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Abstract A bacterial thermostable citrate synthase has
been analyzed to investigate the structural basis of its
thermostability, and to compare such features with those
previously identified in archaeal citrate synthases. The
gene encoding the citrate synthase from Thermus
aquaticus was identified from a gene library by screening
with a PCR fragment amplified from genomic DNA
using a primer based on the determined N-terminal
amino acid sequence and a citrate synthase consensus
primer. Apart from high sequence similarities with ci-
trate synthase sequences within the Thermus/Deinococ-
cus group, the analyzed enzyme has highest similarities
with the enzyme from the hyperthermophilic Archaecon
Pyrococcus furiosus. The recombinant enzyme is a dimer
with high specific activity. Compared to its thermoac-
tivity (Tope at 80°C), the thermal stability of the enzyme
is high, as judged from its T}, (101°C), and from irre-
versible thermal inactivation assays. Molecular model-
ing of the structure revealed an inter-subunit ion-pair
network, comparable in size to the network found in the
citrate synthase from P. furiosus; these networks are
discussed in relation to the high thermal stability of these
bacterial and archaeal enzymes.
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Introduction

Citrate synthase (EC 4.1.3.7) catalyzes the condensation
of oxaloacetate and acetyl-CoA to form citrate and
CoA. The enzymes from Archaea, Gram-positive Bac-
teria, and Eukarya are dimers of identical subunits
(Danson and Hough 1998), whereas those from Gram-
negative bacteria are generally homo-hexamers (Nguyen
et al. 2001). In all cases, the active sites lie between su-
bunits, and therefore the dimer can be considered as the
basic catalytic unit in both types of citrate synthase.

We have previously characterized and determined the
atomic structures of several dimeric citrate synthases
from a range of organisms whose optimal growth tem-
peratures span the biological range of temperatures (10°
to 100°C) (Bell 1999; Russell et al. 1994, 1997, 1998),
these being in addition to the already determined
structure of pig and chicken enzymes (Remington et al.
1982). Detailed comparisons have helped to identify
structural trends that appear to be associated with the
increasing thermostability of this series of enzymes
(Danson and Hough 1998). These include increased
compactness as a consequence of shorter surface loops,
reduction in internal cavities, increased internal packing
through isoleucine clusters, and greater complementarity
at the subunit interface. Furthermore, consistent with
observations on a number of other hyperthermophilic
enzymes (Karshikoff and Ladenstein 2001), the citrate
synthase from Pyrococcus furiosus (optimal growth at
100°C) has two 5-amino acid inter-subunit ionic net-
works that site-directed mutagenesis studies indicate
make important contributions to the protein’s hyper-
thermostability (Arnott et al. 2000). Ionic bonds may
also stabilize the loops of this enzyme, as might inter-
actions between the C-terminal arm of each polypeptide
with its partner subunit within the dimer (Russell et al.
1997).

All the investigated citrate synthases from thermo-
philic and hyperthermophilic organisms are so far of
archaeal origin: Pyrococcus furiosus (Muir et al. 1995;
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Russell et al. 1997), Sulfolobus solfataricus (Bell 1999;
Connaris et al. 1998), and Thermoplasma acidophilum
(Sutherland et al. 1990, 1991; Russell et al. 1994).
Therefore, it is of interest to compare these archaeal
enzyme structures with a bacterial thermostable citrate
synthase, in order to reveal whether the same stabilizing
principles are used in the enzymes of thermophilic
organisms other than the Archaea. For this reason,
we chose to investigate the citrate synthase from the
thermophilic bacterium Thermus aquaticus. Staining of
the cell walls of bacteria belonging to the genus Thermus
indicates that they are Gram-negative organisms, but
they have many other features that appear more con-
sistent with Gram-positive bacteria (Williams and Sharp
1995). Moreover, the citrate synthase found in T.
aquaticus is a dimeric protein, which is more consistent
with the Gram-positive bacteria (Weitzman 1978), and
which should then allow a more direct comparison with
the archaeal homologs.

In this paper we describe the cloning, sequencing, and
heterologous expression of the gene encoding the
T. aquaticus citrate synthase, and an investigation of the
thermostability of the recombinant enzyme. Based on its
relatively high sequence identity with the hyperthermo-
philic citrate synthase from P. furiosus, we have also
modeled the structure of the 7. aquaticus enzyme, and
provide evidence that it possesses an inter-subunit ionic
network comparable with that found in the archaeal
homolog. The findings are discussed in the context of
how Nature has solved the structural basis of protein
thermostability (for recent reviews, see Sterner and Liebl
2001; Vielle and Zeikus 2001).

Materials and methods

Bacterial strains and vectors

Thermus aquaticus (strain YT1) cells were a kind gift from Dr. N.
Raven, Centre for Applied Microbiology and Research, Porton
Down, Salisbury, UK. Escherichia coli strain XL1-blue with the
vector pUCI18, and strain JM109 with the vector pGEM-T (Pro-
mega), were used for cloning of PCR-amplified consensus frag-
ments. A genomic library was constructed in A EMBL3 using
E. coli XL1-blue MRA host cells. For expression, the vector
pREC7/Ndel (provided by Dr. L.C. Kurz, Washington University
School of Medicine, St Louis, MO, USA) was used in the citrate
synthase-negative E. coli strain W620 (gltA6, relAl, supE44, thi-1,
pyrD36, galK30, rpsL129, Smr).

Purification of native and recombinant citrate synthase

T. aquaticus cells, or E. coli cells expressing the recombinant
T. aquaticus citrate synthase, were lysed using a single-shot cell
disrupter (Constant Systems Ltd, Warwick, UK) in 20 mM Tris-
HCI, pH 8.0, 2 mM EDTA, followed by centrifugation at 20,000 g
for 20 min. The cell extract from E. coli cells was heat treated at
65°C for 15 min, and again centrifuged (20,000 g, 30 min). Citrate
synthase from the T. aquaticus cell extract and the heat-treated
E. coli extract was purified using a Matrex Gel Red A (Amicon,
UK) column equilibrated with the above Tris/EDTA buffer.
Unbound protein was removed by washing in 5 volumes of the
same buffer, and citrate synthase was then biospecifically eluted by

I mM CoA and 5 mM oxaloacetate in the Tris/EDTA buffer
(James et al. 1994).

Gel filtration

Pooled fractions containing citrate synthase were applied to a
Superdex 200 gel filtration column (Amersham Pharmacia Biotech
UK Ltd, Bucks, UK), pre-equilibrated with 20 mM Tris-HCI
buffer, pH 8.0, containing 2 mM EDTA, 25 mM NaCl and 0.1 M
KCIl. The column was calibrated with the following molecular mass
markers: bovine thyroglobulin (M, =663,000), horse spleen apof-
erritin (443,000), sweet potato f-amylase (200,000), yeast alcohol
dehydrogenase (150,000), bovine serum albumin (66,000), bovine
carbonic anhydrase (29,000) and horse cytochrome ¢ (12,400).
Elution volumes (V,) were expressed relative to that of Dextran
Blue (V,) and the data (M, versus V,/V,) were fitted to an expo-
nential curve.

N-terminal sequence analysis

Purified native citrate synthase from 7. aquaticus was electropho-
resed through a 10% (w/v) SDS-polyacrylamide gel according to
Laemmli (1970), and subsequently transferred to a polyvinyl
difluoride (PVDF) membrane (Millipore, Bedford, MA, USA) by
semi-dry electroblotting using the Multiphor II NovaBlot Unit
(Amersham Pharmacia Biotech). The membrane was stained with
Coomassie Brilliant Blue and excised protein bands were sequenced
using a 470A Applied Biosystems Gas Phase Sequencer coupled to
a phenylhydantoin analyzer.

PCR-amplification of part of the Thermus aquaticus
citrate synthase gene

Taking into account codon usage in 7. aquaticus, a forward de-
generate primer (4) was designed [5-3" ATG GA(G,A) GT(G,C)
GC(C,G) AGG, GG(G,C) CT(G,C) GA] using the first eight
amino acids of the determined N-terminal sequence [ME-
VARGLEGVLFTETRMCFIDGEA GRLY]. A degenerate con-
sensus reverse primer (B) was also designed [3’-5" TTG CA(C,A)
CT(G,A) AA(G,A) AT(G,A) AG(G,C) CC(T,G)] from the align-
ment of the amino acid sequences of six Gram-negative bacterial
citrate synthases (from Acinetobacter anitratum, Pseudomonas
aeruginosa, E. coli, Coxiella burnetti, Acetobacter aceti, and Rick-
ettsia prowazekki). The sequence corresponds to the conserved
residues NVDFYSG, and again the codon usage of T. aquaticus
was considered in the primer design.

The standard PCR technique was used to generate a 938-bp
fragment using genomic DNA as template, prepared according to
Sambrook et al. (1989). Amplification was carried out in a 100-pl
reaction with 250 ng template DNA added to 200 uM dNTPs,
1 mM MgCl, and 0.1 uM of each primer (4 and B). After a 96°C
hotstart for 5 min, 1.25 U Tag-polymerase was added (1 min hold
at 85°C) and amplification was allowed to proceed for 30 cycles
(96°C for 1.5 min, 45°C for 1 min, 72°C for 2 min), with a final
extension at 72°C for 7 min.

Construction and screening of a Thermus aquaticus
genomic library

Genomic DNA was partially digested with Sau3Al, purified by
extraction with phenol:chloroform:isoamyl alcohol (25:24:1), and
precipitated with absolute alcohol. The resuspended DNA was
separated by density gradient centrifugation using 5-25% (w/v)
NaCl. Fractions containing 15-kb fragments were ligated to 4
EMBL-3 phage arms (Gigapack 111 Gold, Stratagene) pre-digested
with BamHI, and packaged into phage particles according to the
manufacturer’s instructions.

Plaques formed after incubation with the host cells (E. coli
XL1-blue MRA) were transferred to nylon membranes (Hybond



N™"), denatured, neutralized and baked as described by Sambrook
et al. (1989). The cloned and sequenced 938-bp PCR-fragment
(described above) was used as a probe. The fragment was first
excised from plasmid pGEM-T using Aatll and Notl, and
random-primed DNA labeling was performed using [«->*P]-dCTP
(Boehringer Mannheim, Germany). Membranes were hybridized
overnight at 52°C, washed twice at 52°C (1xSSC, 0.5% SDS for
20 min, followed by 0.5xSSC, 0.5% SDS for 30 min), and then
exposed to X-ray film overnight at —70°C. Positive plaques were
picked and re-screened as described above. DNA from positive
plaques was extracted using the 4 DNA Maxi preparation kit
(Qiagen, UK) and sequenced using the dideoxynucleotide chain
termination method (Sanger et al. 1977) on an Applied Biosystems
377 automated sequencer.

PCR amplification and expression
of the complete citrate synthase gene

Based on the determined sequence of the entire citrate synthase
gene and its flanking regions, two primers were designed (C and D)
to effect the cloning of the gene into the expression-vector pREC7/
Ndel. The forward primer (C) [Ndel-site underlined: 5-CATGA-
TAGCATATGGAAGTGGCACGGGG-3], and the reverse
primer (D) [Kpnl-site underlined: 5-CATGGTACCTCAGCCC-
CTGGCCTCCAG-3"] were used at concentrations of 100 uM each
in a reaction volume of 50 pl containing purified genomic DNA
(1 pg), 0.2 mM dNTPs, 1 mM MgCl,. After a 96°C hot-start for
S min, 2.5 U Tag-polymerase was added, and amplification was
allowed to proceed for 30 cycles (96°C for 1.5 min, 60°C for 1 min,
72°C for 2 min), with a final extension at 72°C for 7 min. After
electrophoresis on 0.5% agarose gels and purification using the
Qiaex II gel extraction kit, the PCR-amplified fragment was ligated
into the pREC7/Ndel vector and the gene sequence was checked.
After transformation into the citrate synthase-negative strain E.
coli W620, cells were grown in Terrific Broth at 37°C to logarithmic
phase, induced by nalidixic acid (50 pg/ml) and further incubated
for 20 h before harvesting.

Structural modeling

The primary sequence of the T. aquaticus citrate synthase was
homology modeled to the 1.9A crystal structure of the P. furiosus
enzyme using the program O (version 6.2.1, Jones et al. 1991).
Equivalent residues were identified from a sequence alignment
constructed using the program GAP (Wisconsin Package version
8.0; GCG, Madison, WI, USA) with all deletions and insertions
moved, if necessary, to be outside the secondary-structural regions.
Amino acid side chains with unknown coordinates were built with
ideal geometries using the O rotamer library. The dimer was cre-
ated from a modeled monomer by rotation about the two-fold axis.
The main-chain geometry was plotted on a Ramachandran plot as
implemented in PROCHECK (Collaborative Computational Pro-
ject 1994) and amino acid environments were examined using the
three-dimensional profile method (Luthy et al. 1992; at http://
www.doe-mbi.ucla.edu/services/verify3D.html); both were altered
where necessary.

Citrate synthase assays and kinetic analysis

Citrate synthase activity was assayed as previously described (Srere
et al. 1963). The assay mixture (1 ml) contained 0.2 mM oxaloac-
etate, 0.2 mM acetyl-CoA and 0.1 mM 5,5"-dithiobis-(2-nitroben-
zoic acid) in a buffer composed of either 20 mM Tris-HCI, pH 8,
2 mM EDTA, 0.1 M KCl, or 50 mM sodium phosphate buffer, pH
7, 1 mM EDTA, 0.1 M KCI. The assay temperature was 55°C
unless stated otherwise. For determination of kinetic parameters,
the concentration of one substrate was varied whilst the second was
kept at a saturating concentration (20x K,). K, and V.. values
were calculated from these data by the direct linear plot of
Eisenthal and Cornish-Bowden (1974) using the Enzpack3
computer software (Biosoft, Cambridge, UK).
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The dependence of catalytic activity on temperature was studied
by assaying the initial citrate synthase activity in the temperature
range 30°-95°C, using 50 mM sodium phosphate buffer, pH 7,
2 mM EDTA, 0.1 M KCI. The dpK,/dT of the buffer was used to
ensure that a value of pH 7 was attained across the temperature
range used.

Thermal inactivation and denaturation

Thermal inactivation studies were carried out by incubating citrate
synthase (0.1 mg/ml) in 50 mM phosphate buffer, pH 7.0, 2 mM
EDTA, 0.1 M KClI, at a given temperature. Aliquots were removed
at known intervals and rapidly cooled in ice. Remaining enzyme
activity was measured at 55°C in the same buffer (after an incu-
bation period on ice for at least 1 h) under the assay conditions
described above.

The unfolding transition temperature (7,,) of the purified re-
combinant citrate synthase (0.1 mg/ml in 50 mM phosphate buffer,
pH 7.0, 2 mM EDTA, 0.1 M KCI) was measured by differential
scanning calorimetry (DSC) using a VP-DSC (MicroCal, USA)
(Plotnikov et al. 1997) at a scan-rate of 60°C/h in the temperature
range 20°-130°C.

Total protein estimation

Total protein concentrations were determined by the method of
Bradford (1974) using bovine serum albumin as the standard
protein.

Nucleotide sequence accession number

The sequence reported in this study has been deposited in the
EMBL database under the accession number AJ417978.

Results

Cloning and sequencing of the T. aquaticus
citrate synthase

Amplification of T. aquaticus gDNA, using a forward
primer based on the determined N-terminal amino acid
sequence of the native citrate synthase and a reverse
degenerate consensus primer, gave rise to a 938-bp gene-
specific fragment whose sequence showed a high identity
to known bacterial citrate synthase sequences. A
T. aquaticus genomic library was created using the A
EMBL 3 phage system, and screened using the 938-bp
gene fragment. After repeated screening of positive
plaques, one clone was selected and both strands were
sequenced with gene specific primers based on the
already known partial sequence. The translated amino
acid sequence is given in Fig. 1, the N-terminal sequence
exactly matching the 28-amino acid sequence deter-
mined from the native citrate synthase purified from
T. aquaticus cells.

The citrate synthase gene (1,134-bp) encodes a protein
of 377 amino acids (M,=42,200). It is preceded by a
ribosomal binding site (5-GGAGG-3’) located 10 bp
upstream of the start codon (ATG). The citrate synthase
described here is 91% identical to a deposited putative
citrate synthase sequence from the genome sequence
of T. aquaticus ssp thermophilus (accession number
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helix ccccecec DDDDD
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T.aqCS 197 FSTETDLYSAITAAVASLKGPRHGGANEAVMKMIQEIGAPERAREWVREK 246
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P.fuCs 201 GSTLSDYYSAILAGIGALKGPIHGGAVEEAIKQFMEIGSPEKVEEWFFKA 250
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Fig. 1 Alignment of the amino acid sequences of citrate synthases
from Thermus aquaticus (T.aqCS) and Pyrococcus furiosus (P fuCS).
Amino acid sequence identities are shown by a vertical line and
conservative replacements by a double dot. The modeled alpha
helices [numbered according to pig citrate synthase (Remington et al.
1982)] of the T. aquaticus enzyme are shown above the amino acid
sequence. The helices of the large domain are indicated in bold capital
letters, and the helices of the small domain in normal capital letters.
The positions of the equivalent helices in P.fuCS, as determined from
the crystal structure, are shown by underlining the sequence

ABO040146). Apart from this very closely related citrate
synthase, it is 56% identical to a citrate synthase se-
quence from Deinococcus radiodurans R1, also in the
Thermus/Deinococcus-group (White et al. 1999). More
remarkably, it shows high sequence identity (47%) with
the archaeal P. furiosus citrate synthase, whose catalytic
properties and 3D-structure with bound ligands have
been determined (Muir et al. 1995; Russell et al. 1997). As
noted for the archaeal citrate synthases, and those from
Gram-positive bacteria, the 7. aquaticus citrate synthase
is approximately 40 residues shorter at the N-terminus
than the citrate synthases described from eukaryotes and
Gram-negative bacteria (Muir et al. 1995).

Purification and characterization of native
and recombinant citrate synthase from 7. aquaticus

Affinity chromatography on Matrex Gel Red A was
used to effect the purification of both native and

recombinant citrate synthases of 7. aquaticus. In the
case of the native enzyme, this single step gave a purity
of approximately 70%, as judged by SDS-PAGE, and a
specific activity of 90 pmol/min/mg enzyme. This puri-
fication was sufficient to enable the N-terminal
sequencing of the enzyme for the eventual cloning,
sequencing, and heterologous expression of the citrate
synthase gene. With the recombinant enzyme, homoge-
neity was achieved when the affinity chromatography
step was preceded by a heat treatment of the cell extract,
to remove host cell proteins (Table 1). The specific ac-
tivity of 125 umol/min/mg is consistent with the re-
combinant having a very similar activity to the native
enzyme, allowing for their different purities. With re-
spect to their kinetic parameters [at an assay tempera-
ture of 55°C, native enzyme: K, (acetyl-CoA = 25 (£3)
uM and K, (oxaloacetate) = 33 (£5) uM; recombinant
enzyme: K, (acetyl-CoA) = 11 (£2) uM, K,, (oxa-
loacetate) = 10 (x2) uM], it does appear that the re-
combinant citrate synthase does have a slightly lower
Km values than the native enzyme.

Neither recombinant nor native enzyme accept
n-propionyl-CoA as an alternative substrate; that is,
they have no detectable 2-methylcitrate synthase activi-
ty. In this aspect, the T aquaticus citrate synthase differs
from the dimeric citrate synthases of the thermophilic
Archaea, P. furiosus and T. acidophilum, and the cold-
active citrate synthase from the Antarctic bacterium,
Arthrobacter strain DS2-3R, which all exhibit 2-meth-
ylcitrate synthase activities (Gerike et al. 1998).

The dimeric nature of the 7. aquaticus citrate synth-
ase (Weitzman 1978) was confirmed with the recombi-
nant enzyme by SDS-PAGE (M,=43,000) and gel
filtration (M= 100,000).

The temperature optimum of catalytic activity for
both the native and recombinant enzymes, measured
over a time period of 1 min, was 80°C, at which tem-
perature the specific activity was 300 umol/min/mg.
Interestingly, at 85°C the half-life of the enzyme was
70 min and the pseudo-first-order rate constant for
irreversible thermal inactivation was 0.009 (£ 0.002)
min'. Thermal unfolding using DSC showed the
enzyme to have a T, of 101°C. As expected, on these
criteria, the thermostability and thermoactivity of the
citrate synthase from 7. aquaticus (optimum growth
temperature of 70°C) is mid-way between the enzyme of
T. acidophilum (55°C) and P. furiosus (100°C).

Molecular modeling

On account of their high sequence identity, we were able
to use the structure of the P. furiosus citrate synthase as
a template for modeling the T. aquaticus enzyme struc-
ture. A 3D-1D-profile plot of the modeled monomer,
showing all residues in acceptable environments, sup-
ported the structural validity of the generated model. As
in all citrate synthases determined to date, the subunits
of the modeled Thermus enzyme have a high helical
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Table 1 Purification of the recombinant citrate synthase from Thermus aquaticus

Purification step Volume Total activity Total protein Specific activity Yield (%) Purification
(ml) (umol/min) (mg) (umol/min/mg)

Cell extract 5 375 31 12 100 1.0

Heat treated extract 5 375 27 100 2.2

Matrex Gel Red A 22 214 1.7 126 57 10.3

content and each comprises a large (helices C-G, I-M,
and S) and a small (helices N-R) domain. The helix
numbering system is that of the pig citrate synthase
(Remington et al. 1982), and thus it can be seen that, like
the thermophilic archaeal citrate synthases (Bell 1999;
Connaris et al. 1998; Russell et al. 1994, 1997), the en-
zyme from T. aquaticus lacks helices A, B, H and T.

Keeping in mind the limits of a modeled structure,
three aspects of the T. aquaticus citrate synthase struc-
ture can be discussed and compared with the already-
determined structures.

Active site

The active sites of all dimeric citrate synthases lie in a
cleft between the two subunits. Putative catalytic and
substrate binding residues of the T. aquaticus citrate
synthase were identified by structural comparison of the
model with the structure of the P. furiosus citrate syn-
thase (Russell et al. 1997). In the Thermus enzyme, the
three principal catalytic residues (His219, His258 and
Asp312), and the six citrate binding residues (His184,
His219, His258, Arg267, Arg337, Arg356’, the prime
indicating that the residue comes from the second
monomer) are structurally conserved. Primary sequence
and structural conservation is also high around the
residues involved in CoA binding. In the Pyrococcus
enzyme two ligands (Lys254, Lys305) interact with the
3’-phosphate of CoA, and in the Thermus citrate syn-
thase these are Lys250 and Arg305. In addition, the
Thermus enzyme has five putative ligands in the vicinity
of the o- and f-phosphates of CoA, compared with four
in Pyrococcus. Arg218 is the extra ligand in the Thermus
enzyme (Fig. 2), and is the only arginine present in this
position in the primary sequence in an alignment of 60
citrate synthase sequences. Since this residue immedi-
ately precedes a conserved catalytic residue (His219, as
shown in Fig. 2) and is within a ten-amino-acid region
of high homology among citrate synthases, it is highly
probable that Arg218 lies in the position shown and thus
is a CoA binding residue. The other four putative li-
gands (Arg252, Arg259, Lys262, Arg353’) are conserved
between Thermus and Pyrococcus citrate synthases, and
involve both monomers in the interaction.

Subunit interface

In all citrate synthases whose structures have been
determined, the subunit interface is formed by an eight

Thermus aquaticus

citrate synthase

PRO 217

CoA

Pyrococcus furiosus

citrate synthase
HIS 223

ILE 222

CoA

Fig. 2 The unique CoA binding residue (Arg218) of T. aquaticus
citrate synthase is shown together with its surrounding residues.
The homologous structure of the P. furiosus enzyme is shown for
comparison. The amino acid side chains are shown in ball and stick
representation, and CoA is shown by thin lines

o-helical sandwich, comprising four anti-parallel pairs of
helices (F, G, M and L). In the Pyrococcus enzyme, two
inter-subunit ion-pair networks, each involving five
amino acid residues from helices G and M, have been
proposed to contribute significantly to the protein’s
hyperthermostability (Russell et al. 1997; Arnott et al.



14

2000). Four of the five residues involved are conserved in
the T. aquaticus citrate synthase, whereas the fifth amino
acid (Aspl13 in the Pyrococcus enzyme), crucial to the
interactions of the network, is absent in the Thermus
enzyme. However, Glul09, accompanied by an altered
G-I loop conformation due to a single residue deletion,
may partially restore the network in the Thermus citrate
synthase (Fig. 3).

The six-membered isoleucine cluster that is found at
the subunit interface of the Pyrococcus citrate synthase
is not present in the T. aquaticus enzyme. The total
number of isoleucine residues (19) is also lower than the
number found in any of the thermostable archaeal ci-
trate synthases (34 in P. furiosus, 31 in T. acidophilum,
and 27 in S. solfataricus).

Loops

The lengths of the inter-helical loop regions in the
T. aquaticus enzyme appear to be rather similar to those
found in the citrate synthases from the thermophilic
Archaea, and are thus shorter than those in the meso-
philic enzymes. This trend towards shorter or absent
loops in thermophilic proteins has been suggested as a
general strategy for thermostabilization (Thompson and
Eisenberg 1999). In the structural comparisons of citrate
synthases we have also noticed that the thermostable
enzymes have extensive ionic interactions that cross-link
loop regions. Interestingly, many of the charged amino

ARG 99

LYS 219

HIS93  isp 113
& PRO 115

Thermus aquaticus

Pyrococcus furiosus

citrate synthase citrate synthase

Fig. 3 Comparison of the inter-subunit ion-pair network in the
T. aquaticus and P. furiosus citrate synthases. Helices G (Thermus
citrate synthase: amino acids 91-105) and M (204-216) are shown
in dark and light shadings for the two subunits of the dimer, for
which the amino acid residues of the ionic networks are labeled
without and with primes, respectively. Four of the five Pyrococcus
residues in the network are conserved in the Thermus enzyme. The
fifth residue is a conservative replacement (Glu for Asp); its
position has shifted, but it is still located in the loop after helix G

acids in the loops of the P. furiosus citrate synthase are
conserved in the 7. aquaticus enzyme, although from a
structural model it is not possible to state definitively
that they form stabilizing electrostatic interactions. Also
of possible significance is the observation that of the
eight loop prolines found in P. furiosus citrate synthase,
but which are absent from the cold-active enzyme
(Russell et al. 1998), five are conserved in the loops of
the Thermus enzyme.

Discussion

Archaeal citrate synthases are homo-dimeric enzymes,
the polypeptides of which are approximately 40-50
amino acids shorter than those comprising the dimeric
eukaryotic citrate synthases. In selecting a bacterial
citrate synthase for comparison with the well studied,
thermophilic archaeal enzymes, that from 7. aquaticus
was chosen as it had already been shown to be a ther-
mostable, dimeric protein (Weitzman 1978). Moreover,
in this paper, we show that its constituent polypeptides
are of the shorter length, providing an additional reason
for it being a valid choice with which to compare the
archaeal homologs.

We chose to purify the native citrate synthase from
cells of T. aquaticus for two reasons. First, organisms are
known which have more than one ‘citrate synthase’
gene. In E. coli, for example, we have shown that one
gene encodes the hexameric citrate synthase while the
other produces a dimeric enzyme that is principally a
2-methylcitrate synthase (uses propionyl-CoA and
oxaloacetate), although it also has minor activity with
acetyl-CoA. The predominant activity cannot be
deduced from sequence alone, and therefore we needed
to ensure that the gene to be cloned from T. aquaticus
coded for a true citrate synthase. That is, an N-terminal
amino acid sequence from the purified enzyme was ob-
tained from which a gene-specific oligonucleotide probe
could be designed. Secondly, native enzyme is required
with which to compare the recombinant version to
ensure that the latter has folded correctly in the heter-
ologous expression system.

We thus cloned, sequenced, and expressed the
T. aquaticus gene encoding citrate synthase, and the
recombinant enzyme was judged to have folded correctly
from its similar kinetic, oligomeric, and thermostability
properties compared with the native enzyme. One fea-
ture of particular note is the relationship between ther-
moactivity and thermostability of the enzyme. That is,
the T, for activity (assayed over a period of 1 min) was
found to be 80°C, yet the enzyme at the even higher
temperature of 85°C had a half-life of 70 min, as mea-
sured by irreversible thermal inactivation. Clearly, it is
not the enzyme’s thermostability that is limiting its
thermoactivity. A general model describing such a phe-
nomenon has been recently suggested by Daniel et al.
(2001), where it is proposed that an active enzyme is in
equilibrium with an inactive form, and it is the inactive



form that undergoes irreversible thermal inactivation.
Thus the T, for activity is determined by the temper-
ature-induced shift in equilibrium from active to inactive
forms, giving a genuine temperature optimum that is
lower than the temperature at which irreversible dena-
turation takes place. This is indeed the case for the
Thermus citrate synthase, which has a T, value of 101°C
as determined by DSC. Furthermore, this melting tem-
perature is between that of the enzymes from P. furiosus
and those of T. acidophilum and S. solfataricus; it is thus
an interesting protein to model structurally and to
compare possible mechanisms of thermostabilization
with respect to the three archaeal citrate synthases
already studied.

The homology model of the Thermus enzyme, and in
particular the spatial conservation of putative substrate
binding and catalytic amino acids, indicate an homol-
ogous enzyme that has the same basic catalytic mech-
anism as proposed for eukaryotic (e.g., Kurz et al.
1998; Gu et al. 1999), archaeal (Kurz et al. 2000) and
Gram-negative (Nguyen et al. 2001) citrate synthases. It
was then of interest to compare structural features
proposed to contribute to the thermostability of the
archaeal citrate synthases with the equivalent structures
in the 7. aquaticus enzyme. Most notable was the na-
ture of the subunit interactions, where we propose that
the T. aquaticus dimer has an ionic network intercon-
necting residues of the interfacial helices G and M
(Fig. 3). As described in the Results section, this is
almost identical in conformation to that found in the
P. furiosus citrate synthase, four amino acids being
identical and the fifth (Glu 109) possibly substituting
for the archaeal Asp113. The participation of Asp113 in
the ionic network of the Pyrococcus enzyme is made
possible by the presence of cis-Proll5 in the loop
containing the aspartate residue (Fig. 3). This normally
less-favored conformation of proline induces a distinct
kink in the loop, thereby enabling Aspll3 to make
strong ionic bonds with three other residues within the
network (Russell et al. 1997). There is no equivalent
proline residue in this loop region of the T. aquaticus
citrate synthase, but the longer side chain of Glul09 in
a more compact loop may still enable some of the ionic
interactions to take place.

In the less stable citrate synthases from 7. acido-
philum and S. solfataricus, the mnature of the
inter-subunit interactions at helices G and M are pre-
dominantly hydrophobic, although the T. acidophilum
enzyme has a single ionic bond in this region and the
S. solfataricus protein has two (not networked). The
mesophilic pig enzyme interface has no ionic bonds
between helices G and M, and the interface is of a
lower hydrophobicity than in the two archaeal en-
zymes. Therefore, it appears that the bacterial enzyme
fits precisely into the trends observed for the archaeal
citrate synthases, namely that there is an increase in
ionic interactions with increasing thermostability, and
that ionic networks are found in the hyperthermophilic
range.
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The presence of an almost identical ionic network in
the bacterial and archaeal citrate synthases argues that
the hyperthermostability of this enzyme was ‘solved’
before the divergence of their two evolutionary lineages.
To the best of our knowledge, this is one of the clearest
examples of bacterial and archaeal proteins using the
same stabilizing ionic network mechanism, although
the phenomenon has also been reported in, for
example, glutamate dehydrogenase (Yip et al. 1998;
Knapp et al. 1997), triose-phosphate isomerase (Maes
et al. 1999) and glyceraldehyde-3-phosphate dehydro-
genase (Pappenberger et al. 1997). Finally, the most
extensive inter-subunit ionic network (in terms of the
number of subunits involved) exists in the 60-polypep-
tide enzyme, lumazine synthase, from the hypertherm-
ophilic bacterium, Aquifex aeolicus (Zhang et al. 2001),
but at present an archaeal homolog has not yet been
studied.
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