquots
and each sample was assayed by enzyme-linked immunosorbent assay (ELISA) using
p-nitrophenyl phosphate as substrate. The working dilution of each stock solution of
enzyme-antibody conjugate in the ELISA assay was 1:100 and the reaction lasted 30
min.

ELISA assay
Each well of a polystyrene plate was filled with 200 J1.l of antibody solution [I
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J.Lg/ml in phosphate buffer (pH 7.5)] and allowed to stand at 4°C for 18 h. After washing
three times with phosphate buffer (pH 7.5) containing 0.9% NaCI [phosphate
buffered saline (PBS)] and 0.05% (v/v) Tween-20, 200 J.LI ofNADase (1 J.Lg/ml) in PBS
was added to each well and the plate incubated for I h at 37°C. The wells were then
washed three times with PBS-Tween-20 and 200 J.LI (5 J.Lg/ml) of antibody, linked to
alkaline phosphatase by means ofglutaraldehyde, were added to some of the wells. The
wells containing no antigen were filled with conjugate as a control and the plate was
incubated for I h at 37°C. After addition of 200 J.LI of p-nitrophenyl phosphate (I
mg/ml) in 10% diethanolamine (pH 9.8), containing I mM MgClz, the plate was
incubated at 3rC for 30 min. For each determination, triplicate wells were pooled and
the absorbance at 405 nm was measured.

Immobilization of antibodies onto Affi~Gei 10
A 7.5-ml aliquot of the N-hydroxysuccinimide ester of derivatized cross-linked

agarose gel beads (Affi-Gel 10) was washed with 23 ml of isopropanol and 23 ml of
chilled water, according to the procedure ofIkura et al. [7]. To the gel was added I ml of
0.1 M phosphate buffer (pH 8.0), containing 48 mg of antibodies; after reaction for
4 h with gentle shaking at 4°C, the gel was washed with 23 ml of0.1 M phosphate buffer
(pH 8) and 1 ml of0.1 M lysine (pH 8.0) was added. After I h at room temperature with
shaking, the gel was washed with 10 mM Tris-HCI buffer (pH 7.5) containing 0.15
M NaCI, 0.1 mM dithiothreitol and 1 mM EDTA.

Chromatography of NADase on the polyclonal antibody-Affi-GeI10 column
Five small columns were filled with 1.5 ml of polyclonal antibody conjugated

with Affi-GeIIO, and each column was loaded with 3 ml of the extract of Neurospora
crassa conidia in water (4 mg/ml) according to the following procedure: 1 ml ofextract
was adsorbed into each gel at a flow-rate of 0.5 ml/min and allowed to rest in the
column for 10 min, then the gels were washed with a second portion of 1 ml of extract
and after 10 min replaced with the remaining enzyme solution. The eluate from each
gel was applied again to the column according to the same procedure.

The gels were then washed with 7 ml of 0.1 M phosphate buffer and eluted with
the following solutions:

1st gel: 9 ml of 0.1 M citrate buffer (pH 2.2) containing 1 M NaCI;
2nd gel: 9 ml of 0.1 M phosphate buffer containing 0.5% ,Triton X-100;
3rd gel: 9 ml of 10% dioxane in water (pH 7.0);
4th gel: 9 ml of 10% dioxane in 20 mM HCl (pH 2.5);
5th gel: 9 ml of 50% ethylene glycol in 20 mM HCI (pH 2.5).
The entire process was carried out at 4°C.
Sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) was

performed according to the procedure of Weber and Osborn [8] after concentration of
the eluate from the immunoadsorbent gel by means of Centricon (Amicon, Danvers,
MA, U.S.A.).

RESULTS AND DISCUSSION

Polyclonal antibodies obtained from active and denatured NADase cross
reacted with both types of enzyme and were mixed before their immobilization onto
Affi-Gel lOin order to recognize all the forms of the enzyme.
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TABLE I

EFFECT OF VARIOUS SOLUTIONS ON THE CATALYTIC ACTIVITY OF NAD GLYCO
HYDROLASE AFTER STORAGE FOR I h AT 4°C AND 25°C

The samples in citrate and in Triton X-IOQ-phosphate buffer were assayed by HPLC and the other samples
were tested by automatic titration.

Solution

Water
Citrate-NaCI (pH 2.2)
Triton-phosphate (pH 7.0)
Ethylene glycol (pH 2.2)
10% dioxane in water
10% dioxane (pH 2.2)

Activity
after storage
at 4°C

3.25 (100%)
2.0 (61%)
3.9 (120%)
3.45 (106%)
3.1 (95%)
2.6 (80%)

Activity
after storage
at 25°C

2.5 (100%)
2.75 (110%)
2.7 (108%)
2.45 (98%)
2.25 (90%)
1.85 (74%)

The total amount of polyclonal antibody obtained was 62.5 mg, as calculated
spectrophotometrically by the extinction coefficient 1.4 for 1mg proteinJml at 280 nm,
whereas the amount of antibody bound to Affi-Gel 10 was 5.9 mgJml of gel (92%
yield).

The eluents for the immunoaffinity column were chosen from recommendations
in the literature [9-11]. However, before the chromatography of the enzyme, the
solutions chosen were tested in order to assess their effect on the NADase activity, after
exposure for 1 h at 4 and 25°C. The behaviours of the five solutions described above
at both temperatures tested were similar, whereas at alkaline pH (pH 10.5) (data
not shown here) the enzyme was completely inactivated. The results are reported in
Table I.

After elution ofthe gels with the solutions described above, NADase activity was
assayed in the eluates and in the gels. Table II shows the recovery of the activity for
a typical experiment.

The data in Table II show that no enzyme activity was found in the 0.1
M citrate-I M NaCI eluate and virtually all NADase remained immobilized in the gel.

TABLE II

NADase ACTIVITY IN THE GELS DETERMINED BY AUTOMATIC TITRATION AFTER
EXHAUSTIVE WASHING WITH DOUBLY DISTILLED WATER

The enzyme in the column washing and in the eluate was assayed by HPLC and then checked with the
pH-Stat method after dialysis against water.

Eluent

Citrate-NaCI (pH 2.2)
Triton-phosphate (pH 7.0)
Ethylene glycol (pH 2.2)
10% dioxane in water
10% dioxane (pH 2.2)

Activity Activity Activity
in the gel in the in the
(units) washings eluate

6.62 0.3 0.0
0.28 3.1 2.8
1.93 3.5 0.75
2.33 3.75 0.1
2.59 3.82 0.05
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TABLE III

NADase ACTIVITY DETERMINED BY AUTOMATIC TITRATION AFTER DIALYSIS OF THE
SAMPLES AGAINST WATER

Run NADase NADase
No. activity in activity in

the washings (%) the eluate (%)

1 51 45
2 54 47
3 40 51
4 54 48
5 34 66
6 55 40
7 51 45
8 50 44

80S-PAGE
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B

Fig. 1. (A) SDS-PAGE of the eluate with Triton X-I~phosphatebuffer (pH 7.0). (B) Mobility ofNADase
(3) compared with (1) bovine serum albumin (M, 66 2(0), (2) ovalbumin (M, 45 000), (4) carbonic anhydrase
(M, 31000), (5) soybean trypsin inhibitor (M, 21000) and (6) lysozyme (M, 14500).
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Most of the NADase activity was similarly found in the gels eluted with 10% dioxane
both in water and in 20 mM HCI and with ethylene glycol in 20 mM HCI, whereas their
eluates contained only traces of activity. In contrast, the gel eluted with 0.5% Triton
X-IOO in 0.1 M phosphate buffer (pH 7.0) showed a minimum of NADase activity
adsorbed, and most of the enzyme was found in the eluate and in the washings with 0.1
M phosphate buffer (pH 7.0).

The last column was repeatedly used for a total of eight runs and the results
obtained were similar in each instance, as shown in Table III.

The purity of the samples eluted by Triton X-I Oo-phosphate buffer was assessed
by SDS-PAGE and by the spectrum of the eluate in the ultraviolet region.

SDS-PAGE showed only one band, corresponding to a protein of about 33000
dalton (Fig. I), as determined by comparison with standard proteins.

The UV spectrum showed the characteristic maximum of NADase at 234 nm
[12], with a ratio A234/A280 of 5.1, while the enzyme purified by affinity chromato
graphy had a ratio of 5.6. The difference may be due to the presence ofTriton X-I 00 in
the eluate.

CONCLUSIONS

The purification method for NADase reported here seems to have some
advantages over previous procedures. First, the immunoadsorbent can be used many
times without a loss of efficiency, as showed in Table III. Moreover, a unique
extraction with water ofNeurospora crassa conidia is sufficient for loading the column,
whereas affinity chromatography on 4-methyl-NAD-Sepharose needs at least two
kinds of extraction (water and 0.17 M KCI) in order to prolong the life of the column
[I]. The entire procedure causes no denaturation, in contrast to elution from the
hydrophobic gel [3], because it is done under milder conditions. The capacity of the
immunoadsorbent gel is not very high, as shown by the ratio of enzyme held by the
column to enzyme washed with buffer, when only a few units were loaded onto 1.5 ml
of gel (see Table II). On the other hand, the possibility of reusing the gel many times
makes it suitable to the purification of larger amounts ofNADase. The enzyme eluted
with Triton X-IOO in phosphate buffer (pH 7.5) is apparently homogeneous by
SDS-PAGE and seems to be analogous to that purified by affinity chromatography.
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ABSTRACT

The interaction between TdT and Topo I, and twelve various triazine dyes immobilized on Sepharose
CL-6B was studied. Yellow lightproof 2KT-Sepharose and Bordeaux 4ST-Scpharose were used to purify
TdT and Topo I, respectively. The principal role of copper ions, complexed to the dye molecules, in the
dye-protein interaction was evaluated.

INTRODUCTION

Terminal deoxynucleotidyl transferase (TdT) and DNA topoisomerase I
(Topo I) from calf thymus gland are widely used in molecular biology, TdT is a unique
DNA polymerase requiring no template and catalysing the addition of deoxy
nucleoside triphosphates at the 3'-end of poly- or oligodeoxynucleotide initiator and
releasing inorganic pyrophosphate. This enzyme is generally used in genetic engi
neering for elongation of the DNA chains and for 3'-end labelling [1,2]. Topo I
catalyses the relaxation of duplex DNA, knotting of single-stranded rings and
intertwining of complementary single-stranded rings, and forms catenanes between
one nicked and one closed circular duplex. This enzyme is employed in structural
studies of DNA and in modelling of genetic processes [3].

In order to develop an efficient routine method for the purification of these
proteins, a variety of adsorbents should be available. As the use of immobilized
triazine dyes for this purpose has not previously been reported, we studied the
interaction between these enzymes and adsorbents based on twelve triazine dyes, and
two of them proved to be suitable for use in purifcation,

EXPERIMENTAL

Materials
All immobilized triazine dyes were kindly provided by the Laboratory of

Adsorbent Synthesis and pBR 322 DNA by the Laboratory of Genetic Engineering of

0021-9673/91/$03.50 © 1991 Elsevier Science Publishers B. V.
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this Institute. Tris and EDTA were purchased from Serva (Heidelberg, Germany) and
all other reagents from Merck (Darmstadt, Germany).

Preparation of initial extracts
A 500-g sample of thymus glands freed from debris and clotted blood were

minced with a meat grinder and homogenized with an equal volume of 100 mM
Tris-HCl (pH 6.8)-0.3 M KCI-2.5 mM K 3-EDTA-50 mM NazSOrl mM
PMSF-lO% (vjv) ethylene glycol-14 mM 2-mercaptoethanol-IO mM KF-IO mM
NAD five times for 30 s each in a Waring-type blender. After centrifugation at 30 000 g
for 1 h, the supernatant was diluted with 50 mM Tris-HCI (pH 6.8)~2 mM
K r EDTA--I4 mM 2-mercaptoethanol-l0% ethylene glycol to a volume of 1.4 I, and
the 35-70% ammonium sulphate fraction precipitate was dissolved in 40 mM
Tris-HCl (pH 8.0)-1.6 mM K r EDTA-I4 mM 2-mercaptoethanol-lO% ethylene
glycol. This extract, dialysed overnight against the same buffer but containing glycerol
instead of ethylene glycol, was applied to a Servacel DEAE-52 column (30 x 5 cm
LD.), and the flow-through fractions were collected. Further fractionation was done
on a Bio-Rex 70 column (30 x 2.6 cm LD.) in the same buffer. The column was
developed with a 500-ml KCl gradient from 0 to 1M. TdT activity eluted at 0.1-0.15 M
KCl and Topo I at 0.18-0.22 MKCI. These preparations were used for further studies.

Screening procedure
A 0.I5-ml aliquot of an appropriate adsorbent, equilibrated with 20 mM

Tris-HCl (pH 8.0)-10 mM MgClz-O.I mM KrEDTA-IO mM 2-mercaptoethanol
10% glycerol, and 0.5 ml ofenzyme preparation dialysed against the same buffer, were
thoroughly mixed in Eppendorftubes. After incubation for 30 min in an ice-bath, the
suspension was centrifuged for 30 s at 15 000 g and supernatants were collected for
further analysis.

Enzyme assays
TdT activity was assayed according to Coleman [4] and Topo I as indicated by

Ferro et al. [5].

Protein assay
A Bio-Rad Labs. protein assay kit was used to determine protein concentrations.

RESULTS

The supernatants after screening were subjected to analysis, and both protein
concentration and enzyme activity were determined. The results are summarized in
Table 1. Two adsorbents were selected for further studies: Yellow Lightproof
2KT-Sepharose CL-6B and Bordeaux 4ST-Sepharose CL-6B (Fig. 1).

After optimization of the chromatographic conditions, the following parameters
were obtained: Topo I, elution at 0.12-0.21 M KCl, purification Il.2-fold, yield 67%,
specific activity (3-4) x 105 Ujmg (Fig. 2); TdT, elution at 0.22-0.55 M, purification
1O.5-fold, yield 80%, specific activity (5-7) x 104 Ujmg (Fig. 3).

It should be noted that complexed Cuz+ ions are present in the molecules ofboth
dyes thus selected, and that these ions pl<lv <l crucial role in the affinity interaction. As
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TABLE I

DATA ON DYE-ENZYME INTERACTIONS

527

Triazine dye immobilized on TdT
Sepharose CL-6B

AU Bb

Tapa I

AU Bb

Red-Brown 2K
Scarlet 6S
Pharmacia Red
Pharmacia Blue
Orange 5K
Yellow Bright 5Z
Bordeaux 4ST
Scarlet 2Z
Golden 2KX
Active Orange KX
Scarlet 4ZT
Yellow Lightproof 2KT

94.0 +
68.2 +
79.8 +
83.9 +
77.5 +
81.6 +
94.1 +
74.7 +
20.2
48.2
19.7
24.6 +

56.2 +
42.5 +
43.8 +
32.5 +
62.4 +
34.7 +
15.4 +
28.5
34.7
42.3 +
51.2
19.5

U Fraction of protein bound (%).
b + = Target enzyme bound; - = target enzyme not bound.
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Sepharose CL-6B
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(2)

Sepharose CL-6B

Fig. 1. Essential part of the chelating ring structure: (1) Yellow Lightproof 2KT; (2) Bordeaux 4ST.
RI-R4 = reactive groups.
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Fig. 2. Purification of Topo I on Bordeaux 4ST-Sepharose CL-6B. The 45-ml column was equilibrated with
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Fig. 3. Purification of TdT on Yellow Lightproof 2KT-Sepharose CL-6B. The 60-ml column was
equilibrated with 20 mM Tris-HCl (pH 7.0)-2 mM MgC12-2 mM ZnC1 2-o.5 mM EDTA-14 mM
2-mercaptoethanol-lO% (v/v) glycerol. KCl gradient from 0 to 1.2 M. Flow-rate, 20 ml/h.
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TdT enzyme is sensitive to copper ions, we were forced to replace this ligand by zinc,
and a Zn Z + jMgZ + jEDTA ratio of 2:2: 1 in the chromatographic buffer was found to be
satisfactory, because in the absence of the transition metals we observed no
interaction. The complete replacement ofcopper with zinc in the dye was accomplished
by extensive washing of the adsorbent with several volumes of 100 mMEDTA (pH 5),
deionized water and finally 15 mM ZnClz,

In contrast, Topo I is stable in the presence ofcopper complexed in the Bordeaux
4ST molecule. However, this enzyme showed only partial binding, but the addition of
10 mM MgClz solved this problem. When the copper ions had been washed out with
EDTA, the interaction, in contrast to that with TdT, was so strong that we were unable
to elute the active enzyme under any conditions.

These results clearly demonstrate the pseudo-affinity nature of the interaction in
both instances, i.e., the interaction in the vicinity of active centre, and undoubtedly
further studies are required to verify this conclusion,
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ABSTRACT

A method for the purification of plasminogen using immobilized L-Iysine on a membrane, the whole
system being constructed in a radial flow cartridge, is described. Human plasma was applied to the car
tridge at 20 ml/min. The results showed that under the chromatographic conditions chosen, in a single pass,
> 85% recovery of plasminogen was attained with a IIO-fold increase in specific activity.

INTRODUCTION

With the recent advances in biotechnology, there is a large demand for
purification methods that can achieve high product purity in a few simple steps.
Affinity chromatography has become a method of choice as high purity can be
obtained in a single step [1,2].

Plasminogen is the inactive precursor of the proteolytic enzyme plasmin, which
is responsible for the dissolution of fibrin clots in the blood. The purification of
plasminogen using L-lysine bound on Sepharose has been reported [3]. Although, the
method proved to be satisfactory, the flow-rates were very low (75 ml/h) and it was
time consuming. Bound L-lysine has been used in many other applications, and is
a very useful ligand for the purification of plasmin and plasminogen of various species
[4,5], plasminogen activator [6] and ribonucleic acids [7].

This paper describes a method for purifying plasminogen from human plasma
with L-lysine immobilized on a radial-flow membrane cartridge system. The method
provides a new means of obtaining large amounts of plasminogen within a few hours
and could be easily extended owing to the linear scale-up capability of this system,
which has been demonstrated previously using p-aminobenzamidine as a ligand [8].

0021-9673/91($03.50 © 1991 Elsevier Science Publishers B.V.
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L-Lysine coupling
A Zetaffinity 250 cartridge (Cuno, Cergy-Pontoise, France) containing modified

cellulose was used as chromatographic medium. The hydroxyl derivative was used for
ligand coupling. The activation of hydroxyl functions was accomplished with a 1.5%
metaperiodate solution. Lysine was dissolved in 0.05 M sodium phosphate containing
0.25 M NaCI and recycled overnight through the cartridge. After reduction with
NaBH4 , the cartridge was drained and the unbound reactive sites were blocked with
2% glycine ethyl ester hydrochloride solution.

Plasminogen purification from human plasma
The cartridge containing bound lysine was equilibrated with 0.1 M sodium

phosphate (pH 7.4) containing 0.05 M NaCI and 0.01 % Tween 80. After centrifuga
tion and filtration, the plasma was diluted with equilibration buffer (0.5 v/v) and
applied to the cartridge at 20 ml/min. The cartridge was washed with equilibration
buffer until the absorbance at 280 nm reached the baseline, then elution was carried out
with 0.2 M 6-aminocaproic acid in equilibration buffer. Before analysis, bound
fractions were dialysed overnight at 4°C against 0.01 M 6-aminocaproic acid in
equilibration buffer. The protein content was measured using the Bio-Rad protein
assay and the plasminogen activity with the Kabi substrate S-2251. Purity was
evaluated by 7.5% sodium dodecyl sulphate polyacrylamide gel electrophoresis.
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Fig. I. Chromatogram of the purification of plasminogen from human plasma using lysine bound on
a radial-flow cartridge. Chromatography was performed as described under Experimental.
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TABLE I

RESULTS OF PLASMINOGEN PURIFICATION FROM HUMAN PLASMA USING LYSINE
BOUND ON A RADIAL-FLOW CARTRIDGE

Device Plasma Plasminogen Specific Purification Total
volume activity activity recovery
(ml) eluted (units) eluted ("!o)

No. 60 disco 50 2452 406 100 x 88
No. 250 capsuleb 400 8948 358 144x 57
No. 250 capsule' 250 6045 410 124 x 74

° Entire fractionation done at 4°C.
h 400 ml of plasma diluted to 600 ml in equilibration buffer.
, 250 1111 of plasma diluted to 500 ml in equilibration buffer.

RESULTS AND DISCUSSION

The chromatograms (Fig. 1) shows that plasminogen was retained by the bound
lysine. Electrophoretic analysis demonstrated that the eluted fractions were devoid of
any visible protein contamination. The results in Table I show that in a single pass
a very good increase of purity was obtained with satisfactory recoveries. This
purification procedure is a very convenient method for fast and easy recovery of
plasminogen, as a whole chromatographic cycle could be performed within 2 h.

This radial-flow chromatographic method has been used in many applications
involving ion exchange and has proved to be extremely useful, particularly when the
product of interest is present at low concentration in a very large sample, e.g.,
monoclonal antibodies from hybridoma cell culture supernatant [9] or recombinant
proteins [10]. Moreover, the linear scale-up capability of these radial-flow cartridges
has already been demonstrated with ion exchangers [11] and affinity chromatography
[8]. Hence the method described here could easily be scaled up to very large amounts
within a short period of time.
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Ion Chromatography
Principles and Applications

by P.R Had~d,University ofNew South Wales, Kerisington,N.SJ'l.,Australia and
P.E.Jackson, Waters Chromatography Division, Milford, MA, USA

'(Journal ofChromatography Library, 46)

Ion chromatography (Ie) was first introduced in
1975,for the determination of inorganic anions
and cations and water soluble organic acids and
bases; Since then, the technique has grown in
usage at a phenomenal rate. The growth of IC
has been accompanied by a blurring of the
original definition of the technique, so that it
now embraces a very wide range of separation
and detection methods, many of which bear
little resemblance to the initial concept of
ion-exchange separation coupled with
conductivity detection.

Ion Chromatography is the first book to provide
a comprehensive treatise on all aspects of ion
chromatography. Ion-exchange, ion-interaction,
ion-exclusion and other pertinent separation
modes are included, whilst the detection
methods discussed includeconductivhy,
amperometry, potentiometry, spectroscopic
methods (both molecular and atomic) and post
column reactions. The theoretical background
and operating principles of~ch separation and
detection mode are discussed in detail. Aunique
extensive compilation ofpracticill applications
ofIC (1250 literature citations) is presented in
tabular form. All relevant details ofeach
application are given to accommodate
reproduction of the method in the laboratory
without access to the original publication.

This truly comprehensive text on ion
chromatography should prove tobe the standard
reference work for researchers and those
involved in the use of the subject in practical
situations.

Contents: Chapter 1. Introduction. PARTI~
Ion-Exchange Separation Methods. Chapter 2.
An introduction to ion-exchange tpethods.
Chapter 3. Ion-exchange stationarY phases for ion
chromatography. Chapter 4. Eluerit:S for .
ion-exc!tange separations. ChapterS. Retention
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Miscellaneous SeparationMethodS. Chapter 6.
lon-interaction chromatography. Chapter 7.
Ion-exclusion chromatography. Chapter 8.
Miscellaneous separation methods. PARTm.
Detection Methods. Chapter 9. Conductivity
detection. Chapter 10. Electrochemieal detection
(amperometry, voltammetry andcoulometry).
Chapter 11. Poten'tiometric detection. Chapter 12.
Spectroscopic detection methods. Chapter 13.
Detection by post-colwnn reaction. PART IV.
Practical Aspects. Chapter 14. Sample handling
in ion chromatography. Chapter 15. Methods
development PART V. Applications orIon
Chromatography. Overview of the applications
section. Chapter 16. Environmental applications.
Chapter 17. Industrial applications. Chapter 18.
Analysis offoods and plants. Chapter 19. Clinical
and pharfuaceutical applications:Chapter 20.
Analysis of metals and metallurgical solutions.
Chapter 21. Analysis of treated waters. Chapter
22. Miscellaneous applications. Appendix A.
Statistical information on ion chromatography
publications. Appendix B. Abbreviations and
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