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Chapter 1 

Introduction 

During the last two decades, an increasing number of extremely thermophilic and 

hyperthermophilic microorganisms have been discovered from terrestrial hot springs and solfataric 

fields, shallow and deep sea hydrothermal vent environments [ 1-4]. They are ca lled "extreme 

thermophiles", growing up to 80 ·c, or "hypcrthcrmophiles", growing up to 90 ·c [I , 2]. These 

extreme thermophiles and hyperthermophiles are phylogcnetically diverse of organisms and most of 

them belong to the domain of Archaea and some are the members of the domain Bacteria [5, 6]. They 

are also physiologically and biogeographically diverse. Some of them arc autotrophic and the others 

are heterotrophic; most of them are anaerobic but some arc aerobic. There are sui fur-reducers, 

methane generators and hydrogen oxidizers [ 1-4]. Most of them are discovered from terrestrial or 

marine hot environments but some are from cold water vents and subsurfaces of sulfur structures in 

the deep sea [7), and from oil reservoirs under the g round [8, 9]. Despite diverse of interests in 

extreme thermophiles and hyperthermophiles, the impact they provide us is most from the 

extraordinary temperature they inhabit. 

The extraordinary growth temperature of them leads us to the question , how they can live under 

such temperature. The system that must be required to sustain them under the extraordinary 

temperature is the central interest in the study on thermophiles. In fact, the mechanisms for 

thennostability of biomoleculars in the thermophiles have been extensively studied [ 1-4, 10 - 12]. In 

thermophilic bacteria, the G+C contents of the genomic DNAs arc known to be very high [13- 16]. 

The high G+C contents of DNAs are expected to be a possible mechanism for the thermostability of 

DNA. In hyperthermophilic archaea whose G+C contents are relatively low, the existence of histone

like DNA binding proteins and novel reverse gyrases which generate positively super-coiled DNA can 

explain the thermostability of DNA to some extent [ 17-20]. As regards RNA thcrmostability, it has 

been suggested that the increasing number of base pairings and the increas ing proportions of G:C 

pairings in the s tems of RNA secondary structures significantly contribute the thermostability of 

RNA. It has been also reported that post-transcriptional methylation of some riboses in tRNA of 
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Thermus increased the melting point of tRNA [21], and that a variety of post-transcriptional 

modif1cation help tRNAs to maintain their active structure in thermophilic archaea [22]. Another 

important h1omolecuk, lip1d has been also stud1ed w1th respect to the thermostability. Novel lipid 

components 1n cell walls have been found 111 thcnnoplulic archaca f23]. Some components are found 

to increase with increasing growth tcmperalllrc and they are thought to be associated with the 

thcrmostability of lipids and cell walls [24, 25]. f-urthermore, in thermophilic bacteria, temperature

mduccd alterations in lipid composition arc known in thermophilic bacteria Thermus species. It has 

been shown that the carotenoids, phospholipids and glycollpids increased in proportion with growth 

temperature and suggested that these alterations play an important role to protect membrane fluidity 

under l11gh temperatures in thermophilic bacteria [26, 27]. Among a number of studies on the 

thermostability of biomoleculars from extreme thermophiles and hypcrthermophiles, the 

thermostabd1ty of proteins have been most extensively studied with respect to their novel molecular, 

biochemical mechanisms of thermostability and their potential for industrial impacts. 

All proteins from extreme thermoplules and hyperthennophiles are known to be thermostable 

under ambient temperatures in which the organisms like to grow and even under supraoptimum 

temperatures for growth. I lence, the proteins from thermophiles are thought to be intrinsically 

thermostable. In order to elucidate the mechanisms for the intrinsic thcrmostability, a number of 

thermophilic proteins has been studied by the comparison of amino acid sequences between 

thermophilic and mesophilic homologous proteins [28, 29], the analyses of protein foldings [30], the 

molecular engineering techniques [31 -34], the structural studies of the proteins including the three 

dimensional structures [35, 36]. l lowever, the mechanisms of intrinsic thermostability have not been 

resolved yet. 

Another approach to the mechanisms for protein thermostability is to explore the extrinsic 

factors that lie not in the protein itself but out of it, and that might sustain it under high temperature. In 

fact, there have been discovered possible extrinsic thermostabilization mechanisms in various 

thermophilcs [II, 37 39]. These extrinsic factors contain some metabolites such as cyclic 2,3-

diphosphoglyccrate [38, 40], cofactors or coenzymes for some enzymes [41, 42], and molecular 

chaperons which assist in structure formation by counteracting misfolding and misassembly [43, 44]. 

Although the mechanism and function of extrinsic thermostabilization are largely unknown, it is 

c\pectcd that the system might play an important role in vivo to protect the protein from the 

thermodenaturation on the protein level or the cell level. In addition, the understanding of the 

mechanisms for the extrinsic thcrmostabilization at high temperatures can also give new insight into 
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the understanding of the protein intrinsic thermostability. 

On these accounts, it is postulated the thcrmostability of extremely thermophilic or 

hyperthermophilic proteins is generally accomplished by both intrinsic and extrinsic 

thermostabilization systems and by their cooperative function. This implies that understandmg of 

mechanisms for thermostability might require Inspections of both intrinsic and extrinsic 

thcrmostabilization systems and of their cooperation. In this study, therefore, l sought to mvestigate 

thermostability of a enzyme from points of view, intrinsic and extlinsic thermostabilization 

mechanisms. 

A target of enzyme I chose to usc in this study was phosphoenolpyruvate carboxylase (PEPC) 

[EC4. J .1.31]. PEPC catalyzes the reaction that fixes I IC03- on phosphoenolpyruvate (PEP) to form 

oxaloacetate (OAA) and inorganic phosphate using Mg2+ as a cofactor [45]. The enzyme is distributed 

widely in mesophilic bacteria, protozoa, algae and plants, and a large number of the enzymes have 

been purified, cloned, and sequenced from various sources [46-50). In these organisms, PEPC 

primarily plays an anaplerotic role by replenishing C4-dicarboxylic acids to the citric acid cycle or a 

key role in photosynthetic C02 assimilation [45]. These regulatory functions are also associated with 

the allosteric properties of the enzymes [51]. The coworkers and I have purified and characterized 

PEPCs from hyperthcrmophilic methanogen Methanothermus sociabilis and thermoacidophilic 

archaea Sulfolobus species [52, 53, Sako, Y. eta/. unpublishedj. We have shown that these archaeal 

PEPCs arc significantly different from bacterial and eucaryal entities with respect to the molecular and 

enzymological properties and discussed their physiological roles in vivo and the importance of 

archaeal PEPCs in the comparative biochemisty and the evolution of the enzyme [52, 53]. Jn addition, 

the archaeal enzymes were quite thermostable similar to other thennophilic enzymes known to date 

[52, 53]. However, difficulty in manipulation of the hypcrthermophilic archaea and their enzymes, 

and relatively low growth and enzyme yields have limited biochemical and structural approach to the 

thermostability of archacal PEPCs. 

For these reasons, another thermophilic PEPC was explored and found in an extremely 

thermophilic bacterium strain OK07, that had been isolated from a shallow marine hydrothermal vent 

at Tachibana Bay, Nagasaki Prefecture, Japan. The preliminary study indicated that PEPC from this 

organism was extremely thermostable and a possible model for the investigation of thermostability. In 

chapter 2, the isolation and characterization of the extremely thermophilic bacterium strain OKD7 arc 

described. From detail characterization, this organism was a member of the genus Rhodothermus, 

which was thermophilic genus of bacterium discovered in marine hot environments m Iceland and 
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Azore [54, 51, 56), and designated "Rhodothermus obamensis". In additton, the phylogenetic 

analysis of I 6S rRNA gene indicated that the isolate was a modern lineage of extreme thermophile. 

The fmding 'iuggested that the mechanisms for the therrnostability of proteins in this organism were 

different from those of other ancient lineage of extreme thermophiles and hyperthermophiles [57). In 

chapter 3, R. obamen~·is PEPC was purified and characterized with respect to its molecular and 

en7ymological properties. These properties of R. obamensis PEPC were compared with those of 

other thermophilic and mesophilic PEPCs from three domains of living organisms. In the preliminary 

experiment<> of it'i thermostability, R. obamensis PEPC was found to be extremely thermostable but 

the thermostability wa<; strongly enhanced by the substrate, cofactor, salts and allosteric effectors. 

These substances were likely to be possible extrinsic thermostabilization factors for the enzyme. In 

chapter 4, the thermostability of R. obamemis PEPC was analyzed in detail. In order to determine the 

extrinsic thermostabilization mechanisms and the relationship between the function and 

thcrmodenaturation of the enzyme, the structural change of the enzyme and the effect of extrinsic 

factors on the change were examined. Not only the phenomenon of thcrmodenaturation in R. 

ohamensis PEPC but also the functions of extrinsic factors during the thermodenaturation were well 

explained. In chapter 5, the cloning, sequencing and expression in Escherichia coli of R. obamensis 

PEPC gene were described. The amino acid sequence of R. obamensis PEPC was compared with 

those of other mesophilic PEPCs to determine some preference or bias for the intrinsic thermostability 

in the primary structure. The successful overexpression of R. obamensis PEPC was thought to enable 

the determination of its three dimensional structure. Based on the phylogenetic analysis, the molecular 

evolution of PEPC was also discussed in this chapter. Finally, the findings in this study were 

summarized and the possible intrinsic and extrinsic thermostabilization mechanisms of R. obamensis 

PEPC were discussed in final chapter. 
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Cha pter 2 

Isola tion a nd Cha racterization of an Ext remely Thermophilic Ma r·ine 

Bacterium Rhodothermus obamensis OKD7. 

I . Introdu ction 

Over the last ten years, an increasing number of new genera and species of thermophilic 

organisms have been isolated which are capable of growing up to 80 ·c. Most of them belong to the 

domain Archaea [5] but, only a few genera such as Tlzermus, Thermotoga, and Aquifex, have been 

identified within the domain Bacteria [ 14, 15, 16]. These thcrmophiles exhibit distinct physiological 

differences: Thermus is a strictly aerobic heterotroph but Thermotoga is a strictly anaerobic 

heterotroph, while Aquifex is a microaerobic chemolithoautotroph. On the basis of l6S rRNA 

analysis, Thermotoga and Aquifex represent the deepest phylogenetic branches within the domain 

Bacteria [57, 58]. Moreover, Thermus also shows the deep branching in the phylogenetic tree 

inferred from the 16S rRNA sequence !6]. These results and a phylogenetic study of thermophilic 

Hydrogenobacter reinforce the speculation that bacterial ancestry derives from thermophilic species 

[57, 59]. 

The members of the genus Rhodothennus, on the other hand, are marine thermophilic bacteria 

isolated from Iceland and the Azores [54, 55]. R. marinus is an aerobic heterotrophic bacterium with 

an optimum temperature for growth of 65 ·c and has been studied for genetic engineering of 

thermostable enzymes [56]. The 16S rRN A analysis of this organism places the genus Rhodothemws 

close to the root of the Flexibacter-Cytophaga-Bacteroid (F-C-B) group with affinities to the green 

sulfur bacteria, fibrobacteria, and spirochetes [60]. This phy logenetic position of Rhodotltermus 

deviates from those of other thermophilic bacteria, and it suggests the existence of thermophilic or 

extremely thermophilic bacteria distant from the universal root of life and another origin of 

thermophily within the Bacteria [60]. 
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In this chaptc1, l describe the ISOlation and characterizatiOn of a new extremely thermophilic 

species of Rhodothamus, which was previously designated strain OKD7, from a shallow marine 

hydrothermal vent and the unportance of its phylogenellc position to the hypothesis of the ancient 

origin of thermophlly within the Bacteria. 

2. Materials and Methods 

Collection of samples. EfOuent waters from hydrothermal vents and sedimentary materials 

adjacent to vents were collected from Tachibana Bay, Nagasaki Prefecture, Japan, at a depth of 22m. 

llydrothermal vent Ouids were at 120-125 ·c. Samples were stored aerobically at room temperature 

for 6 h prior to incubation. 

En richment a nd pu rification. Subsamples taken from efOuent waters and sediments were 

used to inoculate a series of media including Jx medium described below. All tubes of Jx medium 

with sediments were tu1 bid after one day incubation at 80 ·c. To obtain a pure culture, enriched cells 

were streaked on Jx medium plates and then incubated at 70 ·c. Well-defined colonies were picked 

and streaked onto another plate and incubated at 70 ·c and this procedure was repeated at least five 

times. A pure colony with red color was designated strain OKD7. 

C ulture m edium a nd condition. The new isolate was routinely cultivated in Jx medium 

containing per liter: Jamarin S synthetic sea water, powder, 35 g and solution, 5 ml (Jamarin 

Laborato1y, Osaka, Japan); yeast extract (Difco, Detroit, Ml) l g; Trypticase peptone (BBL, 

Cockeysville, MD) I g; and the pH was adjusted to 6.8-7.2 with H2S04. For growth on plates, 3% 

(wt/vol) agar GP-700 (Shimizu Shokuhin, Shimizu, Japan) was added to Jx medium. In an attempt to 

test the effect of NaCI on growth, varying concentrations of NaCI solution (pH 7 .0) containing 0.1% 

(wtlvol) yeast extract and 0.1% (wt/vol) peptone were used instead of the Jx medium. In order to 

determine the effects of temperature and pH on growth, the new isolate was cultivated in MJ medium 

containing per liter: NaCI 30.0 g; K2HP04 0. 14 g; CaCI2 x 2II20 0.14 g; NH4Cl 0.25 g; MgS04 x 

7B20 3.4 g; MgCh x 6H 20 4.18 g; KCI 0.33 g; NiCI2 x 6Il20 0.5 mg; Na2Se03 x 5II20 0.5 mg; 

Fe(Nl ~h(S04h x 6H20 0.0 I g; Trace mineral solution 10 ml, consisting of (per liter) nitrilotriacetic 

acid 1.5 g, MgS04 x 7II20 3.0 g, MnS04 x 2H20 0.5 g, NaCl 1.0 g, FeS04 x 7lh0 0.1 g, CoS04 

x 71120 0.18 g, CaC12 x 2II20 0.1 g, ZnS04 x 7H20 0.18 g, CuS04 x 5JI20 0.0 I g, KAl(S04h x 

12Il20 0.02 g, H3B0 3 0.01 g, Na2Mo04 x 2H20 0.01 g, NiCl2 x 6H20 0.025 g, Na2Se03 x 5H20 
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0.3 mg; yeast extract I g; Trypticase peptone 1 g; and the pll was adjusted to 6.8-7.2 with H2S04 for 

the test of growth temperature, and to various values with H2SO.t or NaOII for the pH effect. To 

examine the utilization of carbon-containing substrates, the yeast extract and peptone in MJ medium 

were replaced with various concentrations of substrates. 

Light and electr·on mic r oscopy. Cells were routinely observed with a differential 

interference microscope (Nikon). For microscopy at 80 ·e, a drop of hot culture was placed on a 

slide preheated to about 85 ·c and observed immediately. Micrographs were taken with a Nikon 

optishot microscope equipped with Nikon FX-II camera system. For transmission electron 

microscopy of ultra-thin sections, cells were fixed in Jx medium with 2% (vol/vol) glutaraldehyde 

and post fixed with 1% Os04 . The fixed cells were then dehydrated through a series of ethanol 

precipitations and embedded in Quetol 812 (Nishin EM, Tokyo, Japan) epoxy resin. Thin sections 

were double contrasted with a JEOL 1200EX II electron microscope operated at 80 kV. 

Determination of growth. Growth of the new isolate was determined by measuring 

turbidity at 660 nm and direct cell count stained with 4',6-diamidino-2-phcnylindole (DAPI). Cultures 

were duplicately grown in 300-ml flask containing I 00 ml of medium in the temperature-controlled 

dry oven (Advantec, Tokyo, Japan) and were shaken at 100 rpm by in all cases. The pH and NaCI 

growth curves were determined at 75 ·c. 
Organic subs trates for growth. In an attempt to find organic substrates which could 

support growth of the isolate, experiments were conducted in MJ medium containing potential 

substrates in place of yeast extract and peptone. Potential substrates were added at concentrations of 

0.0 I%, 0.05%, and 0.1% (wt/vol). Ce ll s were precu ltured in each medium and inoculated into the 

same med ium. These tests were run in duplicate at 75 ·c. 
Cellular fatty acid and qu inone compos itions . Cell ular fatty acid and quinone 

compositions were analyzed from cells of OKD7 cultivated in Jx medium at 75 ·c. Cellular fatty acids 

were determined as described by Kawasumi eta/. l61], while the major quinones were determined as 

described by Ishii et al. [62]. 

Iso lation a nd base composition of DNA. DNA was prepared as described by Marmur 

and Doty [63] and Lauerer eta/. [64]. The GC content of the DNA was determined by direct analysis 

of deoxyribonucleotides using high-performance liquid chromatography (HPLC) [65j. A DNA GC 

Kit (Yamasa, Chiba, Japan) was used as the standard. 

Amplification of J 6S rRNA gene a nd sequence determination. The 16S rRNA gene 
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c 

Fi~. 1. Differential interfer e nce micrograph s_ of 

Rlt odot lt ermu .~ obamensis cells. ( A ) exponenually 
gro"'mg cells, ( 8 ) aggregated cells m the stauonary phase; 

(C ) filamentous cell 1n the stauonary phase. Bar 1nd1cates 5 
~Jm . 

rig. 2. T r ansmissio n e lectr on m ic r ogr a p h o f Rd. 
b . cells Thin sections were double contraste o amensrs .. · · 

with a JEOL 1200EX II electron microscope operated at 80 
kV. Bar indicates I ~Jm . 

was amplified by the polymerase chain reaction 

(PCR). The primers used for amplification had the 

sequences 5'-AGAGTTTGATCCTGGCTCAG-3' 

and 5 '-GGTTACCTICCTCCGGCfTA-3', 

corresponding to positions 8-27 and 1493-1512, 

respectively in the 16S rRNA sequence of 

Escherichia coli [66]. The 1.5 kb PCR product 

was directly sequenced by the dideoxynucleotide 

chain termination method using DNA sequencer 

Mode1373As (Applied Biosystem Inc.). The DNA 

sequence data were applied to a sequence 

homology search with other known 16S rRNA 

sequences by DNASIS ver. 3.6 software (Hitachi 

Software, Tokyo, Japan). 

Data an a lysis. The almost complete l6S 

rRNA sequence of OKD7 was aligned and the 

evolu tionary distances (Knuc values) were 

calculated for 1407 nucleotides from position 29 to 

1436 corresponding to E. coli 16S rRN A 

sequence. A software package, ODEN version 
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Fig. 3. The effects of tcmeper;Hu r c, pH a nd NnCI 

on the growth of R. obameusis . (A) Temperature 
mnge for growth of R. obamensis in MJ medium at initial pll 

6.8·7.2. No growth occured at temperature below 50 ·c and 

above 85 ·c. ( D) pH range for growth of R. obamensts in MJ 
medium at 7 5 ·c. The intial pll was adjusted with II 

2
S0

4 
or 

NaOH at room temperature. (C) Effect of NaCI on growth of 
R. obamensis at 75 ' C. For this experiment, solutions 
containing different concentrations of NaCI, 0.1 % (wt/vol) 
of yeast extract and peptone (pi I 7.0) were used. 

1.1.1 (National Institute of Genetics, Mishima, 

Japan) was used for multiple a lignment, 

calculation of the Knuc values and construction of 

the phylogenetic tree based on the neighbor

joining method [67] and bootstrap examination. 

3. Results 

E n1· ic h men t a nd pu rification . 

Enrichment took place from sedimentary materials 

in Jx medium at 80 °C, and a mixed population of 

coccoid and long, thin , rod-shaped cells were 

observed after one day incubation. The rod-shaped 

celJs could be successfull y purified during the 

repeated plating procedure at 70 °C. One red 

colony was used as an inoculum for a liquid 

culture and was designated strain OKD7 (Japan 

Collect ion of Microorganisms, JCM 9785, Wako, 

Japan). All further experiments were performed 

with isolate OKD7. 

Morphology. Cells of OKD7 were Gram 

negative rods, which were 4-lO Jlm long and 0.5-

1.0 ).lm wide in the exponent ial growth phase 

(Fig. 1 A). In the stationary phase, cells tended to 

occur in aggregates (Fig. 1 B) and to become 

ex tremely long (Fig. 1 C). The transmission 

electron micrograph of the cells was shown in Fig. 

2. The thin sections revealed a typical gram

negative cell envelope profile and a multilayer cell 

wall (Fig. 2). Isolate OKD7 vigorously grew wtth 

shaking and was a typical aerobe. 
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Temperature range for growth and effects of pH and salt concentration. The 

isolate grew over a temperature range of about 50-85 ·c. with an optimum at 80 ·c and a generation 

tune at 80 C of about 1.5 h (Fig. 3A). No growth was observed at 90 ·c. Growth of the new isolate 

occurred between pH 5.5-9.0, with an optimum about 7.0 (Fig. 313). No growth was detected below 

pH 5.5 or above pll 9.0. 

Strain OKD7 required NaCl for growth. lt grew over in the presence of about 1 to 5% NaCl, 

with an optimum of around 3% NaCl (Fig. 3C). At NaCl concentrations below I% or above 5% 

NaCl, the cells lysed within 2 h. 

Nutrition. Strain OKD7 was a heterotroph. In MJ medium containing 0.1% (wt/vol) yeast 

extract and 0.1% (wt/vol) peptone, OKD7 grew vigorously with a generation time of about 1.5 hand 

reached a maximum cell density of more than 109 cells/mi. Similar growth rates and somewhat lower 

maximum cell den<>ities were observed with 0.1 % (wt/vol) yeast extract, peptone, or Casamino Acids 

as a sole energy and carbon source, whereas with sucrose, mann itol, sorbitol, or starch alone, the 

growth rates and cell yields were quite similar to the growth rates and cell yields with 0.1% (wt/vol) 

of yeast extract and peptone (Table I). The new isolate was also capable of utilizing glucose, 

galactose, maltose, cellobiose, lactate, pyruvate, casein, arginine, aspartate, glycine, alanine, serine, 

threonine, or proline as a substrate for growth (Table 1). Very weak growth occurred in the presence 

of isoleucine o r valine, and no growth occurred in the presence of xylose, glycerol, g lutamine, or 

leucllle (Table I). In addition, the utilizations of most substrates exhibited the concentration

dependent modulation that high concentrations of carbohydrates inhibited growth , while the growth 

rates and cell yields increased according to the concentrations of substrates such as carboxylic acids, 

amino acids, Casamino Acids, and casein (Table 1). 

Fatty acid and quinone compositions. The major cellular fatty acids of the new isolate 

grown at 75 C consisted of 39% iso-C17, 19% anteiso-C 1s, 16% anteiso-C17, and 15% iso-C1s 

acids. The fatty acid composition was similar to those of Them1us spp. (Table 2). However, there 

was a significant d ifference between the quinone compos ition of OKD7 and that of Thermus spp. 

Although menaquinone 8 is the major menaquinone component of Thennus spp., menaquinone 7 is 

the major respiratory quinone (83% ), and menaquinones 5 and 6 also exist (7 and I 0%, respectively), 

but no menaquinone 8 was observed in OKD7 (Table 2). 

DNA base composition. The GC content of OKD7 was 66.6 mol% and similar to those of 

Rhodothemws marinus and Thermus spp. (Table 2). 

Phylogenetic analyses. The almost complete 16S rRNA sequence of OKD7 was 
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Tub~c 1. Maximum ce~ l yields and ~:ronth rates for R. obamen~is OKD7 \\ilh \ ariuus carbon-containing 
subslratt~s. The Spcl·tllc growth rate 111 the medium l'Ont,unmg 0.1 ~ ye<~st extract <1nd 0.1% pcpwne was 

dcf111ed ns 100% All prcparauons were llllUhated at 7'5 T \\llh ~lwk111g :11 100 rpm an.! the 1111ual pll ol each 
med1um was adJusted to 6.8-7.2 with 11 2SO. or N<~OH 

Substrate Specilic growth rate (SGR) (%) Max. cell density (MCD) (cells/ml) 

0.1 % Y cast extract 100 2 X JQ9 

+ 0.1% Peptone 
0.1% Yeast ex tract 89 ] X 109 

0. I% Peptone 96 I X 109 

Substrate SGR (%) MCD (cclls/ml ) Substrate SGR (%) MCD (cclls/ml) 

Glucose Casein 
0.01% 64 I X 108 0.01% 25 8 X 107 

0.05% 22 7 X 107 0.05% 49 I x 108 

0.1% 7 4 X 107 0. 1% 65 2 X 108 

Galactose Casamino acid 
0.01% 66 2 X 108 0.01% 38 8 X 107 

0.05% 13 5 X JQ7 0.05% 72 3 X 108 

0.1% 0 0.1% 95 7 X JQ8 

Maltose Glycine 
0.0 1% 45 I x 108 0.01 % 12 5 X 107 

0.05% 27 I x lOR 0.05% 31 8 X JQ7 

0.1% 10 7 X 107 0.1% 44 9 X 107 

Sucrose Alanine 
0.0 1% 86 5 X 108 0.0 1% 16 6 X JQ7 

0.05% 77 5 X JOR 0.05% 38 8 X 107 

0.1% 59 3 X 108 0.1% 52 I X 108 

Cellobiose Leucine 
0.01% 70 2 X 108 0.01% 0 
0.05% 7 4 X 107 0.05% 0 
0.1% 0 0.1% 0 

Mannitol Serine 
0.01% 77 4 X JQ~ 0.01% 0 
0.05% 52 I X 108 0.05% 14 5 X 107 

0. 1% 38 I X 108 0.1% 33 8 X J07 

Sorbitol Threonine 
0.01% 80 2 X JOR 0.01% 10 4 X 107 

0.05% 6 1 I X 108 0.05% 25 9 X 107 

0. 1% 44 I X 108 0.1% 35 9 X 107 

Xylose Valine 
0.01% 0 0.01% 27 6 X 107 

0.05% 0 0.05% 0 
0.1% 0 0.1% 0 

Starch Proli ne 
0.01% 80 5 X 108 0.0 1% 18 6 X 107 

0.05% 61 6 X lOR 0.05% 22 9 X 107 

0.1% 44 4 X lOR 0.1% 25 9 X 107 

Lactate Arginine 
0.01% 16 6 X 107 0.01% II 4 X J07 

0.05% 25 8 X 107 0.05% 25 6 X 107 

0.1% 28 8 X 107 0. 1% 44 8 X J07 

Pyruvate Asparatate 
0.01% 5 4 X 107 0.0 1% 17 3 X J07 

0.05% 44 8 X 107 0.05% 39 8 X 107 

0.1% 72 2 X lOR 0.1% 48 I X 108 

Glycerol Glutamine 
0.01% 0 0.01% 0 
0.05% 0 0.05% 0 
0.1% 0 0.1% 0 
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Tahle 2. Comparison of some cha racteristics among R. obamensis, R. marin us, and the 
genus Thcrmus and Thermomicrobium. 

Charactenstics R. obamensis R. marinus0 •b Thermusb,c,d Thermomicrobiuma,e 

Cell length, 1.un 4- 10 2-2.5 5-10 3-6 

Colony color Reddish Reddish Yellow/orange/ Red 
red/transparent 

Temp. optimum 80 65 70-75 70-75 
(C) 

Generation time 90 80 20-60 330 
(min) 

Growth in NaCl: 

0% + + 
3% + + 

6% + 

Growth on: 

Xylose + n.r. 

Sorbitol + n.r. 

Casein + + + 
Casamino acid + n.r. 

Glutamine + Variable n.r. 

Prorine + + n.r. 

Serine + Variable n.r. 

Oxidase + + + n.r. 

Catalase + + + n.r. 

GC content 66.6 65 57-65 n.r. 
(mol%) 

iso-C l 5, iso-C 17, 
internally branched 

Major fatty acid(s) anleiso-C l5• n.r. iso-C 1 5· iso-C 17 I 2-methyl-C 18 
anteiso-C l7 

Major isoprenolog(s) 
MK-7 
MK-6 n.r. MK-8 n.r. 

MK-5 

aTaken from Alfredsson eta/. (54], brorm Nunes eta/. l55], c,dfrom Drock eta/. [ 13, 14], e 
from Jacson eta/. [69]. 

determined and found to have 95% sequence similarity with the l6S rRNA sequence of R. marinus 

but Jess than 80% similar to any other sequences known so far. The result suggested that the new 

isolate belongs to the genus Rhodothermus. Therefore, in order to determine the phylogenetic 

position of the genus Rhodothemws, including OKD7, evoluti onary distances based on the 16S 

rRNA gene sequences of several members of Bacteria and Archaea were calculated and a phylogenetic 

tree was reconstructed by using neighbor-joining method (Fig. 4). 
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l1fc. Each number ~ hows !he htlOlstrap value for !he branches (based o n I 00 replicalcs) Scale bar indicates sub\lltution per 

nudeolidc. The sequences 111 lhis figure a1c from GenllanJ... under accession numbers. Sulfulubus so/fmaricus, X03235, Aq111je\ 

prrorJiulus, M83548; Tlrcmwtoga maritima, M21774; Tlrermomicrobium roseum, .1\134115; Tfrem111S tlrermoplrillls, X07998; 
Racillu.s stearotlreunopftilu.s, X57309; Anabaena .sp .• X59559; £.sclrericlrw coli, V00348; Clllorobwm vibnoforme. M62791, 
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M59052; Cytophaga lrutchin.sonii, M58768. 

On the phylogenetic tree, new isolate OKD7, was located along with R. marinas close to the 

root of the Flexibacter-Cytophaga-Bacteroid (F-C-B) group and did not represent a deep branching 

within the domain Bacteria, in agreement with the previous phylogenetic study of R. marinas [60]. 

The bootstrap confidence data supported the robustness and significance of the placement of OKD7 

and R. marinus. 

The almost complete sequence o f OKD7 was deposited tn EMBL Nucleotide Sequence 

Database under accession number X95071. 

4. Discuss ion 

The new isolate was a gram negative, rod-shaped, aerobic extreme thermophile and appeared to 

be a member o f the domain Bacteria due to its morphological and physiological similarities to other 

thermophilic bacteria. Representatives of thermophilic genera belonging to this domain have been 
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isolated from various hydrothermal vents and terrestrial hot springs [ 14-16, 54, 62, 68, 69]. On the 

basis of physiological properties, the new isolate resembled the members of three extremely 

thermophiliC genera, the genera Thermus, Thermomicrobium, and Rhodothermus (Table 2). 

However, the new isolate showed significant differences from Thermus and Thermomicrobium, as 

determined by chcmotaxononic characteristics. Although the major fatly acid components o f the 

isolate were similar to those of Thermus st rains, the new isolate had menaquinone 7 (MK-7) as the 

major isoprenolog, which is not only different from the major menaquinone of Thermus (Table 2) but 

is rare among the gram-negative bacteria [70]. In comparison of major cellular fatty acids, 

Thermomicrobium had high levels of intemally branched fatty acids, primarily 12-methyl C 1s fatty 

acid [13, 69], which were quite different in the branching pallerns and chain lengths from the 

predominant fatty acids of the new isolate (Table 2). 

The finding that the 16S rRNA sequence of the new isolate exhibited 95% homology with the 

sequence of R. marilws suggests that the new isolate belongs to the genus Rhodolhermus. The 

members of Rhodolhermus arc aerobic, heterotrophic thcrmophiles that have been recently isolated 

from sites in Iceland and the Azores [54, 55]. R. marinus is a marine thermophile which grows at 

temperature between 54 and 77 ·c (optimum temperature, 65 •q, and utilizes a variety of sugars and 

carboxylic acids as sole carbon and energy sources [54, 55]. In contrast, the new isolate is an extreme 

thermophile that grows at temperature up to 85 ·c, has an optimum temperature of 80 ·c (Fig. 3A) 

and utili7CS different carbon-containing substrates for growth (Table 2). Contrary to R. marbws, the 

new ISOlate can utilize sorbitol, casein, Casamino Acids, proline, and serine and docs not utilize 

xylose or glutamine as a sole carbon and energy source (Table 2). Moreover, the morphology and salt 

tolerance of OKD7 and R. marinus are different and the evolutionary distance between these taxa 

based on the l6S rRNA sequence data is equivalent to the distance used to distinguish species within 

the domain Bacteria. On the basis of the results, I propose that the new isolate is a member of a new 

species of the genus Rhodothermus, Rhodothermus obamensis The type strain of R. obamensis is 

OKD7. 

On the basis of it<; optimal growth in the presence o f 3% NaCl, R. obamensis is a typical marine 

organism similar toR. marin us. Previously, it was thought that members of the genus Thennus 

are the most common hcterotrophs in submarine hot springs, as well as in terrestrial ones [71, 72]. 

However, members of at least two heterotrophic genera in the Bacteria, the genera Thermologa and 

Rhodothermus, have been isolated from submarine hydrothermal environments [54, 55, 68), and it 

has also been suggested that there arc unculturablc heterotrophic them1ophiles [73]. The isolation of a 
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member of the genus Rhodochermus from Japan submarine hydrothermal vents leads to the 

speculation that this genus may be widely distributed in submarine hydrothermal environments. 

The results of the phylogenetic analysis of the l6S rRNA sequence demonstrated the significance 

of the phylogeny of the genus Rhodothermus on the bacterial phylogenetic tree (Fig. 4). Interestingly, 

both of the Rhodothermus species are most closely related to the members of F/exibacter-Cytophaga

Bacteroid (F-C-B) group. The results of recent phylogenetic studies of thermophilic members of the 

Bacteria and Archaea have suggested that the deep branches on the universal tree are occupied by 

thermophiles and have implied that the common ancestor to all present-day organisms might be a 

thermophile [ 16, 57-59, 74, 75]. Nevertheless, there has been some evidences against this hypothesis 

that has been based on the phylogeny of other proteins [ 15, 76] and the evolution of the reverse 

gyrase gene [ 19]. In addition, the members of a group of thermophilcs (the genera Rhodothermus and 

Thermonema) placed close to the root of Flexibacter-Cylophaga-Bacleroid (F-C-B) group are not 

deep branches [60, this work], and there are diverse thermophilic members of Bacteria that are only 

distantly related to the universal root [13]. The discovery of the extreme thermophile R. obamensis, 

whose lineage is apparently modern, suggests that extreme thcrmophily is not necessarily an ancient 

characteristic but may have a second, modem origin within the Bacteria. 
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Chapter 3 

Pur ification a nd Characted zation of an Extremely Ther mostable 

Phosphoenolpyru vate Car boxylase (PEPC) from a n Extrem e 

Thermophile Rhodothermus obamensis OKD7. 

1. Introduction 

Recently, there has been increasing interest in thermophilic organisms due to their novel 

b•ochemical machinery that must be required to sustain them under extraordinary temperature [2, 3]. 

A number of thermophilic enzymes have been isolated from various thcm1ophiles, and the enzymes 

from a few representative thermophilcs such as Thermus, Thermotoga, Sulfolobus, and Pyrococcus 

have been well studied and focused on [2-4, 77]. However, the mechanisms of thermostability are 

largely unknown. 

The first step of elucidating the mechanisms is to accumulate the knowledge of thermophilic 

enzymes and to compare the properties with those of other thermophilic and mesophilic counterparts. 

In addition, different types of enzymes from various thermophilic sources should be taken in further 

consideration. For this purpose, the coworkers and I isolated and characterized phosphoenolpyruvate 

carboxy lases (PEPCs) [EC4.1.l.31] from hyperthermophilic mcthanogen, Methanothermus 

sociabilis, and thcrmoacidophilic archaea Sulfolobus species, and compared them with other 

thermophilic and mesophilic homologs [52, 53, Sako, Y. et al. unpublished]. 

As described in Chapter I, PEPC catalyzes the reaction that fixes HC03- on 

phosphoenolpyruvate (PEP) to form oxaloacctate (OAA) and inorganic phosphate using Mg2+ as the 

cofactor (45] . The enzyme is distributed widely in bacteria, protozoa, algae, and plants, and a large 

number of the en?ymcs have been purified, cloned, and sequenced from various sources, including 

Escherichia coli [46], Zea may [50], and Thermus sp. [47]. In the previous studies, we purified 

PEPCs from the domain of Archaea and reported that the enzymes from the hyperthermophilic 

archaea were quite different from the counterparts of the other domains, Bacteria and Eucarya, with 

respect to the molecular size and allosteric properties [52, 53]. Moreover, the archaeal PEPCs were 
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quite thermostable similar to all known hypcrthcnnophilic enzymes. However, difficully in 

manipulation of the hyperthermophilic archaea and their en;ymcs, and rclati\ely low growth and 

enzyme yields have limited biochemical and structural approach to the thermostability of archaeal 

PEPCs. 

Therefore, we sought to explore another thermophilic PEPC from an extremely thermophilic 

bacterium Rhodothermus obamensis, which was isolated from a shallow hydrothermal vent 

environment in Japan and characterized in Chapter 2. R. obamensis was an aerobic heterotroph, 

capable of growing up to 85 ·c and suitable for biochemical and biotechnological investigation of 

thermophilic proteins in advantage of the easy cultivation and high growth yield. In this chapter, I 

present the purification and characterization of PEPC from extreme thermophi lc R. obamensis. The 

enzymological properties were compared with those of thermophilic and mesophilic entities. In 

addition, the effect of the substances associated with the enzyme on the thermostability was examined 

as extrinsic thermostabilization factors. 

2. Materials and Methods 

Bacterial s trains and growth conditions . The bacterial strain used was Rltodothemws 

obamensis OK07 (JCM 9785) wh ich was isolated by Sako, Y. er al. from a shallow marine 

hydrothermal vent at Tachibana Bay, Nagasaki Prefecture, Japan [78, Chapter 2]. For cultivation of 

R. obamensis, Jx medium was used [78, Chapter 2]. R. obamensis was grown at 76 ·c and 

harvested at the late exponential growth phase by centrifugation and washed three times with 50 mM 

Tris-IICI (pH 7.5). The cell pellet was frozen at -90 ·c prior to en7yme purification. 

E nzyme assa ys. PEPC activity was routinely coupled to the malate dehydrogenase (MDH) 

reaction and assayed in duplicate by the previously described method [52, 53]. For measurement of 

the activity, a heat-stable MOH from Thermusjlavas (S IGM A) was used as a coupling enzyme. All 

assays were initiated by addition of enzyme preparation to the preheated reaction mixture contain ing 

50 mM Tris-Il2S04 (pfl 8.0), 10 mM NafiCOJ, 5 mM PEP, 10 rnM MgS04, 0.15 mM NADH, and 

2U T. jlavas MDII in a final volume of 1.0 mlunless otherwise noted (standard assay condition). In 

an attempt to examine the effect of pll on enzyme activity, 50 mM Tris-ll2S04 was used at a range of 

pH 7.0-9.5 and 50 mM KII2P04-Na2HP04 (phosphate buffer) was used at a range of p i I 5.5-7.0, as 

a buffer of the reaction mixture. In order to test the requirement of divalent cations for PEPC activity, 
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Fig. 5. The elution profiles of 
PEP carboxylase in the 

purification st eps. ( A) The 

elution profile in the column of DEAE

Cellulose. The bulk of active fractions 
were eluted wilh the buffer between 
0 05 and 0 15 M NaCI. (B ) The 

elution profile in Jhe column of 
Phenyl Sepharose 6FF. The enLyme 
was stepwisely eluted with 300 ml of 
10 mM Tns-HCI (pll 8.0) buffers 

conlaining 25, 50, and 75% (vollvol) 
of ethylene glycol, respecJively. The 

acJive fractions were cluled with the 

buffer containing 50% of ethylene 

glycol. ( C ) The profile in the column 

or M ono Q The active fractions were 

eluted with I 0 ml of a linear gradient 

of NaCI (0-0.5 M ) usmg FPLC system 

(Pharmacia). (D ) The elution prfile in 

the column of Superdex 200 HR. The 
gel filtration column was not only for 

the final purifrcation step but for 

determining the molecular mass of the 
enzyme. From the elution paltern, the 

molecular mass of the en1yme was 
found to be 400 kDa. As standards of 

molecular weight, HMW gel filtration 

calibration kit was used (Pharmacia). 

Table 3. Purification of PEPC from R. obamensis. 

Preparation Volume Total protein Total activity Yie ld Specif1c activity Purification fold 
(ml) (mg) (p moiNADII/mm) (%) ( pmoiNAOH/n111llmg) 

Crude extract 400 10470 

35-80% (N H4)
2
S0

4 185 5790 370 100 0.064 

DEAE-Ccllulose 175 723 
DE-52 

284 76.8 0.393 6 

Phenyl-Sepharose 72.0 23.4 
6-FF 

162 43.8 6.92 108 

FPLC Mono Q 13.1 1.83 160 43.2 87.4 1366 

FPLC Superdcx 16.0 0.64 64 17.3 100 1563 
200HR 

various concentrations of MgS04 or MnS04 were added to the reaction mixture instead of 10 mM 

MgS04. To test the effect of metabolites on the activity, various concentrations of acetyi -CoA, 

fructose l ,6-bisphosphate, L-aspartate, and L-malate were added to the reaction mixture. One unit of 

PEPC activity was defined as the amount of enzyme that catalyzed the oxidation of l J.lmOI of NADH 

per min. 

P urificatio n. All procedures were carried out at 0 to 4 °C. Thawed cell paste of R. obamensis 

( 150 g) was suspended in 300 ml of 50 mM Tris-HCI (pH 7 .5). The cells were disrupted by seven 

passages through a French Press 550 l-N (Ohtake Seisakusho, Tokyo, Japan) at l ,500 kg/cm2 and 

centrifuged at 24,000xg for 20 min. The supernatant was used as the cmde extract. Solid ammonium 

sulfate was added slowly to the crude extract to reach 35% saturat ion. After stirring for 30 min, the 

extract was centrifuged at 24,000xg for 20 min. The supernatant was brought to 80% saturation of 

ammonium sulfate. After centrifugation, the pellet was dissolved in 150 ml of 50 mM Tris-llCI (pH 

7.5) buffer and dialyzed against 100-fold volume of the same buffer twice. PEPC activity recovered 

with ammonium sulfate fractionation was applied to the next purification step. 

The active fraction was loaded on to DEAE-cellulose DE-52 (Whatman, Kent, UK) column 

(2.5x30 em) equilibrated with 50 mM Tris-HCI (pll 7.5), and then washed with the same buffer. The 

enzyme was eluted with 1200 ml of a linear gradient of NaCI (0-0 .5 M) in the buffer. The bulk of 
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active fractions eluted with the buffer between 0.05 and 0.15 M NaCI were pooled and dialyzed twice 

against 1 00-fold volume of I 0 mM Tns-IICI (pH 8.0) (Fig. SA). 

The dialy:ted enzyme solution was put on a column of Phenyl-Sepharose 6FF (Pharmacia) 

( 1.5x30 em) equtlibrated with the same buffer for the dialysis. The enzyme was stepwisely eluted 

with 100 ml of I 0 mM T11S-IICI (pi I 8.0) buffers containing 25, 50, and 75% (vol/vol) of ethylene 

glycol, respectively. The active fraction eluted with the buffer containing 50% of ethylene glycol was 

dialyzed twice against 100-fold volume of 50 rnM Tris-HCI (pll 7.5) (Fig. 5B). 

The d1aly:t.ed cn;yme solution was put on to a column of MonoQ (Pharmacia) (bed volume I 

ml) equilibrated with 50 mM Tris-HCI (pll 7.5) and eluted with 10 ml of a linear gradient of NaCI (0-

0.5 M) using FPLC system (Pharmacia) (Fig. 5C). The pooled active fractions were concentrated 5-

fold with the Amicon ultrafiltration apparatus with a YM 30 ultrafilter (Amicon). The concentrated 

enzyme solution was applied to the final step, the column of Superdex 200TTR (Pharmacia) (bed 

volume 8 ml) in the f·PLC system equilibrated with 200 mM Tris-HCI (pli 7.5) (Fig. 50). 

The gel filtration column was not only for the final purification step but for determining the 

molecular mass of the enz.yme. As standards of molecular weight, I IMW gel filtration cal ibration kit 

was used (Pharmacia). The purified enzyme was dialyzed twice against I 00-fold volume of 50 mM 

Tris-liCI (pH 7.5) and then stored at -90 ·c. The frozen enzyme solu tion was stable and had the 

same properties at lea!>l for a year. 

Other methods. Polyacrylamide gel electrophoresis (PAGE) of the purified enzyme was 

perfonned with 7.5% (wtlvol) polyacrylamide gel in the absence of sodium dodecylsulfate (SDS) for 

confirming the enzyme purity, and with 10% (wtlvol) polyacrylamide gel in the presence of SDS for 

determining the molecular mass of the subunit by the method of Laemnli [79]. Molecular weight 

markers for SDS-PAGE were from Bio-Rad. Protein concentrations were routinely estimated by 

Bradford [80] with bovine serum albumin as the standard. 

Thcrmostability stud ies. For the measurement of thcrmostability, the enzyme was usually 

incubated at various temperatures in 50 mM Tris-HCl (pi I 8.0) containing 10% (vol/vol ) of glycerol 

at a concentration of 9 Jlg PEPC/ml for different periods of time, unless otherwise noted. Then, the 

thermoinactivation \\as stopped by cooling the aliquots on icc and the residual PEPC activity was 

measured at 75 C under standard assay condition. The effects of pi I, salts and enzyme concentration 

on thermostability were also examined. In these experiments, thermoinactivations were run with 

various pll of 50 mM Tris IICI (pll 7.0-9.0), with 50 mM Tris-HCI (pH 8.0) containing a variety of 

salts, or at different enzyme concentrations (9 pg, 18 Jlg, or 36 ~lg PEPC/ml). To examine the effects 
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(Fig. 5B). This extreme hydrophobicity caused the 

enzyme to be successfully separated in the 

preparatiOn (Table 3). 

Molecular properties of PEPC. The 

molecular mass of PEPC from R. obamensis was 

estimated by gel filtration to be 400 kDa. In SDS 

PAGE, the purified enzyme gave rise to a single 

protein band with a molecular mass of 100 kDa 

(Fig. 6). These results suggested that the enzyme 

was a 400 kDa of homotetramer consisting of 100 

kDa of subunits. On the basis of the molecular 

mass, the R. obamensis PEPC was similar in size 

to other known PEPCs from Bacteria and 

Eucarya. 

The effect of temperature, pH, and 

cations on PEPC. The effect of temperature on 

the enzyme activity is shown in Fig. 7. The 

enzyme indicated the highest activity at ambient 

temperature for growth of 75 ·c. The optimum pH 

value for activity was approximately 8.0. The 

enzyme absolutely required Mg2+ or Mn 2+ for the 

activity (Fig. 8). It utilized not only Mg2~ which is 

the most common co-factor for PEPC, but a low 

concentration of Mn2+ instead of Mg2+. The 

concentrations which resulted in the half of 

maximum enzyme activity were 0.25 mM for 

M g 2+ and 0.1 mM for Mn2+. With the 

concentrations of both cations increased, however, 

the enzyme activity was gradually decreased and 

completely inhibited by 15 mM of Mn2+ or 100 

mM of Mg2+. Michaelis constant for PEP was 
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of the substrate, co factors and metabolites on the thermostability, each substance (5 mM of PEP, 0.5 

mM of MgS04, 0.5 mM of MnS04, 1 mM of acety l-CoA, 10 mM of fructose 1,6-bisphosphate, 0.5 

mM of L-aspartate, or 0.5 mM of L-malate) was added to the incubation buffer described above. 

Residual activtty after thermoinactivation was exhibited as relative to the enzyme activity in the same 

condition without the thermoinactivation. Thermoinactivation rate(/) was calculated by (/)=In dRdT, 

dR; change of residual activity(%), dT; change of time (min), and thermostabilization effect was 
\ 

exhibited as (thermoinacti vation rate without. a factor at a temperature)/(thermoinactivation rate with a 

factor at the same temperature). 

212 kDa 

170 kDa 

116 kDa 

76 kDa 
<;) kDa 

2 4 'i 6 

~ PEPC 

Fig. 6. S DS- polyacryla mid e gel e lectrophores is 

of the purified R. obamenris PEPC. ApprOXImately 

10 11g of prote1n was applied to each lane. After 

clcctrophores•s. the gel was sta1ned by 40% (vol/vol) 

methanol 10% (vol/vol) acetate containing 0 2% (wt/vol) 

coomassie bnlhant blue (CBB) R250. Lane I contams the 
molecular we1ght marker, lane 2, 35-80% saturation of 

( Nii 4hS04 fraction, lane 3; actJvc fraction through DEAE-

cellulose, lane 4 , Phenyi -Sepharose 6 H . lane 5. FPLC 

Mono Q, lane 6, FPLC Superdex 200 HR. 

3. Results 

Purification of PEPC from 

Rhodothermus obamensis. As shown in 

Table 3, PEPC of R. obamensis was purified 

1563-fold with a final specific activity of 100 

J..1.molNADWmin/mig and an overall yield of about 

17 .3%. The purity of the purified enzyme was 

confumed by native PAGE and SDS-PAGE. The 

sample after the gel filtration column of Superdex 

200HR showed a s ingle protein band both in 

native PAGE and SDS-PAGE (Fig. 6) and the 

band position in the native PAGE corresponded to 

an active faction of the gel fractions s liced every 3 

mm from top to bottom. The refore, the 

purification of the enzyme was completed by the 

column of Superdcx 200HR (Fig. 6 and Table 3). 

The most notable property observed in the course 

of purification was that the enzyme strongly bound 

hydrophobic interaction chromatography. The 

enzyme was eluted with 10 mM Tris-HCJ (pH 

8.0) containing 75% (vol/vol) ethylene glycol 

23 

...... 
c:: 

~ 
Q 
< z 
0 

0 I • 

E 001 • 2: 
• 

A 
0.0001 _ 1 -1-r--L---1 

0 0027 0 0028 0 0029 0 003 0 003 I 0 0032 0 ~.H 

....... 
c:: ·e 

:X: 
0 
< 
~ 
0 
E 
:::1. ........ 
,q 
> 
ti 
"' 
~ 
!.Ll 
0.. 

....... 
c: 

~ 
~ z 
0 
E 

0.1 

0.01 

0001 

00001 
00027 

0 I 

2: 0.01 

::;. 
> 
ti 
"' 0 001 -

~ 
!.Ll 
0.. 

tn· (IlK) 

.-, 

B 

00028 00029 000.1 0 OO.ll ~--· 00012 OOOH 

l fi'(I/K) 

c 
0.0001 ..L_t_ --t_ --'---• '--• -

000.14 

00034 

F' 9 
•g. . The Arrheniult plot for the act ivity of R 

obamensis P F.P(' Th. ... · 
. . ' • t: u.lfa were laken from F•g. 7. (A) 
rrHlrc·ues 1he 1 · 1 
. . • pot Wlllout alloslerre effeclors. ( B ) or (C) 
lnd•cates the plot with I mM acelyl CoA or 0.5 mM L 

aspartate, respectively. Tile arrows show the upper and lower 
temperatures ol the Arrhcmus range for act•vity. 

calcu Ia ted in the range of PEP concentration 

between 0.1 mM to 100 mM to be 20.9 + 1.2 

mM. 

The effec t of metabolites on PEPC. 

The effect of several metabolites which arc major 

positive or negative effectors for the mesophilic 

PEPCs were investigated. The relative activities 

with various concentrations of metabolites were 

143.2 % (1 mM), 155.8% (2 mM), 157.1% (5 

mM) with acetyi-CoA, and 126.6% (2 mM), 

141.8% (5 mM), 143.7% (10 mM) with fructose 

1 ,6-bisphosphate, and 72.4% (0.5 mM), 23.7% 

( 1 mM), 9.1% (2 mM), 0% (2.5 mM) with L

aspartate, and 22.3% (0.5 mM), 9.5% ( 1 mM), 

0% (2 mM) with L-malate, respectively. For the 

pan of positive effectors, acetyl-CoA and fructose 
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I ,6-bisphosphate signi fi cantly enhanced the 

enzyme activity (maximally 157 and 144%, 

respectively). The concentration of each effector 

which rcsul£ed in the half of the maximum 

effectiveness was 0.35 mM for acctyi-CoA or 1.2 

mM for fructose l ,6-bisphosphate. On the o ther 
Iff (1/K) 
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hand , the enzyme activity was completely inhibited by 2.5 mM of L-aspartate and 2.0 mM of L

malatc. A 50% of inhibition required a concentration of 0.7 mM for L-aspartate, or 0.3 mM for L

malatc . In addit1on , these metabolites affected the thermophilicity of the enzyme (Fig. 7). The effects 

of them were -;trengthened at high temperature range and hence, the optimum temperature for activity 

was shifted to higher with a positive effector (80 "C) and lower with a negative one (70 "C). From the 

Arrhenius plot of the result, the pos1t1ve effectors extended the At rhenius range of the enzyme from 

50 75 ·c to 40 80 ·c and the negative effectors decreased upper point of the Arrhenius range from 75 

·c to 70 ·c (Ftg. 9). 

Thermostability of PEPC. R. obamensis PEPC was extremely stable at high temperatures. 

No loss of activity was observed after the incubation for 2 hat 85 ·c (Fig. lOA). The times required 

for 50% loss of activity were about 240 min at 90 ·c, 60 min at 91 ·c and 10 min at 93 C, 

respectively (Fig. lOA). Moreover, the extreme thermostability of the enzyme was innuenced by pll, 

salts, and enzyme concentration. A<:. shown in Fig. 9B, the enzyme was most stable at pll 8.0. In the 

buffer whose pi! was 7.0 or 9.0, the enzyme was rapidly inactivated. These pH were the values 

adjusted at 25 ·c. Around 90 ·c. the pH value of the incubation buffer (50 mM Tris-HCI containing 

10% glycerol) was found to decrease to the extent of 1.3 or 1.4 from the value adjusted at 25 ·c. 
Therefore, the enzyme was likely to be stable around piT 6.5-7.0 at ambient high temperatures. 

When the enzyme was incubated at 93 ·c at several protein concentrations, the 

thermoinactivation rate decreased in proportion to the enzyme concentration (Fig. I OC). In other 

words, the elevated enzyme concentration enhanced the thermostability of the enzyme. Furthermore, 

the effects of salts on the thcrmostability were investigated (Table 4). In the divalent cations including 

co-factors of the enzyme, the thermostabilization effect (i.e., the protective ability to reduce the 

thcrmoinactivation rates) decreased in proportion to the concentration. On the contrary, in the 

monovalent cations and anions, the stabilization effect increased according to the increasing 

concentrations. In addition, the stabilization effect was in the order Na+ > K+ > Nl14+ for the 

monovalent cations, or in the order S042- > IIP042- > Cl > N03 for the anions. These orders of the 

stabiliL.ing PEPC were consistent with the order of the water structuring effect of ions [81, 82]. 

Not only salts but a substrate and allosteric effectors had effects on the thcrmostability of PEPC 

(Fig. II). The substrate, PEP and positive effector, acetyl-CoA strongly enhanced the thermostability 

of the enzyme, while another positive effector, fructose I ,6-bisphosphate had little effect on the 

enzyme thermostability (Fig. 11 A). On the other hand, the negative effectors reduced the enzyme 

thermostability and the effectiveness was consistent with the inhibitory effectiveness of the effectors 
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The thermoinactivation of R obamr11.ris PEPC' at vanous 
rcmperaturcs The c01ymc was Incubated ar vanous 

remperarurc\ ar a conccnrrauon of 9 ~tg PEPC/ml 1n rhe 
tncubarion buffer (50 mM Tns IICI conlatntng I 0% 

glycerol, pll 8.0) for dtfferent pcnods of rime The 
lhermoinacrtvatton was tcrmtnared by cooling the altquots 

on ice and the residual acuvuy was measured ar 75 ·c at pH 

8 0. The acuvtty before the thermo111acuvation was scr to 

100%. ( fl ) The effect of pll on the thermostability of R. 
obamensis PEPC'. The enqme was incubated ar 91 ·c and a 

concenrrauon of 9 ).lg PEPC/ml. The pi I of rhe mcubalton 
buffer indtcated tn this ligutc was 1he value adjusted ar 25 'C 
and the value was found to decrease to rhe extenr of 1 .3 at 91 

·c The acriviry at each pH value before rhe 

thcrmoinactavarwn was set 10 100% (C) The effect of 

enzyme conccnlrallon on the rhermostabiluy of R. 
obamensis PEPC. The enzyme was incubated at 93 ·c ant! pH 

8.0 at 9. 18 or 36 !lg PEPC/ml In lhts experiment, the 101al 
protem concentrallon was sr.mdardttcd 10 a conccntrauon of 

72 ~tglml in all cases by the compcnsauon of bovme serum 

albumm (BSA). The acuvuy at each cn1yme concentration 
before the thcrmoinaclivation was set ro 100%. 

on enzyme activity (Fig. llB). In addition, the 

combined effects of the substrate, co-factor, 

allosteric effector, and salt on the thermostability 

were examined (Table 5). The thermostabilization 

effect of each factor in the course of 

thcrmoinactivation at 95 ·c was 3. 14 for PEP, 

4.37 for MgS04, 5.58 for Na2S04 and 8.81 for 

acetyl-CoA . The thennostabilization effect was in 

the order acetyl-CoA > Na2S04 > MgS04 > PEP 

at all temperatures tested. When the enzyme was 

incubated with the combinations of these factors, 

the thermostabi lization effects were additive and 

s ignificantly higher than when with each factor 

(Table 5). 
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4. Discussion 

The ext remely thermo s table 

phosphoenolpyruvate carboxylase (PEPC) was 

purified from an extremely thermophile R. 

obamcnsis recently isolated from a shallow marine 

hydrothermal vent in Japan (78, Chapter 2]. The 

en1.yme was a homotetramer with a molecular 

mass of 400 kOa consisting of a 100 kDa of 

subuni t. To date, a number of PEPCs have been 

purified from the domain Bacteria and Eucarya, 

such as E. coli [46], Brevibacteriumflavwn [83], 

Thermus sp. [47], Anabaena sp. [48], 

Mesembryanthemum crystallinum [49), Zea may 

[50, 84]. Most of them arc homotetramers with a 

molecular mass of about 400 kOa but the 

homologs from the domain Archaea displayed a 

240 kDa or a 260 kDa of molecular mass [52, 53). 

From the comparison of amino acid sequences 

between PEPCs from Escherichia coli (allosteric) 

and Anacystis nidulans (non-allosteric), Ishijima et 

a/. [85] suggested that the conserved region of C

terminal half was the active core of the enzymes 

and the variable region of N-terminal half be 

involved in the allosteric regulation. Hence, we 

speculated in the previous studies that the lack of 

N-terminal half might account for the smaller size 

and non or incomplete-allosteric property in the 

archaeal enzymes to large extent [52, 53]. The 

allosteric property and the full size of molecular 

mass (400 kDa) in R. obamensis PEPC were 
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Table 4. The effect of various cofnctors and snits on the thcrmostahility of R. ohamensis PEPC. 

Anions S042• IIJ>Ol· Cl· N01• 

Cations 50 mM 5 rnM 0 .5 mM 50mM 5mM 0 5 m~l 50tmM Hl<5J rnM I 0 5 m.\1 

I ~OmM 
~ 

N D. 2.28 N.D. 
Mgh SmM 2 ND 

~ 
ND 

05mM 5.51 NO ].02 ND 

150mM ND ND. 0.772 0.639 
Cal< SmM ND. N.D 

~ ~ OSmM N.D. ND. ].25 2.81 I SOmM 

~ 
ND 0 NO 

Mnh 5mM N.D. 

~ 
NO 

0.5mM 72 N.O 4.32 NO. 
lt00(50)mM 6.81 4.40 4.11 2.60 

Na• 10(5) mM 

~ ~ ~ ~ 110.5) rnM 2.38 4.66 2.19 .58 

1100(50) mM 4.19 3.89 2.98 3.34 
K• IO(S) mM 

" ~ ~ 1(0.5) mM 0.867 ~ 0.907 3.77 2.91 

1100(50) mM 3.62 5.17 2.13 2.70 

NIJ4' 10(5) mM 

~ ~ ~ ~ 1(0.5) mM 0.923 0.789 2.49 2.28 

~- he hen7[me '~as mcubatcd al 93 C and pH 8 0 at a concentration of 9 ~1g PEPC'/ml in presence of vannu~ cnncentrations of wfar:tors and salt\ 
.ac va ue Ill ,'cates a thcnnustahtlllalllln etlcr:l a' descnhcd 111 1\hucnal~ and Meth\~th and bold numbers rmply the posu1ve el feels . The Mro"' 

<~n 11_1: top nr left shows the wa1c1 Mrucuumgclfectrvcncss of the 1011~ Smcc cad1 ions was supplied as a sah 10 the incuhauon huffer.thc 
'_un,cntraunn~ o l ~nonovalcnt tons 111 _the hufler were doubled as coupled to d1valcn1 ums .. , he numbers 111 ( ) cxh1h111hc concentrations as 
'ou

1
plcd IO monov.alent tons. I he pllm the mcubauon bul fer wns readjusted 10 1!.0 when the presence of some sahs led 10 Slgmficanl sh1ft of pll 

Ill I 1e buffet 

consistent with the speculation that the considerable part of the 400 kDa might be involved in the 

binding with effectors and the regulation of enzyme activity. 

On the basis of the enzymological characteristics, R. obamensis PEPC was closely related with 

bacterial counterparts [Table 6]. Although the optimum temperature for enzyme activity was 75 ·c 
and much higher than any other bacterial PEPC, the optimum pH for activity, the requirement for 

divalent cations, and the allosteric regulation by metabolites involved in the glycolytic and 

tricarboxylic acid metabolisms were quite similar to those of the bacterial PEPCs. Furthermore, the 

enzyme exhibited relatively high Km value to PEP (20.9 ± 1.2 mM) and Vmax (378 ..t22 

JlmolNAOII/min/mg). It has been accepted that the bacterial PEPCs have higher Km and Vmax 

values than the eucaryotic ones and the Km and Vmax values of the bacterial PEPCs are the same 

level as those of R. obamensis PEPC [861. These enzymological and kinetic properties indicated that 

R. obamensis PEPC was a typical bacterial PEPC and an extremely thermophilic version of the 

enzyme [Table 6]. 

R. obamensis PEPC was extremely thermostable. The enzyme remained active even after it was 

exposured to high temperatures that were above the upper limit of growth for a few hours. As 

compared to other thermophilic PEPCs l47, 52, 53], R. obamensis PEPC was the most thermostable 
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Table 5. The combined effects of extrinsic thermostabilization factors. 

Factor Thermostabilization effect 

multiplications indicate the calculated values 

(1) +5 mM PEP 3.14 

(2) +0.5 mM MgS04 4.37 

5.58 

(4) +1 mM Acetyi -CoA 8.81 
--· .. -............... -- .... -- ................. ---- .... -- ................. - .................. ------------- .......... -- .... ---- ......................... -------- .......... -- ..... . 

(5) +5 mM PEP, 

0.5 mMMgS04 

(6) +50 mM Na2so4 
I mM Acetyl-CoA 

(7) +5 mM PEP, 

0.5 mM MgS04, 

50 mM Na2so4 

(8) +5 mM PEP, 

0.5 mM MgS04, 

1 mM Acetyl-CoA 

(9) +5 mM PEP, 

0.5 mM MgS04, 

50 mM Na2so4, 

1 mM Acetyl-CoA 

16.1 

(l)x(2)=13.7 

39.9 
(3)x(4)=49.2 

50.6 

( I )x(2)x(3)=76.6 
(3)x(5)=89.8 

106.4 
(l)x(2)x(4)=121 

(4)x(5)= 141.8 

106.3 
(1 )x(2)x(3)x(4)=673.5 

(3)x(4)x(5)=791.4 (l )x(2)x(6)=547.5 
(3)x(8)=593.7 (4)x(7)=445.8 

The enzyme was incubated at 95 OC and pH 8.0 at a concentration of 9 Jlg PEPC/ml. 
The thennostabilization effects were taken as described in Materials and Methods. 
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PEPC reported to date. Moreover, the thennostabiltty of the enzyme was increased in proportion to 

the enzyme concentration (Fig. I OC). It has been shown and postulated that the protein concentratton 

influenced the enzyme activity and the mterconversion of quaternary structure of PEPC in the C4 and 

CAM (crassulacean acid metabolism) plants, and that the high concentration of the enzyme induced 

the formation and maintenance of more active tetrameric structure while the dilutton mduccd the less 

active dimeric formation in these plants [87-89]. The elevated thermostability at higher concentration 

of R. obamensis PEPC may be caused by the interconversion of the quaternary structure and 

suggested that the intrinsic thermostability of the enzyme strongly depended on the formation and 

maintenance of the tetrameric stmcture. 

Recently, there has been increasing interest in thermophilic organisms and their thermostable 

biochemical molecules associated with the findings of their extraordinary habitats[2, 3, 8, 9]. 

Accordingly, an increasing number of thermophilic enzymes have been studied by the comparison of 

amino acid sequences between thermophilic and mesophilic homologous proteins [28, 29], the 

analyses of protein foldings [30], and the structural studies of the proteins including the three 

dimensional structures 135, 36]. Another approach to the mechanism of protein thermostability is to 

explore the extrinsic factors that lie not in the protein itself but out of it, and might sustain it under 

high temperature . In fact, there have been discovered possible extrinsic thermostabilization 

mechanisms in various them10philcs [37-39]. The thcrmostabilization of the allosteric enzymes by the 

positive effectors is likely to be one of such mechan isms [90]. Taguchi et al. reported that fructose 

I ,6-bisphosphate stabilized L-lactate dehydrogenase (LDH) of Thermus caldophilus GK24 toward 

heat and that the stabilitation might reflect the stabilization of the tetrameric form [90]. Likewise, in 

this study, PEPC of R. obamensis was strongly stabili1.ed by the positive effector of acetyl CoA 

(Fig. 11). llowever, the enzyme was not remarkably stabilized by fructose I ,6-bisphosphate which is 

another positive effector and destabilized by the negative effectors (Fig. 11). These results suggested 

that the allosteric effectors with affinities to the enzyme had effects not only on the enzyme activity but 

on the enzyme s tability. In the case of the LOll ofT. caldophilus G K24, it has been suggested that 

the binding of fructose I ,6-bisphosphate enlarges the substrate binding pocket and strengthened the 

subunit-subunit hydrophobic interaction [91 ]. Although T. caldophilus LDH is smaller than R. 

obamensis PEPC, both enzymes are similar in many points; allosteric property, homotetrameric 

structure, and enhanced thermostability by positive effector [90]. lienee, one of the possible 

explanations of the enhanced thennostability of R. obamensis PEPC may be the enhanced subunit

subunit hydrophobic interaction by the binding of acetyl-CoA to the enzyme. 
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Table 6. The compari.~on of cnZ) mological propertie~ in various PEPCs from the three dom~1ins of organisms 

STRAIN Bacteria Archaea Archaea Bacteria Eucarya 

PROPERTIES R. nbamrnsts S. acidocaldaritH M. IOCtabt/t.f E. colt Z. mays 

Molecular mac;s 400k0a 260kDa 240kDa 360kDa 400kDa 

Subunit llornotctramcr Hornotetramcr Hornotctramcr llomotetramcr llomotetramer 

Optimum temp. 
75•c 9o•c s5·c 35-3s·c 40"C 

for activity 

Optimum pH 
8.0 8.0 8.5 7.5 7.5-8.0 

for activity 

Kpfo:p value -20mM -O.ImM 1.3mM -20mM -O.I mM 

Positive Acctyi-CoA. Acctyl-CoA, Glucose 6-phosphatc 
effectors Fructose I ,6 b1sphosphatc Fructose I ,6-bisphosphate, 

Fatty acids, etc. 

Negative L-Asparatatc L-Asparatatc L-Asparatate L-Malate 
effectors L-Malatc L-Malate L-Malate 

R. obamensis PEPC was also stabili1cd by the substrate, cofactor and various salts (Table 4 

and Fig. II A). The presence of PEP or MgS04 significantly decreased the thermoinactivation rates of 

the enzyme. This implied that the substrate and cofactor as well as the allosteric effectors were 

possible thermostabilization factors of the enzyme. It was acceptable that the binding of the substrate 

and cofactor altered the enzyme confonnation to the active state and the active confotmation was more 

stable than the native one. Moreover, the thcrmostabilization by various salts and the variation of the 

effectiveness led us not only to recognize the contribution of salts as a important thermostabilization 

factor, but to expect a part of mechanism for the intrinsic thcrmostability of R. ohamensis PEPC. As 

seen in Table 4, the thennostabilization effects increased in proportion to the concentrat ions for the 

monovalent cations and anions. In contrast, the effects decreased in proportion to the concentrations 

for divalent cations. As regards the divalent cations, Mg2+ or Mn2+ was the cofactor of the enzyme 

and necessary for the enzyme activtty, nevertheless it was shown that the excess amount of these ions 

inhibited the en1yme activity (Fig. 8). Therefore, the excess amount of the divalent cations were 

expected to cause some harmrut problems on the enzyme activity and stability. On the other hand, the 
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thermostabilization by the monovalent cations and antons were thought to result from a different 

interaction from that by the divalent cations. In the stability study on mai1c leaf PEPC, Jansen('/ a/. 

reported that the enzyme wa<; stabilized by kosmotropic (water structuring) anions such as HP04 2 

and S042-, and suggested that the stabili~;ation effect was attributed to the promotion of the 

intersubunit hydrophobic interaction due to solvent mediated effects of these an ions [92]. This 

suggestion was conducted by the concept of the solvophobic theory that the water-structuring 

effectiveness of these anions with high charge densi ties elevates the surface tension of the solvent, 

which subsequently increases the free energy of cavity formation in the protein surface area, and as 

the result, the increment of the cavity free energy will induce stronger intersubunit hydrophobic 

interactions [93-95]. Ilowever no apparent correlation with the theory was found between the 

stabilization of the maize PEPC and the water-structuring series of cations[92]. In R. obamensis 

PEPC, the thermostabilization effect was in the order Na+ > K+ > NII4+ for the monovalent cations, 

or in the order S042- > I IP042- > Cl- > N03- for the anions, which were in good agreement with the 

order of water-structuring effectiveness [81, 82]. Moreover, the thermostabililation effec tiveness 

were consistent with the increased concentrations of these ions. These results indicated that the ions 

with high water-structuring effect iveness and the increased concentrations of such ions had stronger 

effect in enhancing the enzyme thermostability and suggested that the enhanced thermostability by the 

salts of monovalent cations and anions was from the stronger intersubunit hydrophobic interactions 

induced by the surface tension of the solvent and the cavity free energy of protein surface, resulting in 

the maintenance of the tetrameric stmcture of the enzyme. 

On the basis of the results presented herein, I propose that the substrate (PEP), cofactor 

(Mg2+), allosteric effector (acctyi-CoA), and salts (e.g. Na2S0 4 ) are possible extrinsic 

thermostabilization factors. In general, these substances arc constitutional components of bacterial 

cells, and PEP, Mg2+, and acety1-CoA are essential to PEPC activity or its regulation. In this study, 

R. obamensis PEPC was shown to be ex tremely thermostable in itself (Fig. I 0), but it was also 

shown that the thermostability of the enzyme was considerably increased by these substances. 

Therefore, I came to a conclusion that the thermostability of R. obamensis PEPC in vivo mjght be 

sustained due to the extrinsic mechanisms in addition to the intrinsic thermostability. In order to 

determine the function and interaction of these factors, the combined effect of the ex trinsic 

thermostabilization factors was investigated at high temperatures where the enzyme was rapidly 

inactivated (Table 5). 
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When the R. obamensis PEPC was incubated with each of the extrinsic thermostabilization 

factors at 95 C, the thenno-stabilization effect was in the order acetyl-CoA > Na2S04 > MgS04 > 

PEP (Table 5). The order of effectiveness was the same at all temperatures tested and acetyl-CoA 

appeared to be the most effective factor for the enzyme thermo-stabilization. Furthermore, when the 

various combinations of the factors were added to the enzyme solution, the effects were significantly 

Increased and additive of the mdividual effects. These results strongly suggested that each of the 

factors noncompetitively interacted with the enzyme and enhanced the thermostability of PEPC 

without interference among themselves on the thermostabilit.ation of the enzyme. The combined 

thermostabilization effect by these factors was quite strong and dominant at high temperatures above 

the optimum range for activity. The extrinsic thermostahilization mechanism proposed in this study 

can give new insight into elucidating the thermostability of the proteins from thermophiles. In 

addition, it was suggested through this study that the thermostabil ity of R. obamensis PEPC and the 

thermostabJiiLation effect were strongly associated with the maintenance of the tetrameric form of 

PEPC. In order to determine how the intrinsic thermostability of the ent.yme is established and how 

the extrinsic thermostabilization mechanism work on, the structural approach for the thcnnostability 

and the molecular basis of the extrinsic thermostabilization mechanism are essential. The study of the 

folding or conformation in the enzyme in relation to the extrinsic thermostabilization factors and the 

gene cloning and expression for the three dimensional structure of the enzyme arc described in 

following chapters. These attempts might shed light on the understanding of both intrinsic and 

extrinsic thcrmostabilization mechanisms in R. obamensis PEPC. 
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Chapter 4 

Extrinsic T hermostabilization Factors a nd T hermodena tura tion of 

Phosphoenolpyru vate Carboxylase (PEPC) from an Extreme 

Thermophile Rhodoth ermus obamensis OKD7. 

1. I ntrod uc tio n 

In Chapter 3, I mentioned the purification and characterization of an extremely thermostable 

PEPC from the newly isolated extreme thermophile Rlwdothermus obamensis [78, Chapter 21 and 

found that the molecular and enzymological characteristics of the enzyme were similar to those of 

bacterial entities. I also found the enhanced thermostability of the enzyme by the substrate, cofactor, 

salts and positive allosteric effectors, and concluded that these substances might play an important 

role in vivo as extrinsic thermostabilization factors to protect the denaturation of the enzyme in 

addition to the intrinsic thermostabilization [96, Chapter 3]. 

In several studies of plant PEPCs, it has been shown and suggested that the stability of the 

enzymes is strongly associated with the maintenance of the multimeric structure and that the 

dissociated monomeric or dimeric structure tends to lose the enzyme activity and form the aggregated 

structure [87 -89]. Therefore, it was expected that the dissociation of the quaternary structure was 

strongly involved in the thermostability of R. obamensis PEPC. Based on the effectiveness of 

enzyme concentration and various kinds of salts on the thermostability, it was speculated that the 

thennostability of the enzyme was to large extent dependent on the maintenance of tetrameric form 

[96, Chapter 3 ]. However, I could not have evidence enough to prove the speculation and exclude 

another aspect. In addition, the subsequentthermodenaturation to the dissociation of the multimeric 

structure and the interaction of the extrinsic thermostabilization factors to the structural change remain 

unknown. 

In this chapter, therefore, I sought to determine the thermodenaturation of R. obamensis PEPC 

with focus on the structural transition. f examined the enzyme act1vity, the elcctrophoretical pattern, 

the UV -visible absorption spectra, Trp fluorescence emission spectra and 1-ani linonaphthalene-8-
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sulfonutc (ANS) bindings to the enzyme during the denaturation at different temperatures. I also 

examined the renaturation capability of the enzyme from the different states of denaturation and the 

effect of the extrins1c therrnostahi lit.ation factors on the thcrmodenaturation. The understanding of the 

thermodenaturation is expected to give un 1mportant clue to elucidate the mechanisms of the 

thcrmostability. The function and interaction of the extrinsic factors to the enzyme them1ostability are 

also discussed. 

2. Materials and Methods 

Bacterial sh·ains and growth conditions. The bacterial strain used in this study was 

Rlwdothermus obamensis OK07 (JCM 9785) isolated from a shallow marine hydrothermal vent at 

Tachibana Bay, Nagasaki Prefecture, Japan [78, Chapter 2]. For cullivation of R. obamensis, the Jx 

medium was used [78, Chapter 2]. R. obamensis was grown at 76 ·c and harvested in the late 

exponential growth phase. Cell pellet was freezed at -90 C prior to en;yme purification. 

Enzyme assays. PEPC activity was routinely coupled to the malate dehydrogenase (MDII) 

reaction and duplicately assayed as described in Chapter 3. In an attempt to examine the 

thermostability of the enzyme, a concentration of enzyme solution (9 ~gPEPC/ml) containing 50 mM 

Tris IICI (pH 8.0) and I 0% (vol/vol) of glycerol was usually incubated at various temperatures (80, 

93 or I 00 ·c) for different periods of time. Then, the thermoinactivation was stopped by cooling the 

aliquots on ice and the residual PEPC activity was measured at 75 ·c under standard assay condition 

[78, Chapter 3]. The effects of the extrinsic factors on thermostability were also examined. In these 

experiments, thermoinactivations were performed with the incubation buffer (50 mM Tris-HCI, pll 

8.0 and 10% of glycerol) containing a concentration of factor each (5 mM for phosphoenolpyruvate; 

PEP, 0.5 mM for MgS04 , 50 mM for Na2S04, 1 mM for acetyl-CoA) or combined. In all cases, 

residual activity after thennoinactivation was exhibited as relative to the enzyme activity in the same 

condition before the them1oinactivation. Thennoinactivation rate (/)was calculated by (/)=In dRcfT, dR; 

change of residual activity(%), dT; change of time (min), and thermostahilization effect was exhibited 

as (thermoinactivation rate without a factor at a temperature) I (thermoinactivation rate with a factor at 

the same temperature). 

Preparation of the purified enzyme. The purification of R. obamensis PEPC was 

completed by following steps of columns, OEAE-cellulose DE 52 (Whatman, Kent, UK), Phenyl

Sepharose 6FF (Pharmacia), FPLC-MonoQ (Pharmacia) and FPLC-Superdex 200HR (Pharmacia) as 
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described in Chapter 3. The purified enzyme to electrophoretic homogeneity was dialyzed with 50 

mM Tris-HCJ containing 10% (vol/vol) glycerol and stored in the liquid nitrogen prior to the 

experiments. 

E lectrophoretic ana lysis. The polyacrylamide gel electrophoresis of the non-denatured 

enzyme or the different s tages of ent.ymes during the thermodcnaturat1on were pet formed with 7.5% 

(wt/vol) polyacrylamide gel in the absence of sodium dodccylsulfate (SDS) to examine the change of 

quaternary structure or with 10% (wt/vol) polyacrylamide gel in the presence of SDS in order to 

check the covalent changes such as hydrolysis of the subunit by the method of Laemnli [79]. In 

addition, another possible covalent changes such as deamidation of Asn or Gin residue were 

examined by the urea-denatured isoclectrofocusing (IEF) electrophoresis using immobiline IEF-PAG 

plate (pH range 3- 10.5) (Pharrnacia). The detail procedure of IEF-PAGE was described in the 

manufacturer's manual (Pharmacia). The proteins after electrophoresis were stained by coomassie 

brilliant blue (CBB) R-250 or silver stain kit (Bio-Rad). In the SDS-PAGE, the intensity of each 

monomeric subunit stained by CBB was measured using the UltroScan XL laser densitometer 

(Pharmacia) and expressed as the integral optical density (IOD). Molecular weight markers for SDS

PAGE was from Bio-Rad. Protein concentrations were routinely estimated by Bradford[80] with 

bovine serum albumin as the standard. 

The m easure ment of UV -vis ibl e a bsorptio n s p ectra. The samples for the 

measurement of UY-visible absorption spectra were prepared in the same way as the samples for the 

measurement of enzyme activity during the thcrmodenaturation described above. The enzyme (9 

~gPEPC/ml) in the incubation buffer (50 mM Tris-HCI, pi I 8.0 containing 10% of glycerol) was 

treated at 80, 93 or I 00 ·c for the different periods of time and cooled on icc, and then concentrated 

4-fold by the centri fugal filtration using ULTRAFREE-MC 10,000 NMWL filter (Mi lli pore, Bedford, 

MA). The UV -visible absorption spectrum of each concentrated sample was recorded at room 

temperature with Shimadzu UV 160A UY-visiblc recording spectrophotometer. The spectra were 

usually obtained with a I em quartz cuvette at a concentration of 36 ~gPEPC/ml in the incubation 

buffer but when appropriate, in the incubation buffer containing 5 mM PEP, 0.5 m.M MgS04, 50 mM 

Na2S04 or 1 mM acetyl-CoA. 

The m easurem ent of Trp fluorescence emiss io n sp ectra. The samples for this 

experimcnl were prepared in the same way as the samples for the measurement of UY-visible 

absorption spectra except for no concentration step of the incubated enzyme. Trp fluorescence 

emission spectrum of each sample was recorded at room temperature wnh Shimadzu RF-1500 
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recording spcctroOuorophotometer. The sample was excited at 280 nm and the emission spectrum 

wa~ measured 111 the range of between 300 and 400 nm. The spectra were usually obtained with I em 

quartz cuvette at a concentration of 9 JlgPEPC/ml in the incubation buffer but when appropriate, in 

the incubation buffer containing 5 mM PEP, 0.5 mM MgS04 , SO mM Na2S04 or I mM acetyl-CoA. 

The mcasua·cmcn t of ANS emission specta·a. The enzyme (9 J..LgPEPC/ml) in the 

incubat1on buffer (50 mM Tris~ l ICI, pi I 8.0 containing I 0% of glycerol) was treated at 80, 93 or I 00 

·c for the different penods of time and cooled on 1ce. Im mediately, ANS so lution (2 J..LM of ANS in 

the incubation buffer) was added to the aliquots at a final concentration of l JlM ANS. After the 

incubation of the sample at 4 ·c for 5 h, the ANS emission of each sample was recorded at room 

temperature with Shimadzu RF-1500 recording spcctrofluorophotometer. The excitation wavelength 

for the ANS emission spectrum was 350 nrn and the emission spectrum was measured between 400 

and 600 nm. The spectra were usually mcasmed with I em quart!. cuvette at a concentration of 4.5 

J..LgPEPC/ml in the I JlM of ANS solution but when appropriate, in the solution containing 5 mM 

PEP, 0.5 mM MgS04 , 50 mM Na2S04 or I mM acetyi -CoA. 

T he renatu ra tion a nalysis. The thcrmodenaturation was performed at 80, 93 or I 00 ·c for 

different periods of time in the incubation buffer (50 mM Tris-HCl , pH 8.0 containing 10% of 

glycerol) at a concentration of 9 tJ gPEPC/ml. The denaturation was stopped by cooling the aliquots 

on ice and the aliquots were incubated on icc for 30 min. The renaturation was initiated by 

transferri ng the aliquots from ice to water bath at 45 ·c and periodically monitored by the enzyme 

activity. In an attempt to examine the effect of the ex trinsic thermostabilization factors on the 

renaturation o f the enzyme, the renaturation was performed in the absence or presence of 5 mM PEP, 

0.5 mM MgS04, 50 mM Na2S04, I mM acetyl-CoA, respectively or all. 

3. Results 

T hcrmosta l>ility of R. obamensis P E PC. PEPC purified from extreme thermophile R. 

ohamen.Hs was extremely thermostable as shown in Fig. lOA. No loss o f activity was observed after 

the incubation for 2 hat 85 C (Fig. lOA). The times required for 50% loss of activity were aboul26 

hat 80 "C, 11 hat 85 ·c. 240 min a t 90 ·c. 60 min at 9 1 ·c and 10 min at93 ·c. respectively (Fig. 

1 OA). In comparison of short-time thennoinactivation at different temperatures, there were observed 

sharp changes around 90 ·c in the residual activity after the thcrmodenaturationfor 30 min and the 
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Fig. 12. T h e effect o f the temperatures on t he 

t h ermodenaturat ion of R. obamensis PEPC. The 

residual activity was measured after the mcuhallon tor 30 mtn 

at v:u ious temperatures and the thermoinactivation rates were 

calculated as descnbe in Materials and Methods. The hold 

arrows indicated the three temperature ranges in which the 

enzyme might be denatured in dcfferent manners. 

thermoinactivation rate (Fig. 12). These results 

suggested that the differen t incubation 

temperatures led the enzyme to the temperature

dependent thermodenaturation and that there might 

exist at least three distinct patterns (below 85 ·c. 
around 90 ·c and above 95 ·c) in the 

thermodenaturation of this enzyme. Therefore, all 

further experiments on the thermodenaturation are 

performed at three different denaturation 

temperatures at 80, 93 or l 00 ·c. 
The effects of thermostabilization factors on 

the thermostability were also examined. The 

thermostabilization effect of each factor at 95 ·c 
was shown in Table 5. As described in Chapter 3, 

the effectiveness of the factors was in the order 

acetyl-CoA > Na2S04 > MgS04 > PEP and the 

effec t was additive when the factors were 

combined (Table 5). 

Electrophor·etica l analyses. The structural and covalent changes of the enzyme during the 

thermodenaturation were determined by the native polyacrylamide gel electrophoresis (native-PAGE), 

sod ium dodecylsulfatc-PAGE (SDS-PAGE) and denatured isoelcctrofocusing-PAGE (IEF-PAGE). 

In the native-PAGE, the non-denature e nzyme exhibited three major bands (Fig. I 3). The upper 

major band and the middle one appeared to correspond a tetrameric form and dimeric form s ince the 

enzyme activity was found in those positions from the gel slice cut every I mm (f.ig. I 3). The lower 

band was not identified by the enzyme activity but likely to be a monomeric form because the sample 

was high ly purified and showed a sing le band in SDS-PAGE (Fig. 14A). During the denaturation at 

80 ·c, although the putative monomeric form decreased in the native-PAGE, no apparent change of 

other structures was seen after 30 h incubation in a ll electrophoresis (Figs. 13, 14A). l lowevcr, 

under the denaturation at higher temperatures, the tctramcric and dimeric forms decreased according to 

the incubation time and disappeared after 5 min incubation at 100 ·c in the native-PAGE (Fig. 13). In 

addition, the covalent change of the monomeric subunit was found in the SDS-PAGE under severe 

denaturation. The enzyme consistently exhibited a 100 kOa of single band during the denaturation but 
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the amount of the subunit was reduced in proportion to the incubation time from the integrated optical 

dcn<;ity (IOD) of each band (Fig. 14A, B). 

The extrinsic thermostabilization factors had effects on the maintenance of quaternary structure 

and monomeric form toward the structural and covalently change during the denaturation at 93 oC for 

30 min (Figs. 13, 14A, B). In the presence of the factors, the electrophoretic patterns before the 

denaturation and after 30 min denaturation at 93 OC were almost identical. Of these factors, the 

presence of PEP strongly sustained the tetrameric and dimeric structure of the enzyme (Fig. 13). In 

the urea-denatured IEF-PAGE, all sample showed a single band of the subun it at pi 6.7 and no 

significant change of electrophoretic pattern was found regardless of the denaturation temperatures or 

the presence of factors. 

ll•lramcric form -.. 

dime ric form__., 

mnnomcril· form --.. 

Fig. 13. Native- PAGE a nalyl>iS of the enzyme during the ther mod ena turation. The same amount of enzyme 
( I llg) mcubated at various temperatures for several periods of time was loaded on 7.5% (wtlvol) PAGE and then silver-stained. 
In order to check the dtfferent forms of PEPC, the non-denatured enzyme was loaded rn two lanes. The one was silver-stained and 
the other was slrced every I mm from top to bouom. The en1yme activity was measured wtlh respect to each fraction 
electrophorettcally eluted from the gel. The acuve fracllons were thought to correspond to the tetramenc and dimeric form. The 
monomenc forms was expected from the relauve molecular s11e. The reproductivity of the electrophoretic patterns was 
continned at least three times. 
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Fig. 15. T he UV-visiblc absorption spectra of the enzyme denatured at 100 'C (A ), 93 'C (D ) and 80 
•c (C ). The cn1yme (9 ~gPr·PC/ml) m the Tns IICI (pll 8.0) contatning 10% (wt/vol) glycerol was incubated for several 
pet iotls of time at each temperature and rooted on icc, :-tnd then concentrated 4-fold by !he centrifugal fthrarion. Then !he 

specrrum of the concentrated sample was measured :11 room temperature with the spcclrophorometer In an attempt to examme 
the effccl of !he ex111nstc lhcrmosrabtlizatwn factors. !he spectra were measured under !he denaturalion a1 93 ' C for 30 min in 

the prc<.cncc or absence of !he fac1ors (D ) No apparcnl change was found in the spectra wilh the factors between before and 

after the thermodenaturauon. All the spectra were contracted wllh the spectra of the incubation solution without !he enzyme. 
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UV -visible absorption. The UV-visiblc absorption spectra of R. obame11sis PEPC were 

measured under different thermodenaturation temperalllres (Fig. 15). At a temperature of 100 ·c. the 

spectra changed largely and rapidly (f-ig. 15A). Ounng the denaturation at I 00 ·c. the values both tn 

the UV and visible range of wavelength increased and especially the absorption signal at 420 nm was 

strongly enhanced (rig. 15A). The similar change was observed in the denaturation at 93 ·c and the 

spectra after the denaturation at 93 ·c for 15 and 30 min were quite suni lar to that after the 

denaturation at 100 ·c for 2 min (Fig. 158). At 80 ·c, there were observed the smaller changes of the 

spectra after 30 h denaturation that were equivalent to the change of 5 min denaturation at 93 ·c (Fig. 

15C). These spectra observed in this experiment were generally classified into three representative 

pauerns; the spectra showing high absorption in both the UV and visible range (e.g. that of 100 ·c, 5 

or LO min), the spectra showing elevated absorption in the UV range (e.g. that of 93 ·c. 15 or 30 

min) and the spectra with small change in the range between 350 and 550 nm (e.g. that of 80 ·c. 15 

or 30 h). 

All the extrinsic thcrmostabilization factors had ability to protect the change of the UV-visible 

absorption spectra during the denaturation at 93 ·c (Fig. 150). There was no significant change 

between the spectra before the denaturation and after 30 min denaturation at 93 ·c with factors (Fig. 

150). The way for the protection were different among the factors. M gS04 and Na2S04 maintained 

the spectrum of non-denatured enzyme even after 30 min, while PEP and acctyl-CoA resulted in the 

different spectra from that of native enzyme (Fig. 150). 

T rp fluorescence emission. The Trp Duorescence emission spectra of R. obamensis PEPC 

were measured during the thermodenaturation at different temperatures. At all denaturation 

temperatures tested, the enzyme demonstrated a transition of the spectra during the denaturation that 

the peak signal at 335 nm increased in the early phase of the denaturation and then decreased 

according to the incubation time (Fig. 16A, B, C). When the further denaturation occurred, the signal 

was weaken below the level of the non-denatured enzyme (Fig. 16A, B, C). These changes of the 

Trp fluorescence emission spectra were likely dependent of the incubation time rather than the 

incubation temperature and hardly associated with the changes of UV -visible absorption spectra. 

In the presence of some extrinsic thermostabilization factors such as MgS04 or Na2S04, the 

enzyme exhibited different curve of spectra (Fig. 160). Although there was no significant change 

between the spectra before the denaturation and after 30 min denaturation at 93 ·c with factors, the 

s ignal around 300 nm was enhanced with MgS04 or Na2S04 (Fig. 160). When the enzyme was 

incubated with all factors, the Trp fluorescence emission spectrum was significantly altered and 
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Fig. 17. Th e ANS fluor escence emission spectra of the enzy me denatured at 100 'C (A ), 93 'C (B) and 
80 'C (C). The entyme (9 pgPEPC/ml) tn the Tris IICI (pll 8.0) containing I 0% (wt/vol) glycerol was Incubated for several 
periods of time at each temperature, and cooled on icc. Then ANS was added to the rncuhatton solut1on at a final concentrauon 

of 0.1 pr-.1. After 4 h of rncuhation at 4 ' C, the spectrum of the solut1on w1th ANS was measured at room temperature with the 

spectronuorophotometer. In an attempt to examine the effect of the extrinSIC the1mostabillla11on factors, the spectra were 

measured under the denaturatron at 93 'C for 30 min in the presence or absence of the factors (D ). No apparent change was found 

in the spectra with the factors between before and after the thcrrnodcnaturauon All the spectra were contracted wuh the spectra 

of the Incubation solution without the enL.yme. 
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unsettled. 

ANS binding. ANS 1s a polycyclic aromatic nuorescence probe that interacts with proteins 

whose hydrophob1c s ites arc, to some extent, solvent-exposed [97] and has been used to probe the 

molten globular states [98] of proteins and the overall foldings of proteins at some extreme conditions 

[99] . I applied this approach to R. ohamensis PEPC to probe the structural changes during the 

thermodenaturation at different temperatures. Figure 16 demonstrates that the quantum yield for the 

ANS nuorescence emtssion dramatically increased in proportion as the denaturation of the enzyme 

developed. These enhancemelll were dependent of the denaturation temperatures and strongly related 

to the change of the UV -visible absorption (Fig. 17 A, B, C). In accompany with three 

thcrmostabilization factors, the ANS-nuorescence spectra were not affected after 30 min denaturation 

at 93 ·c but only PEP had an effect to suppress the increase of the quantum yield (Fig. 170). 

Renaturat ion a n a lysis. The capability of renaturation from various states of 

thcrmodenaturation was tested. In the absence of the extrinsic thcrmostabilization factors, the enzyme 

demonstrated no renaturation at 5, 25, 45 and 65 ·c from each denaturation state. However, the 

en7yme which was denatured for 15 or 30 h at 80 ·c. or for 5 min at 93 ·c dramatically recovered its 

activity when it was incubated with all of the factors at 45 ·c (Fig. 18A, B). These denaturation states 

of the Cn7.yme, capable of renaturation, maintained more than 40% of the residual activity and the 

denatured enzyme with no or lillie residual activity lost the renaturation capability. The optimum 

temperature for the final renaturation yield was found to be 45 ·c. A higher temperature of 65 ·c 
provided a higher renaturation rate but a smaller yield and lower temperatures of 5 and 25 ·c gave 

lower renaturation rates and smaller yields. In order to determine which factor had a renaturation 

effect, the renalllration of the enzyme denatured at 93 ·c for 5 min was performed with each of the 

factors at 45 C (Fig. 18C). Of these factors, only PEP revealed the renaLUration effectiveness and the 

renaturation yield by PEP was approximately equal to that by all factors. 

4. Discussion 

As described above, a number of thermophilic proteins have been extensively studied due to 

their unusual thermostability [2h4, 10- 121. The central interest is how the thermophi lic proteins 

maintatn thetr acttve foldings or structures at high temperature and hence their intrinsic mechanisms of 

thcrmostability have been probed by the comparison of amino acid sequences between thermophilic 

and mesophilic homologous proteins [28, 29], the analyses of protein foldings [30, 99], the 
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molecular engineering techniques [31 -34], the 

structural studies of the proteins including the 

three dimensional structures [35, 36]. However, 

most of the works on the protein structures and 

foldings are based on small size of monomeric 

proteins and the mechanisms of large multimeric 

proteins are poorly understood due to their 

quaternary structures. 

In addition, the extrinsic mechanisms for the 

protein thermostability have been paid less 

altention to than the intrinsic ones. ln Chapter 3, I 

found the extrinsic thermostabilization system in 

the extremely thermostable phosphoenolpyruvate 

carboxylase (PEPC) from the recently isolated 

Rhodothermus obamensis [78, 96, Chapters 2, 3]. 

The intrinsic thermostability of R. obamensis 

PEPC was notable but it was significantly 

enhanced in the presence of the substrate, 

cofactor, salts and allosteric effectors [96, Chapter 

3]. These substances were assumed to be the 

extrinsic thennostabilization factors to the enzyme 
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and to play an important role in vi1•o. llere, I focused on the interaction of these factors to the enzyme 

and their function in the thcrmostabilitation, especially on the relationship between the factors and the 

thermodenaturation. 

In general, thennostahility of a protein was demonstrated and compared as the half lives at 

supraoptimal temperatures. At such temperatures, thennodenaturation is likely to take place more 

rapidly than in optimal temperature range for activity and to be accelerated according to the e levated 

temperature. In the case of R. ohamensis PEPC, the thermoinactivation rate was dramatically 

enhanced around 90 ' C (P'ig. 12). Below 90 °C, the thermoinactivation proceeded very slow and the 

enzyme completely lost its activity in a few minutes at 100 ·c (Fig. 12). These results suggested that 

the thermodenaturation of the en;.yme developed in different manners which were dependent of the 

denaturation temperatures and that it was strongly associated with the structural changes. Therefore, I 

analyzed the representative patterns of thcnnodenalUration at different denaturation temperatures by 

means of electrophoresis, UV -visible absorption, Trp fluorescence emission, 1-ani linonaphthalene-8-

sulfonate (ANS) binding and renaturation capability. 

Under the denaturation at 80 ·c. the thermoinactivation rate was very low and the enzyme 

possessed 40% of the residual activity after 30 h incubation. At this temperature, the enzyme 

displayed the tetrameric and dimeric bands after 30 h incubation in the native-PAGE (Fig. 13) and 

exh tbited small change of the UV -visible absorption spectra as compared to the non-denatured 

spectrum (Fig. 15C). It is assumed that the change of UV -visible absorption spectrum reflects, to 

some extent, the change of the global structure; the change in the UV range is related with the change 

111 the main chain of proteins and the generation of the aggregate might increase the signal in the 

visible range. The results from the native-PAGE and UV-visible absorpt ion showed that the 

quaternary structure of the enzyme was largely maintained after the denaturation for 30 h at 80 ·c. 
This was supported by the results from the Trp fluorescence emission and ANS binding experiment. 

Contrary to the UY-visible absorption spectra, Trp fluorescence emission is thought to represent the 

change of the local structure such as the change of the side chain of proteins to some extent. The Trp 

fluorescence emission signal somewhat increased after 15 h incubation but restored in 30 h (Fig. 

16C). In addition, the ANS fluorescence emission was stable during the denaturation at 80 ·c (Fig. 

17C). On the basis of these results, the enzyme showed no significant change in the globa l and loca l 

structure except for the inactivation. Although the enzyme activity decreased to 40% of activity after 

the denaturation for 30 h at 80 ·c. the enzyme activity was successfully recovered by the renaturation 

at 45 ·c with the extrinsic thermostabilization factors (Fig. 18B). Il was demonstrated that the 
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hyperthermophilic glyceraldehydc-3-phosphate dehydrogenase from Thermotoga maritima denatured 

by guanidinium chloride could be activated and refolded by dilution of the denaturant and the 

renaturation of the enzyme accompanied with the reassociation from the dissociated monomer and 

dimer to the active form of the tetra mer [30, I 00]. Moreover, it was suggested that several mesophilic 

PEPCs regulated their activity by the association-dissociation equilibrium L88, 89]. The recovery of 

the enzyme activity from the denaturation at 80 ·c for 30 h suggested, therefore, that the denaturation 

states after 30 hat 80 ·c was possible for the renaturation and persisted in the dissociation step of the 

tetrameric form, namely the dissociated state. 

A similar phenomenon was found in the enzyme denatured at 93 ·c for 5 min. The all features 

measured were almost the same to those after the 80 ·c denaturation for 15 or 30 h. This implied that 

the 5 min denaturation at 93 ·c was equivalent to a couple of I 0 hours denaturation at 80 ·c and 

appeared to lead the enzyme to the dissociated states of denaturation. J Iowever, this state was 

gradually shifted to the further denatured states at this temperature. After 15 and 30 min denaturation, 

the active tetrameric and dimeric structures were found to decrease in the native-PAGE (Fig. 13). The 

UV-visible absorption signal exhibited the increment in the UV range (Fig. 15B), the Trp 

fluorescence emission decreased from the high fluorescence strength of the enzyme denatured for 5 

min (Fig. 168) and the ANS fluorescence emission was significantly enhanced (Fig. l7B). In 

addition, the enzyme lost the renaturation capability (fig. 188). From these results, it was obvious 

that the further structural changes in addition to the dissociation, which were irreversible changes, 

occurred in the enzyme over 5 min at 93 ·c. Furthermore, it was also obvjous that most enzyme did 

not reach to the irreversibly aggregated state because there still remained some of the tetrameric form 

in the native-PAGE and the absorption signals within the visible range in the enzyme denatured for 15 

and 30 min were stable as compared to those before the denaturation (Figs. 13 and 158 ). It was 

assumed that the increment of the UY absorption of the enzyme denatured for 15 and 30 min indicated 

not only the dissociation of the multimeric form but also some changes of the lower level of structures 

such as secondary and super-secondary structures in the subunit, and the enhancement of the ANS 

fluorescence emission reflected to some extent the exposurement of the internal hydrophobic regions 

to the surface of the protein. Ilence, this denaturation state was likely to be the intermediate process 

between the dissociation and the irreversible aggregation that resulted in the incorrectly folded and 

enzymatically inactivated state of the enzyme, so called "the scrambled state" [ 10 l ]. Another 

important change seen in the scrambled state was that the amount of the monomeric subunit was 

reduced after the denaturation at 93 ·c for 30 min in the SOS-PAGE (f"ig. 14A, B). The result 
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suggested that the subunit of the enzyme was hydrolyzed at Asp and Glu residues by the heat effect 

and that the covalent process also took place. 11owever, the deamidation from Asn or Gln residues, 

which was known as a maj01 covalent process by heat [I 0 I], was thought to have little effect in the 

denaturation of the enzyme because there were observed no apparent change in the isoclcctric point of 

the rnonomenc subuntt during the denaturation at all temperatures tested. Therefore, the 

thermodenaturation at 91 ·c might be subjected to the stntcturaltransition from the dissociated state to 

the scrambled state and the covalent process, mainly the hydrolysis of the monomeric form. 

The putative scrambled state of the enzyme was also found under the denaturation at 100 ·c. 
The thermoinactivation rapidly occurred and the enzyme completely lost its activity only in 3 min at 

I 00 ·c (Pig. I 0). The enzyme with no residual activity after 3 min denaturation at that temperature 

showed the stmctural change similm· to the change seen in the denaturation at 93 ·c for 30 min. In the 

native-PAGE, the tetrameric form of the enzyme almost disappeared after 3 min denaturation at 100 

C (Fig. 13), and the UV-visible absorption spectrum and the ANS fluorescence emission spectrum 

overwrapped those after 30 min denaturation at 93 ·c (Figs. 15A, B, 17 A, B). These results 

indicated that the global stntcture of the enzyme denatured for 3 min at I 00 C was similar to that of 

the enzyme denatured for 30 min at 93 ·c. From these results, this denaturation state was thought to 

he the scrambled state of the enzyme accompanied with the dissociation. However, the denaturation 

process was not identical between them. For instance, the Trp fluorescence emission spectrum after 3 

min denaturation at I 00 ·c differed markedly from the spectrum after 30 min denaturation at 93 ·c 
(Fig. 16A, B), and the hydrolysis of the subunit was not found in the enzyme denatured for 3 min at 

100 ·c (Fig. 14 ). Further denaturation at I 00 ·c led the enzyme to the irreversibly aggregated state. 

The all forms of enzyme disappeared in the native-PAGE (Fig. 13) and the absorption signal in the 

both UV and visible range and the ANS fluorescence emission signal dramatically increased 

according to the denaturation time at 100 C (Figs. I SA, 17/\). The hydrolysis of the subunit also 

occurred after I 0 min denaturation (Fig. 14B). Based on these results, it was concluded that the 

enzyme immediately reached the irreversibly aggregated state by the dissociated and scrambled states, 

and the covalent process also participated in the transition under the denaturation at 100 ·c. 
As described herein, the thermodenaturation of R. obamensis PEPC was dependent on 

temperature at which the enzyme was exposured, and subjected to the structural and covalent 

processes (Table 7). Of the several structural changes, the multimeric structures, the folding patterns 

and the exposuremcnt of the hydrophobic regions that were to some extent expected from the native

PAGE, the UV vistble absorption and the ANS fluorescence emission, respectively, were cooperative 
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and consistent with the thermomaetivation during the thermodenaturation of the enzyme (Table 7). 

These changes might be correlated with each other and be rcnected as the change of global stntcture. 

Although it remained obscure in this study how the change of the local structure and the covalent 

process were involved in the thermoinactivation and thcrmodenaturation of the enzyme, it was 

accepted that the thermodenaturation of R. obamensis PEPC comprised, to large extent, the transition 

of the global structure. 

The extrinsic thermostabilization factors were strongly associated with the them1odenaturation 

of the enzyme. These factors had significant effect on the maintenance of the global structure, 

specifically on the maintenance of the quaternary structure (Fig. 13). In the presence of the factors, 

the enzyme could maintain the active muhimeric (tetrameric or dimeric) forms under the denaturation 

at 93 ·c where the enzyme was completely inactivated and denatured to the scrambled state without 

the factors (Fig. 13). These factors were discriminated into two types from their effects on the UV

visible absorption of the enzyme during the denaturation (Fig. 15D); one type contained the cofactor 

and salt (e.g. MgS04 and Na2S04), and was able to protect the native folding or conformation of the 

non-denatured enzyme from the denaturation. The other contained the substrate and allosteric effector 

(PEP and acetyi-CoA), and appeared to improved the folding or conformation by the interaction with 

the enzyme rather than to protect the native one. These results also suggested that the 

thermostabilization effect of these factors primarily worked on the dissociation step of the 

thermodenaturation and the mechanism was to maintain the active multimeric structure despite 

different ways to function. The most notable feature in the extrinsic thermostabilization mechanism 

was the function of PEP. Of all factors, only PEP could suppress the exposurement of the internal 

hydrophobic region to the solvent and reassociate the dissociated subunit to the active multimerie 

structure in addition to the maintenance of the active enzyme (Figs. 170, 18C). In Chapter 3, it was 

demonstrated that PEP had the relatively weak effect to prevent the the1moinactivation of the enzyme 

in all the factors (Table 5). Nevertheless the function of PEP was most effective on the structural 

changes during the thermodcnaturation and on the renaturation process. It was supposed, therefore, 

that PEP played an important role in vivo as the substrate for the enzyme, the thermostabilization 

factor and the renaturation factor to the enzyme. 

As a conclusion, it was conducted that the maintenance of the quaternary structure was 

important to the thermostability of R. obamensis PEPC and that the extrinstc thermostabilization 

factors also worked to maintain the active rnultimeric structure. The importance of the quaternary 

structure in the protein thennostability has been pointed out in several multimeric enzymes from 
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Table 7. T he summary of the thermodenaturation at different tempera tu res in R. 
obamensis PEPC. 
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+++ Impossible 
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thermophilic organisms [30, 39, 102-104]. It was also pointed out that the subunit-subunit bindings 

of multimeric proteins were significantly dependent on the hydrophobic interaction between the 

subunits and the enhanced hydrophobic interaction was one of the possible strategies for the 

thermostability of the proteins from thermophilic organism~ [ 102, I 03]. In Chapter 3, various ions tn 

the buffer significantly enhanced the thcrmostability and the effectiveness was consistent wtth the 

water-structuring effectiveness of ions [78]. According to the solvophobic theory [92-95]. it was 

suggested that the stabilit.ation effect was attributed to the promotion of the intersubunit hydrophobic 

interaction due to water-structuring effects of the ions and the intersubunit hydrophobic interaction 

was strongly involved in the thermostability of this enzyme [78, Chapter 3]. Based on the results in 

Chapter 3 and 4, one of possible mechanisms for thermostabilization by the extrinsic factors is the 

promotion of the intersubunit hydrophobic interaction. It is still unclear how the extrinsic factors of 

PEP, M gS04 or acetyi-CoA to interact with the enzyme and provide the promotion of the intcrsubunit 

hydrophobic interaction. However, it is understandable that the interaction of substrates or allosteric 

effectors with enzymes lead the enzymes to some conformational changes and reduce the activation 

free energy of the ent:ymcs that are essential for the enzyme activities or their regulations. Similarly, 

the substrate PEP and the allosteric effector acetyl-Co/\ arc thought to interact with the PEPC and to 

induce some conformational change of the enzyme. Perhaps, the conformational change inOuences 

not only the active center domain but also the subunit-subunit binding domains and gives rise to the 

increased intersubunit hydrophobic interaction, resulting in the enhanced thcrmostability of the 

enzyme. For the inspection of this speculation, the further structural analysis including three 

dimensional structure and the structure-dependent molecular engineering of the enzyme are inevitable . 

Moreover, the intrinsic thermostabilization mechanism of R. obamensis PEPC remains unresolved. 

As the first step, the cloning and sequencing of the R. obamensis PEPC gene, and the overexprcssion 

in E. coli will be described in the next chapter. The intrinsic mechanisms for the thennostability of R. 

obamensis PEPC will be discussed based on the primary structure and the novel molecular evolution 

of PEPC will also be discussed. 
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Chapter 5 

Cloning, Sequencing a nd Overexpression in Escherichia coli of Gene 

for Phosphoenolpyruvate Carboxylase (PEPC) from an Extreme 

Thermophile Rhodothermus obamensis OKD7 

1. Introduction 

In the previous chapters, I have studied the extrinsic thermostabilization mechanism of 

phosphoenolpyruvate carboxylase (PEPC) from the recently isolated extreme thermophile 

Rlrodotlzermus obamensis [78, Chapter 2]. Most of PEPC that have been isolated and purified to date 

arc homotctramer of about 400 kDa molecular mass consisting of about I 00 kDa of subunits but only 

archacal PEPCs from hyperthermophilic mcthanogen Metlranothermus sociabilis and 

thcrmoacidophilic archaea Sulfolobus species arc about 240 kDa of homotctramer with 60 kDa of 

subumts [52, 53, Sake, Y. eta/. unpublished]. The PEPC purified from R. obamensis exhibited 

homotetrameric structure with 400 kDa of molecular mass and typical enzymological properties in 

bacteriaJ entities except for its extreme thermophilicity and thermostability [96, Chapter 3]. 

I also found that the them1ostability of the en1.yme was strongly enhanced by the substrate, 

cofactor, salts and positive allosteric effectors, and these substances were possible extrinsic 

thcrmostabilization factors for the enzyme [96, Chapter 3]. Moreover, it was shown and suggested in 

Chapter 4 that the thcrmodenaturation of lhe enzyme globally resulted from the temperature-dependent 

shift of three structurally different states (dissociated, scrambled, and aggregated states) and that the 

extrinsic thermostabili?ation factors acted to large extent on the maintenance of quaternary structure 

f 105]. However, the molecular basis of the interaction and function between the factors and enzyme, 

and the more detail view for the structural change induced by the extrinsic factors arc still unknown. 

In order to resolve these problems and to determine the three dimensional structure of the enzyme, the 

cloning, sequencing and expression of the gene for R. obamensis PEPC are important and essential. 

In addition, the intrinsic thermostabililation mechanisms of R. obamensis PEPC have not been 
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analyzed yet. Although the detail inspections of the intrinsic mechanisms as well as the extrinsic ones 

require the structural data including three dimensional structure of the ent.yme, some successful 

approaches to the intrinsic mechanisms based on the comparison of primary and secondary structures 

of proteins have been reported in several thermophilic and extremely thermophilic proteins [32, 106, 

107, 108]. I describe in this chapter, therefore, the cloning, sequencing and overexpress10n in 

Es·cherichia coli of the gene for R. obamensis PEPC (ppc gene). The amino acid sequence of the 

enzyme was compared with those of other thermophilic and mesophilic counterparts. Some 

preferences of the amino acid compositions and substitutions were found in the thermophilic 

enzymes. The possible contribution of these preferences to the thermostability will be discussed. 

Based on the phylogenetic analysis of the enzyme, the evolution of this enzyme is also discussed. 

2. Materials and Methods 

Bacte rial s tra ins and gr owth conditions. The bacterial strain used was Rhodoclzermus 

obamensis OKD7 (JCM 9785) which was isolated from a shallow marine hydrothermal vent at 

Tachibana Bay, Nagasaki Prefecture, Japan [78, Chapter 2]. For cultivation of R. ohamensis, Jx 

medium was used [78, Chapter 2]. R. obamensis was grown at 76 ·c and collected in the late 

exponential growth phase. Cell pellet was frcezed at 90 ·c prior to genomic DNA extraction. 

Ge nomic D NA extraction and direc t sequencing of ppc gene. The genomic ON/\ 

was prepared as described in Chapter 2. The purified DNA was used for the southern analysis and the 

direct sequencing of the ppc gene. The partial fragment of the ppc gene was amplified by polymerase 

chain reaction (PCR). The primers used for amplification had the sequences 5'-TSACTGCYCA YCC 

AACSGA-3' (TAIIPT primer) and 5'-GTCCAGGCSATSACCCASGGGATGGC-3' (SLRAIP 

primer), corresponding to the highly conserved amino acid sequences among bac terial PEPCs 

reported to date and the positions 136-142 and 712-718 respectively in the amino acid sequence of 

E'icherichia coli PEPC [I 09] (Fig. 19). T his l.9 kb of fragment was directly sequenced on both 

strand by the dideoxynuclcotide chain termination method using DNA sequencer Model 373As 

(Applied Biosystem Inc., USA). Based on the partial sequence of the ppc gene, the thermal 

asymmetric interlaced (T ATL) PCR was carried out to determine the sequence of the unknown regions 

adjacent to the known sequence of the gene [ I I 0]. The long speci fie primers had the sequences 5' 

CAGCAGGGTCTCCTGCTCCT-3' (LSl), 5'-CGACTTCGTCGCGAACGGTG-3' (LS2) and 5'-
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ACCGC'GACGGC' AACCGGTAC'-3' (LS3) for the 5'-end of region, and 5'-GGCCACGCGCAACC 

GTCTGA-3' (LS4), 5' CGGC'GCCTGATCGATGC'GCC-3' (LS5) and 5'-TCAGCCGCCTACCCA 

TCGCC-3' (LS6) for the 3' end of region, indicated in fig. 19. For the TAIL PCR on the both 

regions, a shorl arbitrary degenerate primer was used and the sequence was 5' GTCGASWGANAW 

GAAN 3' (AD I). The amplified fragments containing 5'- and 3'-franking regions of the ppc gene 

were directly sequenced on both strand by the dideoxynucleotidc chain termination method using 

DNA sequencer (Pig. 19). 

Southern analysis. The same amount of genomic DNA (15 ~g/lanc) was digested with 

restnction endonucleases, electrophoresed in 1.0% (wt/vol) agarose gel and transferred to the 

positively charged nylon membrane (Boehringer Mannheim, Germany). As a hybridization probe, a 

1.3 kb of RNA probe labeled by digoxigenin (DIG)-11-UTP was used. For the labeling, a 1.3 kb of 

DNA fragment was amplified by PCR using the primers with the sequences, 5' CTITGCAGATCGA 

AATCGAAGGC-3' (!NIT primer) and 5'-CCCGGTAGTCGTTCTCGACA-3' (SPR2) indicated in 

Fig. 19, and subcloned into a site adjacent to the T7 RNA polymerase promoter in the pCRTMJI 

vector (Invitrogen). The subcloned vector containing the 1.3 kb of fragment was linearized by a 

restriction enzyme of Jlindlll and used as a template for the in vitro transcription of the RNA probe. 

The DIG RNA labeling kit (Boehringer Mannheim) was used for the labeling and the procedure was 

described in the manufacturer's manual. Hybridization was carried out overnight in 50% (vol/vol) 

fonnamide, 5 X sse (I X sse is 150 mM NaCl, 15 mM sodium citrate, pii 7.0), 0.02% (wtlvol) 

sodium dodecylsulfate (SDS), 0. I% (wt/vol) sodium-lauroylsarcosine and 2% (wtlvol) blocking 

reagent (Boehringer Mannheim) at60 ·c and the filter was washed twice with 2 X sse, 0.1 % SDS 

at room temperature for 5 min and then washed twice with 0.1 X sse, 0. I % SDS at 68 ·c for 30 

min. The detection of DIG labeled RNA hybridized with homologous DNA sequence was carried out 

by DIG luminescent detection kit for nucleic acids (Boehringer Mannhcim). 

Alignment of a mino acid sequences a nd Da ta a nalys is of the sequences. A 

mulliplc alignment of amino acid sequences from various organisms was constructed by a software 

package, ODEN version 1.1.1 (National Institute of Genetics, Mishima, Japan). Then, the sequence 

identity and similarity for each altgncd pair were calculated based on the alignment. Continuous gaps 

were regarded as a single substitution in the calculation and the sequence similarity was defined as the 

percentage of the slles occupied by the residues sharing the same physicochemical properties in the 

aligned patr. The molecular mass inferred from the sequence, codon usage in R. obamensis ppc gene 

and amino acid compositions of various PEPCs were calculated by DNASIS software ver. 3.6 
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(Hitachi Software, Tokyo, Japan). Based on the multiple alignment, the evolutionary distances 

among various PEPCs known to date were calculated by the method of Kimura and the phylogenetic 

tree was constructed by the neighbor-joining method [67] using the software of ODEN. The 

secondary structures of three PEPCs from R. obamensis, Corynebacterium glwamicum and Thennus 

sp. were inferred from the amino acid sequences by the method of Chou, Fasman and Rose [I I I 1 

using the DNASIS software and compared to each other with respect to the location of the amjno acid 

substitutions. 

The cloning and over expression of the ppc gene. The complete ppc gene of R. 

obamensis was amplified by PCR using the INIT primer described above and the END primer with 

the sequence, 5'-CTATCCGGTGCTCTGCATGGCGG-3' indicated in Pig. 19. The amplified gene 

was subcloned into the pCR™ II vector (Invitrogen) and this plasmid was designated as pCRP2.8 

(Fig. 20). A 2.9 kb of fragment containing the ppc gene was cut out of pCRP2.8 and ligated in-frame 

into the open reading frame of glutathione $-transferase (GST) in the pGEX-5X-3 expression vector 

(Pharmacia). The resulting plasmid was designated as pPEP3.0 and contained about 3.5 kb of open 

reading frame for GST-PEPC fusion protein (Fig. 20). The cells of Escherichia coli TNVa. with 

pPEP3.0 or pGEX-5X-3 were cultivated at 37 ·c in the LB medium (10 g of tryptone, 5 g of 

peptone, 10 g of NaCI per liter) containing 50 ~g/ml of ampicillin. In the mid-exponential growth 

phase, 0.2 mM of isopropyl- J -thio-P-0-galactoside (IPTG) was added to the medium. The cells were 

grown at 37 ·c for 5 h in the presence of IPTG and harvested by centrifugation (8000 x g, 20 min) at 

4 ·c. The cells were washed twice with 50 mM Tris-HCI (pH 7.5) at 4 ·c and frozen at -90 ·c prior 

to preparation of crude extracts. 

Prepar ation of crude extrac ts and enzyme assay condition. The thawed cell paste 

was suspended with 50 mM Tris-IICI (pH 7.5) or 50 mM Tris-IICI (pll7.5) containing 9 M urea, 

2% (vol/vol) triton X- tOO and 2% (vol/vol) 2-mercaptoethanol. Both cells were broken by sonication 

and centrifuged at 24000 x g for 20 min. The supernatants were used as crude extracts. These crude 

extracts were applied not only to the electrophoresis but also to the enzyme assay for PEPC activity at 

high temperatures. The PEPC activity of the crude extracts was routinely coupled to the malate 

dehydrogenase (MDI I) reaction and assayed by the above-mentioned method in Chapter 3 [96, I 05]. 

Pa rtial purifica tion and cha rac teri zation of recombinant GST-PE PC fus ion 

protein. The cells of E. coli JNVa./pPEP3.0 were grown and harvested as described above. The cell 

paste was suspended with 50 mM Tris HCI (pH 7.5) and broken by sontcation. The crude extract 
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prepared in the same way described above was dialyzed with I 00-fold volume of 50 mM Tris-HCI 

(pi I 7.5) twice and then, applied to the column of g lutathione Sepharose 4B (Pharmacia) equilibrated 

with 50 mM Tris-IICI (pH7.5). The GST-PEPC fusion protein was eluted with 50 mM Tris-IICI (pH 

7.5) con taining 20 mM reduced glutathione. The partially purified GST-PEPC fusion protein was 

dialyzed with 50 rnM Tris-HCI (pH 8.0) containing I 0 % (vollvol) glycerol and tested with respect to 

its enzymological properties and them1ostability. The effect of temperature and pH on the activity, the 

requirement for divalent cat ions and the e ffect of the positive or negative allosteric effectors were 

examined under s tandard assay condition as above mentioned in Chapter 3 [961 except for the 

condition of temperature (80 ·c) and pH value (9.5) in this experiment. The thermostabi lity of the 

recombinant GST- PEPC fusion protein was also determined on the same conditions as the study on 

the wild type of R. obamensis PEPC in Chapter 3 [96] except for the enzyme concentration (36 J..Lg 

GST-PEPC/ml) during the therrnoinactivation. 

The ppc gene 

- 2.8 bp 
GTG TAG 
~r~------------------------------~~ 

INITpnmer TAIIPT pruner 
-~ 

__. 
GYSDS pruner 

~ 
SRL.AIP primer PCR 

A 
t777ZZZ77777777). 

Southern probe ~
SPRl primer 

In vitro transcription 

~ 

ADI 
~~~ 

LSI L.S2 L.S3 
~~ 

L.S4 L.SS L.S6 
~ 

AOI 
~-·········· ·······-~ ···········~ ......... 

......... ~--····· 

·········~ ~--······ 
··· · ··~ ···· ... ········~ ~--····· 

I kbp 

~·-······· 
······~ ~- ········~ 

TAIL-PCR 

Sequencing 

Fig. 19. T he ~eque nce strategy (A) and nucleoti de and deduced amino acid sequ ences of th e ppc ge ne 

of R. obamensis (ll) ( A) The partial fragment of the ppc gene was amplified by polymerase chain reaction (PCR) ustng 

the pnmer~ '' t!h tht: sequences 5 TSACTGCYCA YCCAACSGA-3' (TA H PT primer) and 5'-GTCCAGGCSATSACCCASGGGATGG 

C-3' (SLRAIP primer), and direclly sequenced on both strand by the dideoxynucleotide chain termination method ustng DNA 

'cquenccr M odel 373As (Applied lltOsyMem Inc.). Based on the sequence of lhc fragment, the thermal asymmetric interlaced 
(TAIL) PCR was carried out to determine the sequence of the unknown regions adjacem to the known sequence of the gene (II 01. 
The pruners for the TAIL PCR are described in Materinls and Methods and indicated in (U). The amplified fragments containing 
5'- and J'.franktng regions of the flfiC gene were directly sequeneeJ on both Mrand by the dideoxynucleottde cha1n terminauon 
method. The shadow hox lndtcates a 1.3 kb of RNA probe complement to the fragment amplified with 1he INIT and SPR2 

Pllntcrs shown 1n (B) (8) Nucleoude and amino acid sequences arc numbered Marling with the putative initiation codon and N
tcrmtnal amtno actd res1due. rhe p1imers u~cd for the PCR, TAIL PCR. southern analysis and cloning nrc ind1cated with allows 
above lhe nuclcoudc sequence, com:sponthng to the sequence of lhe primers. The putative Shinc-Dalgarno sequence is double 
underltncd rhe underlined anuno awl sequences arc the partial sequences of peplides produced from the purified R. obamensis 

PEPC by V8 endopepttdase of Staplrylococcus c111reus and determined by Edman dcgradatton mclhod (Takai et al. unpublished 
dala). The asterisk tndica tes the slop codon. 
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lNITpn.~·m~c~r----------------------~ 
5 · gag gag g tg a at GTG CT'J' ~~~ ~~! ::~ CAG 1\'rC ~~ ~:~ ~~ 9~~ ~~~ ~~~ ATT 

M L P P L Q £ I E G T G I 

TCC CGG C~~ ~!~ AGC 9~9 ~~~ 9!~ ~~ ~!~ ~!! ~~ ~~~ ~~ ~!9 ~~~ ~~~ ~-~ 
S R P L S E H V N L L G G L L G 0 V 

ATC CAG GAA ATG GCC GGT CCC GAA ATG CTG CAG CTG GTC GAG ACG CTA CGG CGC 
--- ·-- --- --- --- --- --- --- --- --- --- --- --- --- --- ---I 0 E M A G P E M L E L V E T L R R 

CTG TGC AAG CAG GCG GCC CAG GAA AAC CGT CCC GAG TTC CGG GAG CAG CCC TAC --- -- -- --- --- --- --- --- --- --- --- ---
L C K Q A A Q E N R P E F R E Q A Y 

~~~ CGC ATT ~~~ AGC GCC ACC ~~~ GAC GAG CTG c:~ :~~ ~!~ ~:~ ~~~ ~~~ !~~ 
T R I H S A T Y D E L L W L L R A Y 

~~~ ~~9 !!! TTC CAC CTG GTC ~C CAG G~~ ~~~ ~~~ CAG GAG ATC ~!~ C~~ A!~ 
T A P P H L V N Q A E 0 Q E I I R I 

~~ ~~ G~ C~~ ~~~ ~~G ~~~ ~~! ACG ~~~ ~~ ~~! CCG ~~: ~~~ ~A~ !~~ ~!~ 
N R E R A Q Q S T P E R P R P E S I 

GAC GAG GCC ~!~ ~ ~~~ ~:~ ~~ ~~~ ~~~ ~9~ CCG ACG CTC CAC ~~~ CTG ~:~ 
0 E A I L A L K Q 0 G R T L 0 0 V L 

TAHPT pri!.!.!rn~er"------------------~ 
~~~ ~ ~~ ~~~ ~~~ CTC ~~~ ~!~ ~~~ ~~~ ~~~ ~!~ ~~~ GCC CAT ~~~ A~~ GAG 

T L L E R L D I Q P T V T A H P T E 

~~~~~~~~~~~~~~~~~~ --- --
A R R R S I L Y K Q Q II I A Q M L U)J 

CAC CAA CGC CGC TGT CAG CTC ~~~ ~~~ 9~~ G~9 ~~9 ~~G ~~~ ~~ ~~ CTG GAC 
Q Q R R C Q L T P E E Q E T L L L 0 

~~ ~~~ ~! ~~~ ~TC ACC TTG CTG ~~ ~~ ~~~ GCC GAA GTG CGC ~~~ ~~~ CGC 
L H N Q I T L L L G T A E V R £ E R 
~~============~----L.S2 
CCC ACC GTT CGC GAC GAA GTC CAA CAG CCC CTG TAC TTT ATC CAG AGT ACC ATC --- --- --- --- - - --

p T V R 0 E V E Q G L Y P I Q S T I 

!~~ ~~~ ~~~ CTG CCC CGC ATC TAT ~~ 9~~ 9!~ ~~~ CCC 9~~ ~!~ ~~~ CCC TAC 
W E A V P R I Y E 0 V R R A L R R Y 

:~~ ~~~ 9~~ ~~! ~~ ~~c ::c ~~ ~~~ ::: ~ ~~~ :~~ ~~~ :~~ :~ ~:~ ~~~ 
y G A 0 V 0 P R P F L R Y R S W I G 

• ----------------- LS3 
AGC GAC CGC CAC GGC AAC CCG TAC GTC ACG CCG GAA ATC ACG CGC TGG ACG ~~~ -s- o- R- o- -c- - N -p- y v T- p- £- -i -T R w T A 

CTG ~~~ ~~ ~~~ ~9! !:9 GOG CTC ~~9 ~~~ T~~ ~!9 9~~ 9~~ ~!~ ~~: CAG C!~ 
L T Q R R L A L Q R Y M E E L R Q L 

~~9 ~~! ~~~ TTG ~~~ ~:~ !~9 ~~! ~~: :~~ ~:~ ~~~ ~~~ ~~~ ~~~ ~~ CTG ~~: 
R R R L S L S D R Y V A P P E E L R 

CGC TCA CTG CCC CGC GAC GCC CGG GAG GTA TCG CTC CCG CCC CAT GTA ~ CGC --- --- --- --- --- --- --- --- --- --- ---
R S L A R 0 A R £ V S L P P H V L R 

~~~ ::~ ~~ ~~~ ~~~ TCG !!~ ~~~ ~ AAG ATC TCC TAC ATC ATC COG ~~~ ~:~ 
Q p R H E S F R L K I S Y I M G R L 

CAC CGG CTG CTT CAC GCC CTG CAT CAC CCC ACC CAC CCT CCG CCC GAC TAC GAC 
-H- -G- -L- -L- Q A -L- -0- -0- p- T Q p A p D y 0 

CCC GAC GCC TTC GT~ 9~ 9~~ ~:~ ~9~ CTG c:~ ~~~ ~GC :~~ ~:~ ~~~ ~~~ TGC 
-A- -0- A F V E 0 L R L L Q R C L E A C 

GGT ~:~ ~~~ CGC ATT CCC CGT ~~~ ~~: ~~~ ~:~ ~~~ ~~~ CTG CTG GTG ~:9 ~~~ 
G L E R I A R H 0 Q L T R L L V L A 

CAG ACG TTC GGC TTC CAC CTG ~~ ACG CTC ~~~ ~T~ ~~~ ~~~ ~~~ AGC ~~~ ~:~ 
Q -T- -F- -G- - F II L v T L 0 v R Q H s s v 

CAC ~~ ~~~ ~~~ ~~ ~~C CAC CTG ~~ AGG CTG ~~~ ~~: GTC GAG AAC C~~ !~~ 
H E A A V A E L L R L A G V E N 0 Y 
__ SPR2 
CGC GCA TTG CCC CAG !~~ CCC CGC CAG CAG CTC CTC CCC ~~~ 9~~ CTG AGC AAT 

R A L P- -E- S R R Q E L L A E E L S N 

CCA CGG CCG CTG CTC CCC ~~C CGT GCC ~~ ~:~ !~~ ~~~ GCT ~~~ ~~ CAG ~~~ 
-p- -R- -p- -L- -L- p p G A R v s E A T R Q v 
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540 

176 
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648 

212 

702 

230 

756 

248 

810 
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864 

284 

918 
302 

972 

320 

1026 

338 

1080 

356 

113 4 
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1188 

392 

1242 

410 

1296 

428 

1350 

446 

1404 

464 

1458 

482 
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CTG GAG ACC TTC GCG GTC ATC CCC GAG ~rG CTC CAO CTC GAC CCC CCC CTC GTG ---L E T F A V R E L V Q L 0 P R L V 

CGC 1\GC TAC ATC CTG AGC ATG ACG CAC ACC GTC AG(' GAC CTG CTC GAG CCC ATG 

G S Y I V S M T H T V S 0 L L E P M 

CTG CTG CCC AAA GAA GTC GGG CTC TGG CAT TAC GAG CCC GAC CCC CGC ACC GGC 

L L A Y E V G L W H Y E R 0 P R T G 

1512 
500 

1566 
518 

1620 

536 

AAG CCC CCC CAC GTG CCC TGC CCC ATC GAT TTT GTG CCC CTT TTC CAA ACG ATC 1674 --- ---
K P G H V R C P I 0 F V P L F E T I 554 

GAA GAC CTG GAG CCC GCC GCC AGC CCC ATG GAA CCC ATC CTG AGC CAT CCC GTC 

E 0 L E A A A S R M E A I L S H P V 

TAC CGG ATC CAG GTG CCT GCC CGC GGT GGC TTT 

Y R M Q V A A R G C F ____.. 

GYSDSpn~rue~r ______________ _ 

CAG GAA ATC ATG CTC CCC TAC -
Q E I M L G Y 

TCC CAC AGC ACG AAA G/\C C:GT CCC TAC TCG A'rC CCC AAC TGG CCG CTC CAC CCG 

S 0 S T K 0 G G Y W M A N W A L II R 

GCC CAG GAG CAG CTG CCC GAA GT/1 TCT CTT CCC CAT GGC GTC GAC 'rTC CGG CTC 

A 0 E Q L A E V C L R H C V 0 F R L 

TTT CAC CCC CGC CCC GCT ACT GTG GGA CGT GGC GGC CCC CGC CCC AAC CAG GCC 

F II G R G G T V C R G G G R A N Q A 

ATC CTG CCC ATG CCG CCG GTG CTC CAC AAC GCT CCC ATT CCC TTC ACC GAG CAG --- ---
L A M P P V V H N G R I R F T E Q 

CGC GAG CTC ATC TCG TTC CGC TAT CCC CTG CCC GAG ATC GCC CAT CCC CAC CTG 

G E V I S F R Y A L P E I A H R H L 

1728 
572 

1782 
590 

1836 
608 

1890 

626 

1944 
644 

1998 
662 

2052 
680 

GAG CAG ATC GTC AAT GCC ATG CTC CCC GTG GTC GGC CTC CCC GCC GCT TCC CCC 2106 --E Q I V N A M L R V V G L P A A S G 698 

L$4--------------------~~ 
ACC GAT GGC ACC CAT CCC CCC ACG CCC AAC CGT CTG ATG GAC GAG CTC GCT CCG 2160 

T 0 C T 0 P A T R N R L M 0 E L A A 716 
L$5--------------------~ 

CCC TCT ATG CCC GCC TAC CGG CGC CTG ATC GAT GCC CCT GAC TTC TGC TCC TCG 2214 
R S M R A Y R R L I 0 A P 0 F W S W 734 

L$6--------------------~ 
TAC ACG CGC ATC ACT CCC ATC GAC CAG ATC ACC CCC CTA CCC ATC CCC TCG CGG 2268 

Y T R I T P I 0 Q 1 S R L P I A S R 752 

CCC GTC TCC CCC AGC AGC GCC CGT GAG GTA CAT TTC GAA AGC CTG CGG GCC ATC 

P V S R S S A R E V 0 F E S L R A I 
----------------------- SLRA IP pnmer 
CCC TGG GTC TTC CCC TGG ACC CAG GTC CCC TAC CTC ATT CCC GGC TGC TTC GCG 

P W V F A W T Q V R Y L I P G W F C 

ATC CCC CAG GCC CTC GAC GAG TTG CTC CAG ACG TCC CCC GAG CAT CTC GAG ACG 

G Q A L 0 E L L Q T S P E H L E T 

CTT CCC ACC TGG TAT CGA TCC TGG CCC TTT TTC CCC ACC CTG CTG CAG AAC CCC 

L R T W Y R S W P F F R T V L Q N A 

2322 
770 

2376 
788 

2430 
806 

2484 
824 

CAG CCC GAG ATG CTC CCC CCC CGC CTG GAA ATT CCC CCC TAC TAC GAC CCC CTA 2538 
Q R E M V R A R L E I A A Y Y 0 R L 842 

CTG CCC CAC CCC CCC ACG GCA TTC CAT CAG ATG ATC GAG CAA GAC TAT CAT CCII 2592 

L G 0 C P T A F H 0 M I E E 0 Y H R 860 

GCC CGC 1\CG CCC ATC CTA CCC ATC ACC GAT CAG GAG TCG TTG CTC GAC CAC CAT 

A R T A I L R I T 0 0 E S L L 0 H 0 

CCG ATC ATC CCC AAA TCC GTC CAC CTC CCC AAC CCC TAC ACC CAT CTC CTC AAC 

P I I R K S V 0 L R N P Y T 0 V L N 

CTG CTG CAG CTC GAG CTC ATG CCC CCC ATC CCII TCA CGC GCC GAG GCC GA'l' CGG 

L V 0 L E L M R R 1 R S G A E A 0 R 

GAG CCC CTC CCC CGC GCT CTG TTC CTG AGC 

E P L R R A L F L S 
-------------------END primer 

• ATC AAC GCG ATC GCC GCC CCC ATG 

I N G I A A A M 

CAG ACC ACC GGA TAG cac aaa aaa ggg ccg get cag aac ega ace tga att tee 

0 S T C 

gtg ttg cac cgc gag get att ggc gga gcg gcg get cct get ttg 3' 
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2646 
878 

2700 

896 

2754 
914 

2808 
932 

2862 
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INITprlmer 
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2811 1 

GST-PEPC rusion 
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EwR I 
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Fig. 20. T he scheme for the cloning and expression in E. coli of the p p c gene fr om R. obamen sis . 
The complele ppc gene of R. obami!IISIJ was amplified by PCR using 1he INIT primer and 1he END primer wllh 1he sequence\ 

de~cribed in fo.la1enals and Method~. The ampli fied gene was suhcloned imo 1he pCR"I MIJ vec1or (Invitrogen) and this 5.7 l.b of 

plasmid was designated as pCRP2.8. A 2.9 kb of fragmem contamtng the ppc gene was cut out of pCRP2.8 by a res lriction 

cn; ymc EcoR I and ligated in-frame inlo the open reading frame of glut.llhione S-1ransfera~e (GST) 111 the pGEX 5X-3 
expression vec tor (Pharmacta) at 1hc EcoR I site. The rcsulling 8.0 kb of plasmid was designated as pPEP3 0 and cont,lincd 

about 3.5 kb of open reading frame for GST-PEPC fusion protein. 
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Other M ethods. Polyacrylamide gel electrophoresis of the crude extracts was performed with 

10% (wtlvol) polyacrylamide gel in the presence of S DS by the method of Laemnli [79]. M olecul ar 

weight markers for SDS PAGE were from B1o-Rad. Protein concent rations were routi nely estimated 

by Bradford [80) wtth bovine serum albumin as the standard. 

3. Results 

The sequence of the ppc gene. The partial fragment of the ppc gene was successfully 

ampli fied by PC R us ing TAHPT primer and SLRAIP primer, ami directly sequenced by the 

d ideoxynucleotide c hai n termination method (Fig. 19). The translated amino acid sequence was 

compared to other ami no acid sequence o f PEPCs known to date and showed s ignificant high 

similarity with them (Figs. 198 and 2 1 ). In addition , the sequence contained seve ral highly 

conserv ati ve amino ac id seque nces including the putat ive subs trate b inding s ite motif, 

FIIGRGGXXG RGG, seen in most PEPCs. These resulls s trong ly suppo rted that the amplified 

fragment was a part of the ppc gene. Based on the DNA sequence o f the fragme nt , the the rmal 

asymmetric interl aced (TAIL) PCR was carried out to determine the sequence of the unknown regions 

adjacent to the known sequence of the gene [I IOJ . Three long specifi c primers (LSI -3 or LS4-6) 

we re constructed fro m the DNA sequences at 5'- or 3'-end of the fragment , respectively , and several 

short random primers including AD I primer were also cons tructed (Fig. I 9A, B). With the primers 

LS3 and AD 1 for the 5'- unknown sequence o r with the primers LS4 and AD l for the 3'- unknown 

sequence, the primary PCR was canied out by the thermal asymmetric interlaced (TALL) cycling. The 

products o f the primary PCR was diluted and used as templates for the second PC R by the TAIL 

cycl ing with the primer sets, LS2 and AD I for 5'- sequence, LS5 and AD 1 for 3'- sequence . Finally, 

the second PCR products were diluted and used as templates for the tertiary PCR by normal cycling 

with the primer sets, LS 1 and AD I , LS6 and AD 1. About 600 bp of fragment for 5'- unknown 

sequence and about 800 bp of fragment for 3'- unknown sequence were predominantly amplified and 

then, these fragments were directly sequenced by the dideoxynucleotide chain termination method. As 

the result , both DNA sequences were successfully connec ted with the known sequence and the 

trans lated amino aciu sequences revealed significantly high similarity with other amino acid sequences 

of PEPCs (Figs. 198 and 2 1 ). In the sequence, the termination codon T 1\G and the possible initiation 

codon GTG, which is o fte n seen in genes from thermophilcs [112] were found (Fig. 19B). This 

position of the initiation codon was quite similar to the initiation positions of 

62 

R._obc'lmensis 
c . glutamicum 
Thermus sp . 

R .ob.>men" -s 
C glutamicum 
Thermuo.. sp 

R. .obomcns is 
C glutamicum 
Thermus sp . 

R._ob.>mensis 
C. glutamir•um 
Thcrmus sp 

R. obamensis 
C glutam1cum 
Thcrmus sp. 

R._Obc!Jl\ensis 
C glutamicum 
Thermus sp. 

R._obamens1s 
C. glutamicum 
Thermus sp. 

R._obamensis 
C. glutamicum 
Thermua sp 

R._ob.>mens1s 
C. glulamicum 
Therrnus sp 

R._obrunensis 
C glutamicum 
Thcrmus sp. 

R. ob<>mensis 
C. glutamicum 
Thermu:J sp. 

R. ob<unens1s 
C. glutamicum 
Thermu~ sp. 

R. obamensis 
C glutamicum 
Thcrmus sp. 

R._obamcnsis 
C. glulamicum 
Thermus sp. 

R. _obamensis 
C. glulamicum 
Thecmus sp. 

R._obamensis 
C. glutamicum 
Thecmus sp. 

R._obamensis 
c. glutamicum 
Thermus sp. 

MLPPLQI E I EG'l'G I SRPI.SEIIVNLLGGLLGQVJQEMAGPF.Ml.El..VE'l'LRRt.CKQMQENR 
-- - - • ---- - - - MTDFLRDDI RFLGQl LGEVJAEQEGQEVYELVEQARt.TSFDIAK - r. 

-------- - MSDPFEAI.KAEVI!J,LGRI.LGEA 1 RKVSGERt'FJ\LVEEVRL.t.SKAI!RQ GD . . . - . 
PEFIIEQJ\ VTRIHSATYO~:l.LWJ.I.RA YTAFFIII.VNQAEOQE I I R I NRERAOQSTI'ERPR I'E 
NAEMDSLVQVFDG I 'rPAKATP t ARAf'SIIFJ\LI.ANLAHD-- - I,VDE:ELRI:X\ALOJ\GI>TPPO 
GMABVI.SQIIVERMPVE!i.'IEJ\LVRA~'TJIY~·IILVNLJ\EERIIRVRVNRLRTEGETJ.~:NPRI'E 

. . . 
• SI DEAl I.ALKOQCRTLllOVLTJ.J,ERLDIQMVI'AIIM'EARRRS I I.YKQCIII r AQMI.SQC'R 
STLOATWJ.KLNEr.tNGAt:J\VADVLRNJ\EVAPVLTAIIfl'I'ETRRRTV~·oAQK\~ITTIIMRERII 
-GFI.JILAKJ\LKERGLSt.~:EAEAIILNRt.ALLLTFTAIIPTE1'RRRTI.RHHI.I::RLQEELEGGO . . ... ... ·· -
RCQ - - - - LTPEEQETL.l,LDLI!NQITL.l,J.G'I'AEVREERPTVRDEVEQG!,YFJQS'I'IWEA 
l\LQSAEP'l'ARTQSKLDEI EKNI RRR11' I L\o.'Q'I'ALI RVARPR I EDEIEVGLRYYKLSLL~:~: 
R- · -- - - ------ I::R--- - - - Ll.ARWI.LYJ\TF.EVRKARPSVEDEIKGGLYYLPTTLWRJ\ 

. . . . 
VPRIYEOVRRALRRYYGADVDFRPFLRYRSWIGSDRDGNPYVTPEITRWTALTQRRLAI.O 
I PRI NRDVAVELRERf'GEGVPLK PWK PCSW l GGOJillGNPVVTAE'I'VEYSTHRAJ\ETVl.K 
l PKWEGLEMLERVYGK R PH LRS PVR FRSWliGGDRDGN PYVT PF.VTA FAGR y AREVAI:G . . 
RYliEELRQl,RRRI.SLSDRVVA PPEELRRSLAROARI::VSLPPfiVLRQFRHI::SFRLK I SY IM 
YYARQLfiSLEHELSLSDRMNKVTPQl.l.A • · LADJ\GIINDVPSRVOEPYRRJ\VHGVR 
RYLEELEALVRDI.SLSEARI PVPKEVRE-- - - --- GGEG VERFPG~:PYRRYFAALY 

GRLIIGLL.QALDOPTQPA -- --PDYOADAFVEOLRLLQRCLEJ\CGLER I ARIIDQL'I'R 
GR ll.J\TTJ\ELIG~:DAVEGVWFKVFTPVASPEEFLNDALTI DIJSLRES- KDVLIADDRL:;V 
RALEG·· -- - · --EALSTEGLARJ\uKVJ\EKCLEGVGLAQVAQJ\FLRP 

LLVLAQTFGFHI..VTLDVRQHSSVHEAAVAELLRLAGVENOYRJ\LPESRRQELLAEELSNP 
LISA T ESF<;FNLY fii,OLRQNSESYEDVI.TEt.FERAQVTANYRELSF.J\EKt .EVL!.KF.LRSP 
LEARLSAFGLELAPLOLREESGKLLEIIMELLRLGGVHPDf'LALSPt::EKEJ\LLTEELK'l'A . . . . . 
RPL!..PPCJ\R- VSEATRQVI.ETF/IVIREI.VQLDP- RLVGSY 1 VSMTIITVSDLLEPMLLJ\KE 
RP!,II'HGSOEVSF.VTORF.LGI FIITASEAVKK~·crRttVPHC I I SMASSVTDVLEPHVLLKE 
RPLJ.P-- VGEVPQGEALRVALGAI,RAWGD - - KGAHWSMTIJIIPJ\DLLAVn.LARE 

. . . 
VGLWltYEROPRTGK PCHVRCPI OFVPI.f'ETI ~:OL.EJ\AJISRMEA I t.SHPVYRMQV J\A RGGF 
FGLJ J\AN-- --GDNP- -- RGTVDVIPI,~'ETI EDLQAGJ\Gll,DELWK IOLVRNY!.I.QRONV 
VGI..YRP- --- --GKP- LPf'OWPLFETL.~:OL.ERAPEVL.RRLLANPVFRAHAQGRGG 

. . 
AI LJ\MPPWHNGR I RFTEQGEV I SFRY ALPEI AIIRIJ!,EQI VNJ\MLRWG!,PAASGTOGTD 
A ILAQPRGAVQGSVRITEQGEJ J SAKYGNPETJ\RRNI.EALVS · - - -- -J\'l'LEASLLDVSI:: 
~! J\CL~PKSVCHRLRLTEQGEALAORYAIIPOL.~~Jl~::QLL - · -- - YHf'AQMLCOGVE 

PATRNRLMO --ELMRS~IRA Y RRLI OAP-OFWSWYTR ITP I DQI SRLP I ASRPVSRSSA 
LTDI!QRAYDIHSEISEL.Sl.KKYASLVIIEDQGFIOYFTQSTPLQEICSLNIGSRPSSR- K 
PKJ\HWREALG-- EAGERSMARVRALLSQE-GFFPFf'EAF'rP I REIGELPIASRPVYR HC; 

REVOFESLRAI PWVFAWTQVRYL I PCWFGIGQALD£t,L.---QTSPEI!LETLRTWYRS~IPF 
QTSSVEOLRA I PWVLSWSQSRVMLPCWFGVGTALEQ\·II GEG EQA'I'QRIAELQTLNESWPF 
RVROI RDLRJ\IPWVMA\•TrQVRLI.L.PCWYGLS ·--- --- ALEGLPMPLLREMYREWPF 

. . 
FRTVLQNAQREMVRARLEIMYVDRLLGD- GPTAFIIQMIEEDYI!RARTAILRITDQESL 
FTSVLDNMAQVr-tSKAEl..Rl.AKLVADL I PDTEVAERVYSVI REEYFLTKKMFCVl 1'CSOOJ, 
F ATTLESAAMALAKJ\DLGIJ\ERVLKLVPE- G!~FYIIHLAEEYRRTVALLEAIFEAP-L 

LOll OPI J RKSVQ!..RNPY'J'OVLNI.VQLELMRR I RSGAEADREPLRRA LFI..S I NG 1 AAAMQS 
LDONPLLARSVQRRV PYLLPLNV I QVEMMRRYRKC DQSEOVSRN I QLTMNGLS'I'ALR11 
LHNQKTLERQI ALRNPVVOPINf'VQVELl..ARYRAPCGREOECVRRALLLSLLGVMGLRN 
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Fig. 2 1. The <tlignment of PEPCs from R. nbamensis, Corynebacterium g/ulamicum , and Thermu s .sp. 

Amino acids that arc identical in three PEPCs are tndicatcd hy asterisks below the alignmelll and am1 no acrds tha t ate 

physicochemically s imilar in three PEPCs arc indicated by dots below the alignment. The bars in the alrgnment reveal the gaps 
111 the sequences. T he boxed sequence indicated the putative substrate brnding si te of PEPC. 
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21.7 kb 

5.15 kh 
4.27 kb 
3.48 kb 

1.90 kh 

1.59 kb 

. 1 .37 kh 

F ig. 22. T h e southe rn bl ot a na lysis of R . 
obamtnsis genomic D NA. R obammsis genom1c DNA 

was d1gested to comple11on with Hind Ill , Bam H I, Psr I or 

'lma I. s1ze fracuonated on an I 0% agarose gel, transferred 

to the pos1t1vcly charged nylon membrane and hybridized 

\l.lth a 1.3 kb of R"'A probe labeled by digox1genin (DIG)· 

11 -UTP. DNA s1ze marker was from ind1cated on the left. 

other PEPCs (Fig. 21) and was preceded by the 

putative ribosomal RNA binding site (Shine

Dalgarno sequence) (Fig. 19B). These resu lts 

suggested that this GTG codon was the proper 

initiation codon of the ppc gene. 

The open reading frame consisted of 2,8 11 

bp, encoding a polypeptide of 937 amino acid 

residues with calculated molecular mass of 

I 07,808 Da. This value matched the apparent 

molecular mass of the purified R. obamensis 

P EPC estimated by SDS-PAGE [96]. The GC 

content of R. obamensis ppc coding region was 

high (66.2%) and the extreme bias for G or C was 

found in the third position of the codons (85.0% ). 

The nucleotide sequence of the ppc gene for 

R. obamensis PEPC was deposited in EMBL 

Nucleotide Sequence Database under accession 

number X99379. 

Southern a n a lys is. To estimate the 

number of R. obamensis ppc gene, a 1.3 kb of 

RNA probe labeled by digoxigen in (DIG)- 11-

UTP, correspondi ng to 5'- ha lf of the ppc gene 

(Fig. 19A), was hybridized with R. obamensis 

genomic DNA digested with various restriction 

endonucleases (Fig. 22). 

All restriction digest~ showed a single fragment that hybridized to the probe, indicating that PEPC is 

encoded by a single copy of gene (Fig. 22). This result also strengthened that the sequence directly 

determined by the PCR-mediated method was the gene for R. obamensis PEPC. 

The alignment of PEPCs a n d phylogene tic analysis . The deduced amino acid 

sequence of R. obamensis PEPC was al igned with those of 16 PEPCs from various bacteria and 

plants. The alignment indicated that the amino acid sequence of R. obamensis PEPC was closely 

related with those of PEPCs from thermophile Thennus sp. or mesophile C. glutamicum, with a 
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_ _ _____ ____ __:.•ooo=-lr-------- Anacystis nidulans 

...__ _ _____ Anabaena variabilis 

~-------------------- Corynebacterium glulamicum 

..___~,r----------------- Thernws sp. 

1000 

Rhodothermus obamensis 
r-------....:1:.:::000~--------- Haemophilus influem.ae 

0.2 

.__ _ ______ Escherichia coli 

,------ Zea mays : C4 

1000 

646 

r---- Sorghum vulgare : C4 

.....------ Mesembryaulhemum crystallinum : CAM 
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Glycine max : C3 

Pisum sativum : Root Nodule 

Medicago sativa : Root Nodule 

Solanum tuberosum : C3 

Nicoliana labacum : C3 

1ooo Flaveria lrinervia : C4 
'----~ 

Flaveria australasica : C4 

Fig. 23. T he u n r ooted phylogene t ic tree of r epr esen ta ti ve bac teria l a nd e uca ya l P E P Cs. Each number 

shows the bootstrap value on the branching (I 000 replicates). Scale bar 111dicatcs substitullons per res1due. The PEPC 
sequences in this figure are from Gcnllank under accession numbers: Anabaena variabilis, M8054 1; Anacysris nidulans, 

M 11198; Corynebatte1 ium glutamictmt, f-.125819. Tltemms sp., 042166; Rltodorlterm11I obanwnsis, X99379; F:schericltia 

coli, X05903; Haemoplul11s infltti'IIZOI', L462li6; Zt•a mays C4, X03613; Sorgl111111 1•11/gare C4, X55664; Mesembryantltem11m 
crysrallimmt CAM. X 13660; Pistmt satll'lllll Root Nodule, 064037; Medicago sari1•a Root Nodule. M!D086; Glycme mM C3. 
0 13998; Solan11111 t11beros11m C3, X67053; Nicoriana rabac11111 C3, XS9016; Flave1 ia rrmervia C4, X6 1304; Flavcria 
allstralasica C4, Z25853. 

45.3% or 37.7% of identity and a 6 1.5% or 56.5% of similarity, respectively. The alignment of 

amino acid sequences from three closely related PEPCs was shown in Fig. 2 1. 

Based on the multiple alignment of 17 PEPCs including R. obamensis PEPC, the unrooted 

phylogenetic tree was constructed by the neighbor-joining method (67) (Fig. 23). From the topology 

of the tree, it was indicated that R. obamensis PEPC was most closely related with Themws PEPC 

and it was suggested that these extremely thermophilic PEPCs were derived from the mesophilic type 

of enzyme (Fig. 23). In addition, the phylogenetic tree showed the close phylogenetic relationship in 

PEPCs between proteobacteria and plants (Fig. 23). The branching pallern between them represented 

significant robustness by the bootstrap examination (1000/1000), indicating that the eucaryal PEPC 

was descendent of the bacterial entities. 
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The amino acid composition and 

substitution of R. ohamensis PEPC. The 

ammo acid composition of R. obamensis PEPC 

was compared with those of representative PEPCs 

from various sources (Pig. 24). In comparison of 

three d1stmct physicochemical groups of amino 

acids, no apparent feature was found in R. 

obamensis PEPC while the content of neutral

nonpolar amino acids increased and the content of 

neutral-polar amino acids decreased in Thermus 

PEPC (Fig. 24A). However, based on the 

comparison of each amino acid composition, some 

preferences for speci fic amino acids were 

observed in two thermophilic PEPCs (Fig. 248). 

fn R. obamensis PEPC, the contents of Gly, Ser, 

Asn and Lys decreased and the contents of Gin, 

I Tis and Arg increased (Fig. 2413). Among them, 

the amino acid composition changes in Asn, Ser, 

Lys, His and Arg were common to the changes in 

Thermus PEPC. llowever, lower content of Gly 

and higher content of Gin were peculiar to R. 

obamensis PEPC. 

In addition, the amino acid substitutions 

were examined among the closely related PEPCs 

from R. obamensi \., Thermus sp., C. glutamicum 

to examine whether some bias for the specific 

amino acid substitutions existed between the 

mesophilic and thermophilic PEPCs (Table 8). 

m Z. nrn.u 
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n~utral-polar acidic-basic 
amino acids amino acids 

Amino acids 

0 L mn~· 

~ £<Oil 

1/utnwplu/us sp n 
~ C gluwnuC'um 

~' Tltt·mms 1p. 

• R obam,nsu 

.. d 
Asn Gly Scr Lys Gin His Arg 

Amino acid residue 

Fig. 24. Th e am in o acid compositions of 
representative bac terial and eu cayal PEPCs. (A) 

The comparison of three distinct physicochemical groups of 

amino acids. The neutral-nonpolar amino acids contain Ala, 
lie, Leu, Met, Phe, Pro and Val, the neutral-polar amino actds 

contain A~n. Cys, Gin, Gly, Ser. Thr, Trp and Tyr, and the 

acidic or basic amino acids include Arg, Asp. Glu, llis and 
Lys. (B) The comparison of some amino acid compositions 

that demonstrate relatively high or low contents tn R. 
obamensis PEPC. The amino acid compositions in this 
ligure were found to he different hctween R. obomensrs PEPC 

and all other mesophtlic PEPCs. lienee, some amino acid 

composiuons were similar between R. obamt'nsis PEPC and 

Thermus PEPC. 

As the result, three types of substitutions (R. obamensis-specific, Thermus -specific or universal 

substitutton) were found to be dominant in the thermophilic PEPCs (Table 8). M ost of the dominant 

substitutions in two thermophilic PEPCs were in good agreement with those previously observed 

with other thermophilic proteins [32, I 08] but the substitutions from Leu to lie, Val to lie and Ala to 
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Tahle 8. The preferred re.\ldue changes in PEI'Cs from C. glutamirum, Tllermus sp. and 
R. obamensis. Analy~t~ was earned out over I he tegion of the sequncee alignment. as shown 
1n Fig 3. The comparison between C g/11/tlmiwm and l>oth e\lrem~ them1ophilcs unpile' the 
ammo :"td replacements fwm restdues 111 C J.~llltOIIIIt'lllll Pl'.I'C: to the tdcnucal tcsiducs m 
hoth thcrmoplulic Pl.:.I'Cs (IJ) means <he frequent su~>tllullons unt\'Crsall)· seen tn lht'IIIIIH 

sp and R obamemit (uni,ctsal suhsutuuons). and lR) or (T) means the frequent suhstllullons 
specifically seen in R. obomensrs or 7ht·riiiiiJ sp. (R obomi'IISI.\ SJlCCtltl' suhstllulions or 
1'lre11nu.t spcciftc suhstitulions) • ~hows I he fiCIIUCIIt suhstitullons trlthe companson bcl\\een 
C glulcmrrcrun and b<1th C'-trcme thennophllcs and the ~uhslltuttons wrttten 111 bold hne 
represent 1he possible thcrmophthc substitutions previously proposed or observed [32. 106, 
107, 108) 

Comparison Total amino acid changes 

C. g/lli(II/IICIIIII 

and R. obnml'llsis 

C glwomicum 

and Themws sp. 

506 

496 

C. glwamicum I 04 
and both extreme thennophiles 

Tlrermus sp. 448 
and R. obnmen.ris 
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Most frequent amino acid change 

substitution changes 

lie-> Leu*(U) 13 
Glu-> Ala(U) 12 
Ala-> Leu (U) II 
L.eu->lle(R) II 
Ser-+Thr* 10 
Val->lle(R) 9 
Ala->Gin(R) 8 
Val-> Leu*(U) 8 
Vai->Arg 8 
Thr+Leu 8 

Val-> Leu*(U) 14 
Ser-+ Ala(T) 14 

lie-+ Leu*(U) 13 
Asp-> G lu(T) 10 
Ala->Arg• 9 
Ala->Giu(T) 9 
Ala-> Leu(U) 8 
Glu->Ala(U) 8 
Lcu->Val 7 
Val-+ Ala 7 
Met-> Leu• 7 
Gln->Giu* 7 

lie-+ Leu*(U) 7 

lie-> Vat• 4 

Ser-+Thr• 4 
Ala->Arg• 4 
Val-> Leu*(U) 3 
Met-> Leu• 3 
Gly->Aia• 3 
Gtn->Giu• 3 

Leu->llc(R) 19 
Ala->Glu(T) II 

Val->llc(R) 11 
Gly->A1a• 11 

Glu->Arg 10 
Glu->Asp 10 
Ala-+ Val 9 
Ala->Arg• 9 
Val-> Leu*(U) 8 
Glu-+Gln 8 
A la->Gin(R) 7 
Ar ->Gin 7 



Gin dominant in R. obamensis PEPC were not consistent with such general rule for thermophilic 

proteins. In relation to the secondary structure of R. obamensis PEPC, most of the substitutions from 

Leu to lie and Val to lie occurred in the P-sheet structures. On the contrary, most of the Thermus-

speci fic substitutions were found in the a-helices structures of the secondary structure. 
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116 kDa-
97.4 kDa-
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Fig. 25. T he SDS-PAGE of lhe recombinan t GST· 

PEPC fus ion prolein expr essed in E. coli I NVa. 

Approxunately 20 j.lg of protein were applied to each lane. 
Afte1 electrophoresis, the gel was stained by 40% (vol/vol) 

methanol I 0% (vol/vol) acetate containing 0.2% (wt/vol) 

cooma~s1e brilhant blue (CBB ) R250. Lane I contains the 
molecular we1ght marker from Bio-Rad, lane 2. 3; crude 

extract\ from INV<X/pGEX -5X-3 and INV<X/pPEP3.0 with 50 

mM Tm - HCI (pi I 7 S), respectively, lane 4, 5; crude 

e"tram from INV<X/pGEX-5X 3 and INV<X/pPEP3.0 with 50 

mM T ris HCI (pU7 5) contaming 9 M urea, 2% (vol/vol) 

tnton X-1 00 and 2% (vollvol) mercaptoethanol, 

respec!lvely A 126 kDa of protem, corresponding to the 

recomb1nant GST PPPC fus10n protem, is indicated by an 
arrow on the nght 

T h e expression of R. obamensis pp c 

gene in E. coli a nd the cha racteriza tion of 

the recombin ant GST-PE P C fu s ion 

p r otein. E. coli INVa cells were transformed 

with the recombinant plasrrlid pPEP3.0 to express 

the c loned gene as a GST-PEPC fusion protein 

(Fig. 20). The specific activities of PEPC in crude 

extracts from I NVa/pPEP3.0 was 0.601 

J..lmolNADH/min/mg protein at 65 OC. Fig. 25 

shows the SDS-PAGE of crude extracts from INV 

a/pPEP3.0 and INVa/pGEX-5X-3 with 50 mM 

Tris -HCl (pH 7.5) or 50 mM Tris-HCl (pH7.5) 

containing 9 M urea, 2% (vol/vol) triton X-100 

and 2% (vol/vol) 2-mercaptoethanoL A 126 kDa 

of protein could be observed in the extracts from 

INVa/pPEP3.0 (lane 3 and 5 in Fig. 25). In the 

SDS-PAGE, the extract with 50 mM Tris-HCl 

(pH7.5) containing 9 M urea, 2% (vol/vol) triton 

X - 100 and 2% ( vollvol) mercaptoethanol 

apparently contained a larger amount of 126 kDa 

protem than the extract with 50 mM Tris -HCl (pH 

7 .5). This re ult suggested that a significant 

amount of recombinant GST -PEPC fusion protein 

was expressed in E. coli as a insoluble body. 
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However, when the transformant was grown not at 37 C but at 25 °C, the soluble fraction of the 

fusion protein was significant ly increased (data not shown). The.sc results indtcated that a 

thermophilic PEPC of R. obamensis was successfully expressed in E. coli. 

The recombinant GST-PEPC fusion protein 

was partial ly purified by the column of glutathione 

Sepharose 4B (Pharmacia) and characterized with 

respect to its enzymological properties and 

thermostability (Fig. 26 and Table 9). The fusion 

protein was purified 30.5 fold by the affinity 

chromatography. The partially purified fusion 

protein was digested with a restriction protease, 

Factor Xa, which recognizes an amino acid 

sequence of -Tie-Giu-Gly-Arg- in proteins and 

hydrolyzes a C-terminal side of peptide bond at 

Arg residue in the sequence, in order to separate 

the recombinant PEPC from the GST at the 

junc ti on of fusion protein. However, two different 

size of proteins (I 00 kDa and 80 kDa) were 

generated as the recombinant R. obamensis PEPC 

after 3 h digestion at 37 ·c and the mixture of these 

proteins revealed a significantly lower optimum 

temperature for activity at 55 ·c (Fig. 26). 
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Fig. 26. Th e e ffect of temperature on PEPC 
ac tivity in the partially purified GST-PEPC (r. 

GST-PEPC) and the protein sample treated "ilh 

the restriction protease Faclor Xa (r. PEPC). The 

acuvuy was measured at various temperature at an enlymc 

concemrauon of 3.6 J.l& protein/ml under swndar<.l as~ay 
conduion fJOJ except for the pH of the reacrion mixture at 
9.5. 

In contrast, the recombinant GST-PEPC fusion protein had similar optimum temperature for activity 

(80 "C) to that of the wild type of R. obamensis PEPC (Fig. 26). The result implied that the digestion 

by the restriction protease gave rise to the thermolabile enzyme and the fusion protein was better for 

the comparison. On this account, the GST-PEPC fusion protein was characterized and compared with 

the wild type of PEPC. The enzymological properties of the recombinant GST-PEPC were basically 

similar to those of the wild type (Table 9). The apparent differences were the sifl of the optimum 

temperature (from 75 ·c to 80 oC) and pH (from 8.0 to 9.5) for activity and the weaker sensitivity to 

a negative allosteric effector of L-malate. In addition, the recombinant GST-PEPC was less 

thermostable than the wild PEPC and the half life at 90 oC was decreased from 240 min for the wild 

type to 3 min for the recombinant GST-PEPC (Table 9). However, the extrinsic thermostabili zation 
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systems were effective in the recombinant GST-PEPC fusion protein and the effectiveness of the 

extnnsic thermostabilization factors in the fusion protein was the identical order to that in the wild R. 

ohamensts PEPC (Table 9). 

4. Discussion 

The gene for phosphoenolpyruvate carboxylase (PEPC) from an extremely thermophilic 

bacterium Rlwdothermus obamensis was successfully cloned, sequenced and expressed in 

Hscherichia coli in this study (Figs. 19 and 20). The DNA sequence containing the ppc gene was 

determined by the thermal asymmetric interlaced (TAIL) PCR (Fig. 19). The gene consisted of 2,8 11 

bp, encoding a polypeptide of 937 amino acid residues with the calculated molecular mass of l07 ,808 

Da. The gene was found to be a single copy in the genomic DNA of the organism by the southern 

analysis (Fig. 22). The GC content of R. ohamensis ppc coding region was 66.2% and the content in 

the third position of the codons was 85.0%. The GC content of the genomic DNA and l6S rRNA 

gene (accession number X95071 ), the firstly sequenced gene in R. obamensis, were 66.6% and 

60.2% [78, Chapter 2]. The high GC contents in the genomic DNA and the ppc gene were observed 

in the genus of Thermus [ 14, 47 J. Therefore, it was expected that the extreme bias for G or C was 

strongly associated with the thermophily of the organisms. 

The thcrmophily was also thought to be associated with the amino acid composition of the 

enzyme. The amino acid composition of R. obamensis PEPC was compared with those of other 

PEPCs from various bacteria and plants (Fig. 24). Although there was no apparent change of the 

composition in comparison of three distinct physicochemical groups of amino acids, some 

preferences for specific amino acids were observed in thermophilic PEPCs based on the comparison 

of each amino acid composition (Fig. 24B). In R. obamensis PEPC, the contents of Gly, Ser, Asn 

and Lys were decreased and the contents of Gin, His and Arg increased (Fig. 248). Among them, the 

amino acid composition changes in Asn, Ser, Lys, ! lis and Arg were consistent with the changes in 

Thermus PEPC. The composition changes in these amino acids were also consistent with the "traffic 

rules", previously proposed by Argos et at. f I 08] and Menendez-Arias and Argos [32) for the 

preferential alterations of the amino acid composition in the proteins from thermophiles. I Iowever, 

lower content of Gly and higher content of Gin were peculiar toR. obamensis PEPC and especially, 

the increased Gin content was opposed to such rules for the thermophilic adaptation. In addition, the 

amino acid substitutions were examined among the closely related PEPCs from R. obamensis, 
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Thermus sp., Corynebacterium glutamicum (Fig. 21) to exam me whether some h1as for the speci fie 

amino acid substitutions existed between the mesophilic and thcrmophil!c PEPCs (Table 8). From the 

phylogenetic analysis of PEPC described below, it was suggested that two thermophilic PEPCs of R. 

obamensis and Thermus sp. were derived from the mesophilic enzyme from C. glutamicum. Hence, 

the substitutions of amino acids from C. glutamicum to each thermophile were l!kely to reflect the 

strategy for the intrinsic thermal adaptation of these thermophilic PEPCs (Table 8). As the results, 

three types of substitutions (R. obame11sis-specific, Thermus-specific or universal substitution) were 

found to be dominant in the thermophilic PEPCs (Table 8). The universal substitutions were the 

frequent substitutions both from C. glutamicum to R. obamensis and from C. glutamicum to Thermus 

and contained the replacements of lie by Leu, Val by Leu, Ala by Leu and Ala by Arg. Most of them 

were also the frequent simultaneous substitutions from C. glutamicum to both thermophile and 

consistent with the possible thermophilic substitutions previously proposed or observed [32, 106, 

107, 108]. Moreover, most of the Thermus-specific substitutions, which were the frequent 

substitutions only from C. glutamicum to Them1us, were also in good agreement with the possible 

thermophilic substitutions. Ilowever, the replacements of Leu by lle, Val by lie and Ala by Gin were 

peculiar to the substitutions from C. glutamicum to R. obamensis and these replacements did not 

agree with the possible thermophilic substitutions fo r the proteins of thermophi lic and extremely 

thermophilic bacteria [32, 108] but were similar to the frequent amino acid substitutions seen in 

hyperthermophilic bacteria and archaea [28, 29]. I n comparison of amino acid compositions of D

glyceraldehydc-3-phosphatc dehydrogenase (GAPDI I) from mesophilic and thermophilic sources, it 

was shown that the l ie content was significantly increased and the Leu content was decreased in the 

GAPDH of an hyperthermophilic archaean Pyrococcus furiosus and the increased content of Jle was 

also observed in the GAPDI I of an hypenhermophilic bacterium Thermotoga maritima [28]. In 

addition, Britton eta/. indicated that the replacements of Leu by Jle and of Val by lie were the most 

frequent substitutions from the mesophilic bacterium Clostridium symbiosum to the 

hyperthermophilic archaea Thermococcus litoralis and P. furiosus based on the comparison of the 

glutamate dehydrogenase [29]. It was suggested from the inferred three dimensional structures of 

these hyperthermophilic enzymes that these exchanges of amino acids involved the addition of an 

extra methyl group to the enzymes and the increased packing density by these exchanges were 

associated with the thermostability of the thermococcal enzymes [29]. From the mferred secondary 

structures of the thermophilic PEPCs, most of the R. obamensir-specific substitutions were occupied 

in the P-sheet structure while most of the Thermus-specific substitutions were in the a-helices. The 
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increased hydrophobicity from the exchange from Leu toIle or from Val to lie was expected to have 

effect on stabilizing the P-sheet structure in R ohamensi~ PEPC. However in the higher levels of 

structures, as suggested in the thermococcal glutamate dehydrogenases, these exchanges might be 

involved in the increased packing density at the molecular cavity or hydrophobic core in the enzyme. 

The more detail inspection of the spec ific amino acid composition and substitutions for R. obamensis 

PEPC' will require the structural data including the three dimensional structure of the enzyme and the 

'>tructure-dependent molecular engineering o f the thermostability. For the first step of them, I sought 

to establish the overexpression of the ppc gene in E. coli. 

The cloned ppc gene was successfu lly expressed in E. coli using glutathione S-transferase 

(GST) gene fusion vector system (Fig. 20). The recombinant GST-PEPC fusion protein was a 126 

kDa of protein and had the specific activity for PE PC at high temperatures although a significant 

amount of the protein was insolublized in the mesophilic host of cells (Fig. 25). When the £. coli 

cel ls with the express ion plasmid pPEP3.0 were grown not at 37 ·c but at 25 ·c. the soluble fraction 

of the fusion protein was considerably increased. These results indicated that the high yield of 

expression was possible in thi s system. The recombinant GST-PEPC fusion protein was partially 

purified 30.5 fold by the column of glutathione Sepharose 4B (Pharmacia). To separate the 

recombinant PEPC from the GST at the junction of fusion, the fusion protein was digested with a 

restriction protease, Factor Xa, which recognizes an amino acid sequence of -lle-Giu-Giy-Arg- in 

proteins and hydrolyzes a C-terminal side of peptide bond at Arg residue in the sequence. T he amino 

acid sequence of R. obamensis PEPC did not contain the restriction sequence but two di fferent size of 

proteins ( I 00 kDa and 80 kDa) were generated after 3 h digestion at 37 ·c. A I 00 kDa of protein 

con·esponded to the intact R. obamensis PEPC. Since the longer digestion with Factor Xa gave rise to 

the increasing amount of 80 kDa protein, this peptide was thought to be the extra-digested peptide of 

R. obamensis PEPC. In addition, the mixture of these proteins revealed a significant ly lower 

opt imum temperature for activity at 55 ·c than those of the wild type enzyme (75 "C) and the GST

PEPC fuston protein (80 OC) (Fig. 26). It was obscure that the decreased optimum temperature for 

activity was due to the inactivation or less thermostability of the extra-digested peptide, or the less 

thermostability of the intact recombinant R. obamensis PEPC separated from the fusion protein, or 

both. On this account, in an attempt to examine the enzymologica l properties and thermostability of 

the expressed enzyme, the GST-PEPC fusion protein was used. The enzymological 
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Table 9. The compari~on uf en.ryrnolo~ical properties and thermo~tabilitv between 
the wild ty pe of PEI,C from R. obamemr1 and rccnrnhinant G~ f-PI<:i•c fu~ion 
p rotein exp ressed in E. coli INVa. The cnJ:ynwlogH:al properties of the fuswn protern 
were deterrmnt:d on the same condrtrons as those of the 1\l)d type r~ot except for the 
assay temperature at 80 'C and pll at 9.5 rn case of the fusion protein. In the ellpcrimcnt 
for thermo\tabihty of the fusion protem. the thermornactrv.ttion "as performed under a 
conccntratron of 36 pg GST PEPC/rnl as dcscnbed prcvrously ( 101 K \l~h· SA,·<t)l Co-\ 

and Sr.r.6 I'P imply the concentrations, wh1ch provrded 50<!~ of maxtmum 3l'trvuy or of 

maxrmum effectiveness, and S1 .. "'" and St M••••• show the concentrations, whrch provided 
50% of inh1bition on the en'Yrne acttvity Italic letters show the propertres which were 
found to be drfferent between the wtld type and the rccombtnant GST-PFPC. 

wild type of PEPC recombinant GST-PE PC 
Properties from R. o/){lmen.rrs from£. coli JNVa 

Topt -75 ·c -80 ·c 

pH op t 8.0 9.5 

KMg2+ - 0.5 mM -0.6 mM 

KPE P 20.9mM 18.6 mM 

Vmax 378!lrnoiNAOHlmin•mig 420 llrnoiNAOHlmin•mig 

S Acetyi-CoA -0.35 mM - 0.35 mM 

SF-1,6 PP - 1.2 mM - 1.6 mM 

S L-Asp - 0.7 mM - 0.6mM 

SL-Malate -0.3 m M - 1.2mM 

T hcnno!.ta bility 

ha lf lives 240 min at 90 ·c 120 mi11 at 75 'C 
60 m i11 at 9 I 'C I 5 min at 80 ·c 
10 min at 93 ·c 3 min at 90 ·c 
(under 9 JJgl' Et>C/ml) (under 36 JJgPEPC/ml) 

Effects of 3.14 by PEP 11.0 by PEP 
ext r insic factors 4.37 by MgS04 J3. 1 by MgS04 

8.1!1 by Acctyi-CoA 17.3 by Acetyi-CoA 
(under 9 JJgi'I£PC/ml, at 95 'C) (under 36 JJg i'EI'C/ml, at 80 ·c) 

properties of the recombinant GST-PEPC were basically similar to those of the wild type (Table 9). 

The apparent differences were the sifts of the optimum temperature (from 75 ·c to 80 "C) and pH 
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(from 8.0 to 9 5) for activi ty and the weaker sensitivity to a negative allosteric effector of L-malate 

(Table 9). A c.; compared to the differences m the enzyrnological properties, the thcrmostability of the 

fus1on protein was strongly altered. The half life at 90 "('was decreased from 240 min for the wild 

type to 3 min for the recombinant GST-PEPC (Table 9). The sample containing 100 kDa and 80 kDa 

of proteins were much less thcmwstahle and the activity was completely lost after 65 ·c for I 0 min. 

From the results, the effect of GST in the fusion protein on the enzymological properties was likely to 

be moder:He and 1t was suggested that the reduced thermostability was accounted for by the Jess 

thermostah!lity of R. ohamensis PEPC expressed in the mesophilic organism rather than the negative 

effect of GST on the thermostability of the fusion protein. One of possible explanations for this 

reduced thermostability is that the intrinsic thermostability of R. obamensis PEPC is accomplished by 

some post-translational modification and processing of the enzyme in the cell of R. obamensis, and in 

the cel l of the mesophilic host, the thermostability of enzyme is not maintained and sustained by such 

thermostabilization systems. Now, the establishment of the high efficiency expression system for the 

R. obamensis ppc gene without the fusion process is underway. If the thermostability of the 

expressed enzyme in the system is determined, the reduced thermostability will be well discussed. 

The phylogenetic analysis of PEPCs from various bacteria and plants indicated the interesting 

molecular evolution of the enzyme (Fig. 23). The phylogenetic tree showed not only the close 

relationship between the extremely thermophilic PEPCs from R. obamensis and Them1us and the 

possible mesophilic origin of these extremely thermophilic enzymes but also the remarked relationship 

between the proteobacterial and eucaryal PEPCs and the possible bacterial origin of the eucaryal 

enzymes (Fig. 23). Recent phylogenetic studies widely among living organisms based on the 

molecules involved in the central dogma such as the ribosomal rRNAs [5, 6, 113], elongation factors 

[76, 114] and RNA polymerase f 115] have suggested the thermophilic origin of life [57] and the 

closer relationship between the domain Archaea and Eucarya than to the domain Bacteria [5, 6]. On 

the other hand, the phylogenetic trees from the central metabolic enzymes such as malate 

dehydrogcncsc, enolase and phosphoglycerate kinase have shown the closer relationship between 

Bacteria and Eucarya than to Archaea [reviewed in 116]. PEPC is primarily a central metabolic 

enzyme catalyzing the reaction that fixes 1 IC03- on phosphoenolpyruvate (PEP) to form oxaloacetate 

(OAA) and inorganic phosphate and regulating the junction between the hexose metabolisms and citric 

acid cycle. Therefore. it was accepted that the close relationship between proteobacterial and eucaryal 

enzymes and the bacterial origin of the eucaryal PEPCs were consistent with the central metabolic 

enzyme type of molecular evolution. In the study on the phylogenetic position of R. obamensis, this 
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extremely thermophHic bacterium was placed close to the root of the Flexihacter-C.vrophaga-Bacreroid 

(F-C-B) group and did not represent a deep branching within the doma111 Bacteria 1n the phylogenetic 

tree of 16S rRNA [78, Chapter 2]. From these results, I concluded that R. obamensis was an 

apparently modem lineage of extremely them1ophile and speculated that extreme thennophlly was not 

necessarily ancient characterist ic but possibly had another modern origin Within the Bacteria [78, 

Chapter 2] . The modern lineage of extreme thermoph!ly was also postulated mthe phylogenetic tree 

of PEPC (Fig. 23). Ilowever, since the tree in this study was unrootcd and the placement of a root 

among bacterial and eucaryal PEPCs was unknown, the evolutionary direction of the enzyme was still 

obscure. The coworkers and 1 have studied several archaeal PEPCs from hypcrthcrmophilic 

methanogen Methanothemws sociabilis and thennoacidophilic Su(folohus species [52, 53, Sako Y. et 

al. unpublished]. Based on the comparison of the molecular and cnzymological properties, archacal 

PEPCs were significantly different from bacterial and eucaryal counterparts with respect to the small 

size and non- or incomplete-al losteric property. These results suggested that archaeal PEPCs were 

phylogenetically distant from the bacterial and eucaryal enzymes and were placed out of the bacterial

eucaryal cluster in the phylogenetic tree. The amino acid sequences of archacal PEPCs arc important 

clues for understanding the evolution of the enzyme. Not only the structural study and the structure

dependent molecular engineering of the thermostability in R. obamensis PEPC but also the cloning 

and sequencing of the gene for the archaeal PEPC are the foci of the future work. The strucLUre

dependent intrinsic and extrinsic mechanisms for R. obamensis PEPC thermostability and the 

evolutionary relationship among various PEPCs could be discussed. 
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Chapter 6 

Summary and Conclusion 

In order to elucidate thermostability of proteins from extremely thermophiles and 

hyperthermophlles, phosphoenolpyruvate carboxylase (PEPC) from an extremely thermophilic 

bacterium Rhodothennus obamensis OKD7 was studied as a model protein with respect to its intrinsic 

and extrinsic thermostabilization systems. 

In Chapter 2, the bacterial strain OKD7, which was isolated from a shallow marine 

hydrothermal vent, was characterized. The isolate was an extremely thermophilic bacterium with an 

opltmum temperature for growth at 80 ·c and capable of growth up to 85 ·c. Based on the 

physiological, chemical and molecular characteristics, the isolate was a novel extremely thermophilic 

species of the genus Rlwdothermus, designated Rhodothermus obamensis OKD7. The phylogenetic 

analysis of 16S rRNA gene indicated that this organism was an apparently modem lineage of extreme 

thcnnophilc. The ftnding not only postulated the second possible origin of extremely thermophily but 

also suggc<:.tccl that the mechanisms for the thermostability of proteins in this organism were different 

from those of other ancient lineage of extreme thermophiles and hypcrthermophiles. This presented 

another interest into the study on the mechanisms for the thermostability of R. obamensis PEPC. In 

Chapters 3, 4 and 5, R. obamensis PEPC was purified, characterized and probed with an focus on 

the extrinsic them1ostabilization mechanisms of the enzyme. 

The findings and possible mechanisms for intrinsic and extrinsic thermostabilizations in this 

study are summarized as follows. 

(1) R. obamensis PEPC was a 400 kOa of homotetrarner consisting of a lOO kDa of subunit 

and was an allosteric enzyme. Its molecular and enzymological properties were similar to those of 

bacterial entities except for the extreme them1ophilicity and thennostability. 

(2) R. obamensis PEPC was extremely thermostable with half lives at various temperatures of 

26 hat 80 ·c. 11 hat 85 C. 240 min at 90 ·c, 60 min at 91 ·c and lO min at 93 ·c, respectively. 

(3) The thennostability was affected by pi I, enzyme concentration and presence of salts and the 

effects of them inferred the importance of the subunit-subunit hydrophobic interaction on the intrinsic 
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thermostability. 

(4) The thcrmostability was also strongly enhanced by the presence of substrate, cofactor and 

allosteric effectors. These substances protected the enzyme from the thermoinact1vat10n and 

thermodenaturation at supraoptimum temperatures for bacterial growth and enzyme activity. 

Therefore, these were the possible extrinsic thcrmostabilizatton factor. 

(5) The effects of the extrinsic thcrmostabilization factors were non-competitive and additive. 

The result suggested that the way to function of each factor was expected to be different and 

independent each other. 

(6) Based on structural analyses and renaturation test of the enzyme, it was indicated that the 

thermodenaturation was dependent on the denaturation temperature and was subjected to the structural 

transition of the three major states of denaturation; the dissociation of quatematy structure (dissociated 

state), the incorrect foldings or conformational changes of the subunit (scrambled state), the 

aggregation of the scrambled enzyme (aggregated state) and also subjected to the covalent degradation 

of the enzyme such as hydroly!-.is of the peptide under the severe thcrmodenaturation. Among these 

processes, the dissociation of the quaternary structure was the first step of thcrmodenaturation and 

thought to be the most important step for the intrinsic thermostabi lity and the extrinsic 

thermostabil ization. 

(7) In addition, the effects of the extri nsic thermostabilization factors on the the1modenaturation 

were analyzed in relation to the structural change of the enzyme. All factors had effects on the 

dissociation step from the quaternary structure and the mechan ism was to main tain the active 

mu ltimeric forms of enzyme and protect them from the temperature-induced dissociation. However, 

the ways to function of the factors were distinguished into two types; the one type contai ned the 

cofactor and salt (e.g. MgS04 and Na2S0 4), and was able to protect the native foldi ng or 

conformation from the denaturation. The other contained the substrate and allosteric effector (PEP and 

acetyl-CoA), and appeared to improved the fo lding or conformation by the interaction with the 

enzyme rather than to protect the native one. 

(8) For the inspection of the intrinsic thermostabil ity and the preparation of the three 

dimensional structure of the enzyme, R. obamensis PEPC gene (ppc gene) was cloned, sequenced 

and expressed in E. coli. An open reading frame for a 937-amino-acid polypeptide was found in the 

gene. The ppc gene had a high G+C content (66.2%) and the third position of the codon exhibited 

strong preference ofG or C usage (85.0%). By the southern analysis, the ppc gene was found to be a 

single copy in the genomic DNA of this organism. 
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(9) Based on the phylogenetic analysis of PEPCs from various kinds of organisms, R. 

ohamensis PEPC was most closely related with Thernws PEPC and it was suggested that both 

thermophihc entitles were denved from the mesophilic type of ancestor. It was also postulated from 

the phylogenetic tree of PEPC that the molecular evolution of this enzyme was quite different from 

ribosomal RNA type of evolution. 

( 10) In comparison of amino acid sequence between the thermophilic and mesophilic PEPC, 

there were observed distinct or common preferences of speciftc amino acid composition and 

substitution in the two thermophilic PEPC from Thermus sp. and R. obamensis. 

(II) The cloned gene was expressed in £. coli as a fusion protein with glutathione $-transferase 

(GST) and the recombinant GST-PEPC fusion protein had similar enzymological properties and 

thermophilicity with the wild type of R. ohamensis PEPC. llowcver, the fusion protein was less 

thermostable than the wild type. The reduced thermostability was thought to result from mesophilic 

expression in E. coli. These results suggested that the intrinsic thcrmostability of PEPC was 

supported by some thermostabilization system such as posl-lranslational modification or processing in 

R. obamensis cells. 

In this study, I clarified the importance of the extrinsic thennostabilization system in the protein 

thermostability, the some mechanisms for the extrinsic thermostabilization and the relationship 

between the system and the thermodenaturation of the enzyme. I also discussed the some mechanisms 

for the intrinsic thermostability and the possible intrinsic factors from the comparison of primary 

structures. llowever, there are still lots of unresolved problems and lots of speculations to be verified 

such as improvement of expression system for recombinant enzyme, determination of three 

dimensional structure, more detail analysis for extrinsic thermostabilization mechanisms from three 

dimensional structure and examination of possible intrinsic factors by structure-dependent molecular 

engineering. Further analysis for thephylogeny of PEPC among all three domain of life is also 

required. These arc imponant and essential for the final goal of this study and the foci of future work. 
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