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Abstract The citrate synthase (CS) gene from the hyper-
thermophilic Archaeon Sulfolobus solfataricus has been
cloned and sequenced. The gene encodes a polypeptide of
378 amino acids with a calculated polypeptide molecular
mass of 42679. High-level expression was achieved in
Escherichia coli and the recombinant citrate synthase was
purified to homogeneity using a heat step and dye-ligand
affinity chromatography. This procedure yielded approxi-
mately 26mg of pure CS per liter of culture, with a specific
activity of 41U/mg. The enzyme exhibited a half-life of
8min at 95°C. A homology-modelled structure of the S.
solfataricus CS has been generated using the crystal struc-
ture of the enzyme from the thermoacidophilic Archaeon
Thermoplasma acidophilum with which it displays 58% se-
quence identity. The modelled structure is discussed with
respect to the thermostability properties of the enzyme.
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Introduction

Citrate synthase (EC 4.1.3.7) catalyzes the condensation
reaction of oxaloacetate and acetyl-CoA to form citrate
and CoA, thus effecting the entry of carbon into the citric
acid cycle. The enzyme occurs throughout the domains
Eukarya, Bacteria, and Archaea (Woese et al. 1990), and
we have chosen it as a model system with which to inves-
tigate the molecular basis of protein stability in extreme
environments.

We have previously cloned, sequenced, and expressed
in Escherichia coli the citrate synthase (CS) gene from the

thermophilic Archaea Thermoplasma acidophilum and
Pyrococcus furiosus, which grow optimally at 55°C and
100°C, respectively (Sutherland et al. 1990, 1991; Muir et al.
1995). Crystal structures have been determined for these
dimeric enzymes and comparisons have been made with
respect to the mesophilic dimeric CS from pig (Remington
et al. 1982) to identify possible structural features that con-
fer stability to high temperatures (Russell et al. 1994, 1997).
The archaeal CSs possess more compact subunits than the
mesophilic enzyme, this being achieved by shortening of
loops, an increase in the number of atoms buried, optimized
packing of side-chains in the interior of the protein, and a
reduction in the number and size of internal cavities. Also,
they exhibit a more intimate association of their subunits,
through a greater complementarity between the monomers
and, in the Pyrococcus enzyme, by the C-terminal region of
each monomer folding over the surface of the other mono-
mer. In the hyperthermophilic CS from Pyrococcus, there is
an increase in complex ion-pair networks, especially at the
subunit interface, whereas the thermophilic enzyme from
Thermoplasma has a markedly increased hydrophobicity in
the intersubunit contact area. Finally, a reduction in the
content of the thermolabile residues Asn, Gln, and Cys, and
of Asp, which can undergo chain-cleavage reactions at el-
evated temperatures, is found in the thermophilic CSs.

Sulfolobus solfataricus, a hyperthermophilic Archaeon
that grows at 80°C, also possesses a dimeric CS (Lill et al.
1992). In the present paper, we report the cloning, sequenc-
ing, and expression of the CS gene from S. solfataricus. The
characterization of the recombinant enzyme is reported and
a homology-modelled structure is generated and analyzed.

Materials and methods

Strains and plasmid vectors

Cells of Sulfolobus solfataricus (strain DSM 1616) were
supplied by Dr. N. Raven (Centre for Applied Microbiol-
ogy and Research, Porton Down, UK). E. coli strain JM109
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and E. coli XL-1 MRA Blue (Promega, Southampton, UK)
were used for DNA cloning and gene expression. The clon-
ing vector pGEM-T was obtained from Promega. The ex-
pression vector pREC7NdeI was kindly donated by Dr. L.
Kurz (University of Ohio, USA).

Amplification of DNA by the polymerase
chain reaction (PCR)

A partial coding sequence of the CS gene from S.
solfataricus was obtained from genomic DNA by PCR am-
plification. Using the known codon usage for the Sulfolobus
genome (Zillig et al. 1980), degenerate primers were de-
signed from the N-terminal amino acid sequence (positions
9–16) of the largest tryptic peptide fragment yielded from
limited proteolysis of pure S. solfataricus CS (Lill et al.
1992), and from a conserved region (HRVYKTYD) of all
known CS sequences. Amplification was carried out using
500ng of S. solfataricus genomic DNA, prepared as de-
scribed by Yeats et al. (1982), 1µM of each primer, and
2.5U of Biotaq polymerase (Bioline, London, UK). The
initial cycle for denaturation was at 94°C for 4min, followed
by 30 cycles of 94°C for 90s, 46°C for 90s, and 72°C for
4min. A further extension cycle of 7min was performed.
The reaction products were separated by electrophoresis on
a 0.7% (w/v) agarose gel and the expected 800-bp fragment
was purified using Gene Clean II kit (BIO 101, Vista, CA,
USA), cloned into pGEM-T, and sequenced to confirm its
identity.

Construction of a genomic DNA library

A genomic DNA library for S. solfataricus was constructed
in λEMBL3 (Stratagene, Cambridge, UK). Partially di-
gested chromosomal DNA (200µg), after Sau3A1 treat-
ment at 37°C for 30min, was fractionated on a 5%–25% (w/
v) NaCl gradient, and inserts of approximately 15kb were
pooled and ligated to 1µg of BamHI arms of λEMBL3. The
mixture was packaged according to the manufacturer’s in-
structions, and E. coli XL1-Blue MRA(P2) was infected
with the packaging mix. Screening was carried out as de-
scribed by Sambrook et al. (1989) using the 800-bp PCR
gene product randomly labelled with 32P. Positive plaques
were isolated and used in a secondary screen, before λDNA
was prepared according to the manufacturer’s instructions
(Qiagen, Crawley, UK). Direct sequencing of λDNA was
performed on a Perkin Elmer ABI Prism 377 DNA se-
quencer using gene-specific primers.

Heterologous gene expression and purification
of the recombinant citrate synthase

The expression of the CS gene from S. solfataricus was
performed using the vector pREC7NdeI, which relies on the
recA promoter for high-level expression induced with nalid-
ixic acid (Ogawa et al. 1979). The CS gene was amplified
from a λ clone using gene-specific primers based on the 59

and 39 ends of the coding region and incorporating res-
triction sites (in bold type) to facilitate the cloning of
the gene into the expression vector. The primers employ-
ed were A2a(PCR1), 59GACTGACATATGAGTGTCG-
TA39, which introduces an NdeI site and conserves the
initiation codon, and primer A2a(PCR2), 59CTATTAAA-
GGCATGCATGTAT39, which introduces a SphI site. Am-
plification was carried out as before, but this time using
100ng of λA2a template containing the S. solfataricus CS
gene, and annealing at 55°C instead of 46°C. The 1.13-kb
gene product was extracted from 0.8% (w/v) agarose gels as
before, digested with NdeI and HindIII, and ligated into
pREC7NdeI, before transforming E. coli JM109. Cultures (1
liter) were grown in Terrific Broth (Sambrook et al. 1989)
containing ampicillin (100µg/ml) to an OD600nm of 1.1, before
induction with nalidixic acid (50µg/ml) for 18–20h. Cells
were harvested, sonicated, and heat-treated for 20min at
75°C to precipitate host cell proteins. CS was purified using
a Matrex Gel Red A column, as described by James
et al. (1994). Enzyme purity was assessed by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
using a 10% (w/v) polyacrylamide gel (Laemmli 1970).

Assay of citrate synthase

CS activity was assayed spectrophotometrically at 412nm
by the method of Srere et al. (1963). The assay was per-
formed at 55°C in 20mM Tris-HCl buffer (pH 8.0), con-
taining 2mM ethylenediaminetetraacetic acid (EDTA),
0.15mM acetyl-CoA, 0.2mM oxaloacetate, and 0.1mM
5,59-dithiobis(2-nitrobenzoic acid). One unit of enzyme is
defined as one µmole of CoA produced per minute. For the
determination of Km and Vmax values, initial rate measure-
ments were performed at varying substrate concentrations
of acetyl-CoA and oxaloacetic acid, and the data were ana-
lyzed by the direct linear plot of Eisenthal and Cornish-
Bowden (1974).

Thermostability analysis

The thermal stability of native and recombinant Sulfolobus
CS was determined by pre-incubating pure samples in
sealed glass vials at temperatures up to 100°C. Aliquots
were taken at various time intervals, cooled rapidly on
ice, and assayed for residual CS activity under standard
conditions (Srere et al. 1963).

Sequence alignment and molecular modelling

A structurally based sequence alignment was constructed
with the CS sequences from S. solfataricus, P. furiosus, T.
acidophilum, and pig, using AMPS (Barton and Sternberg
1990) and ALSCRIPT (Barton 1993); the crystal structures
of the CSs from the latter three organisms were used to
define regions of secondary structure. The primary se-
quence of S. solfataricus CS was then homology-modelled
to the crystal structure of the open (non ligand-bound) form
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proximately 800bp, which was subsequently sequenced and,
based on alignments with other known citrate synthases,
was confirmed to be a partial gene encoding citrate
synthase. The 800-bp DNA fragment was radiolabelled with
32P and used as a probe to screen a λEMBL3 library con-
structed from partially digested S. solfataricus genomic
DNA. The probe was hybridized under stringent conditions
(hybridization temperature 60°C) and 8 positive recombi-
nants were identified in a screen of 400 plaques. Using gene-
specific primers and direct sequencing of lambda DNA
from these plaques, one plaque, designated as λA2a, was
found to contain the complete S. solfataricus CS gene on an
11-kb fragment, with sequence confirmed on both strands.

The sequence of a 1353-bp region of S. solfataricus ge-
nomic DNA comprising the complete CS gene and its de-
duced amino acid sequence is shown in Fig. 1. The gene
encodes a polypeptide of 378 amino acids with an Mr of
42679, which is similar in size to the protein purified by Lill
et al. (1992). The calculated G 1 C content of the coding
sequence was 38%, reflecting the base composition (34%
G 1 C) of the Sulfolobus genome (Zillig et al. 1980). A
putative ribosome binding site (CTGAT, position 26 to

of T. acidophilum CS at 0.25nm using O version 5.0 (Jones
et al. 1991). Equivalent residues were identified using the
structurally based sequence alignment, where all deletions/
insertions were localized in loop regions. All atoms with
unknown coordinates were built with ideal geometries.
Only a single monomer was modelled, with the dimer gen-
erated by applying a two-fold rotation to the monomer.
The resulting model was assessed by ENVIRONMENTS
(Luthy et al. 1992).

Nucleotide sequence accession number

The sequence reported in this study has been deposited in
the GenBank database under the accession number U70879.

Results and discussion

Cloning and sequencing of S. solfataricus CS gene

The partial coding sequence of the S. solfataricus CS gene
was amplified by PCR. This yielded a PCR product of ap-

Fig. 1. Nucleotide sequence and deduced amino acid sequence of the
gene encoding citrate synthase (CS) from Sulfolobus solfataricus. The
open reading frame is indicated at nt positions 1 to 1131. The location

of a putative ribosome binding site is underlined at nt positions 26 to
22, and an archaeal proximal consensus sequence is doubly underlined
at nt positions 226 to 220
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and oxaloacetate (4.7 6 1.2µM and 5.1 6 1.4µM). Also,
both enzymes were equally resistant to thermal inactiva-
tion, with half-lives of 8min at 95°C.

Sequence alignment and homology modelling of S.
solfataricus CS

A structurally based sequence alignment of the S.
solfataricus CS with the CSs from T. acidophilum, P.
furiosus, and pig is shown in Fig. 3. Sulfolobus CS shows
close similarity to the CSs from the thermophilic Archaea
T. acidophilum and P. furiosus with 58% and 45% identity,
respectively, while its identity with pig CS is substantially
lower (34% identity). As noted previously for other
archaeal CSs (Muir et al. 1994), the Sulfolobus enzyme is 37
residues shorter at the N-terminus than the pig protein.
However, of the 11 residues implicated in the catalytic ac-
tion of the pig enzyme, 8 are conserved in the archaeal CSs.
Using this information, and its high homology with T.
acidophilum CS, the CS from S. solfataricus was homology-
modelled using the crystal structure of T. acidophilum re-
solved to 0.25nm as a template (Russell et al. 1994). In turn,
the model was superimposed with the CSs from P. furiosus
(Russell et al. 1997) and pig (Remington et al. 1982) to
determine any structural differences between the different
enzymes.

All four CSs are structurally homologous despite their
limited sequence identity, with similar active-site structures
and overall folds. In comparison with the pig enzyme, the
three thermophilic archaeal CSs show a marked reduction
in the length of loops, and a shortening of the N-terminal
arm (helix A), both of which lead to more compact struc-
tures. Other features that might lead to even more compact
proteins, such as better residue packaging and a reduction
in the size and number of cavities, cannot be determined
from the modelled structure of the Sulfolobus CS, and
analyses of these await crystal structure data.

The intersubunit interactions in the Sulfolobus CS can be
assessed with confidence from the modelled structure. In
the pig, T. acidophilum and P. furiosus CS crystal struc-
tures, the intersubunit interface is composed of helices
F,G,L, and M arranged as four antiparallel pairs. In the CS
from pig, helices F, L, and M are hydrophobic on the sides
facing the other monomer, whereas helix G is hydrophilic.
In the T. acidophilum CS, all four helices are hydrophobic,
there being a significant increase in the alanine residues in
this region of the thermostable enzyme that we have sug-

Table 1. Purification of the recombinant Sulfolobus solfataricus citrate synthase from
Escherichia coli JM109

Stage Volume Total Total Specific Yield Purification
(ml) activity protein activity (%) (fold)

(U) (mg) (U/mg)

Cell 7 2380 325 7 100 –
extract
Heat 5 1800 63 29 76 4
treatment
Red Gel A 6 1070 26 41 45 6

Fig. 2. Sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS PAGE) analysis of recombinant S. solfataricus CS. The samples
are recombinant Escherichia coli cell extract (lane 2), cell extract after
heat treatment (lane 3), pooled fractions from Matrex Red Gel A
column (lane 4), and standard protein markers (lanes 1 and 5)

22) and archaeal proximal promoter (TTTAAAT, position
226 to 220) could be identified upstream from the initia-
tion site. An archaeal transcription termination region has
been located downstream of the stop codon (TAA, position
1129), consisting of long stretches of pyrimidine-rich se-
quences. Surprisingly, the amino acid sequence of the
N-terminal 30 residues was only 67% identical to that deter-
mined from the purified enzyme by Lill et al. (1992). We
currently have no explanation for this discrepancy.

Expression and purification of recombinant CS

High-level expression was achieved when cultures of E.
coli JM109, transformed with the expression vector
pREC7NdeI containing the CS coding region from S.
solfataricus, were induced with nalidixic acid. The enzyme
was expressed as a soluble active recombinant CS, which
was purified in two stages to yield approximately 26mg of
protein per liter of culture, with a specific activity of 41U/
mg and an Mr of 41,000 (Table 1, Fig. 2). The native and
recombinant enzymes were comparable with respect to
their specific activities (33 6 2 and 41 6 8U/mg) and their
Km values for acetyl CoA (2.1 6 0.1µM and 2.3 6 0.2µM)

c
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gested may contribute to maintaining structural integrity at
elevated temperatures (Russell et al. 1994). Interestingly, at
the subunit interface of the P. furiosus CS, we have located
a five-membered ion-pair network at each end of helices
G and M, and an additional four-membered intersubunit
network outside the four-helix bundle (Russell et al. 1997).
The presence of ion-pair networks is a feature common to
the seven available crystal structures of enzymes from
hyperthermophilic Archaea and is strongly implicated in
their inherent stability.

The subunit interface of S. solfataricus CS also comprises
helices F,G,L, and M arranged as four antiparallel pairs. As
with the T. acidophilum CS, there is an increase in helix-
stabilizing alanine residues in helix G, which would result in
an increase in hydrophobic interactions when compared

with the pig and P. furiosus enzyme structures. However, in
helix G, Met 99 of T. acidophilum CS is a glutamate in the
S. solfataricus enzyme and it is likely that this Glu may form
an additional ion pair at the intersubunit interface. There-
fore, in this respect, the S. solfataricus is intermediate
between the T. acidophilum and P. furiosus enzymes, as
indeed is its thermostability.

Finally, with respect to the content of thermolabile
amino acids, the S. solfataricus CS contains no cysteine
residues and there is a decrease of glutamines with increas-
ing temperature across the CS family (pig, 17 residues; T.
acidophilum, 10; S. solfataricus, 8; and P. furiosus, 5). How-
ever, as pointed out by Hensel (1993), hyperthermophilic
proteins still contain significant numbers of the amino acids
that undergo thermal degradation at temperatures .85°C,

Fig. 3. Structurally based sequence alignment
of the translated amino acid sequence of S.
solfataricus CS (SsCS) with those from P.
furiosus (PfCS), T. acidophilum (TpCS), and
pig (PigCS). The bar above the sequences in-
dicates regions of secondary structure. Resi-
dues implicated in the catalytic and binding
sites from defined crystal structures of pig and
P. furiosus CS are highlighted in black. Identi-
ties across all three archaeal sequences are
boxed
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and there is evidence that the folded conformation of the
proteins protects these residues from destruction at physi-
ological temperatures.

Concluding remarks

The work reported in this paper gives a family of citrate
synthases from organisms growing optimally at 37°C, 55°C,
80°C, and 100°C. The data suggest that the S. solfataricus
CS is structurally homologous to the other members of this
family and that, with the eventual determination of its
atomic structure, this system will allow the detailed explora-
tion of the structural basis of protein thermostability and of
the balance between the maintenance of structural integrity
at elevated temperatures and the need for conformational
flexibility for effective catalysis.
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