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The Methanococcus jannaschii gene MJ1392 was cloned, and its protein product was hyperexpressed in
Escherichia coli. The resulting protein was purified and shown to catalyze the condensation of pyruvate and
acetyl coenzyme A, with the formation of (R)-citramalate. Thus, this gene (cimA) encodes an (R)-citramalate
synthase (CimA). This is the first identification of this enzyme, which is likely involved in the biosynthesis of
isoleucine.

Citramalate (2-methylmalate) is a biochemical intermediate
known to be involved in several aspects of bacterial metabo-
lism, including, among others, the anaerobic metabolism of
glutamate via the methylaspartate pathway of Clostridium teta-
nomorphum (2). In this pathway, glutamate is converted via
L-threo-b-methylaspartate [(2S,3R)-3-methylaspartate] to
mesaconate [(E)-2-methyl-2-butenedionic acid], which is then
hydrated by citramalate hydrolyase (15, 16) to L-(1)-citra-
malate (S-citramalate). The resulting citramalate is then
cleaved by citramalate lyase to pyruvate and acetate (1). Hy-
dration of citraconic acid [(Z)-2-methyl-2-butenedionic acid]
to D-(2)-citramalate (R-citramalate) has also been described
(13, 18). A similar pathway for the metabolism of itaconate, via
itaconyl coenzyme A (CoA) and citramalyl-CoA, to acetyl-
CoA and pyruvate has also been reported (5, 6). The formation
of either D-(2)- or L-(1)-citramalate by the direct condensa-
tion of acetyl-CoA and pyruvate appears never to have been
directly observed, but both of these reactions have been pro-
posed as a key step in a number of biosynthetic pathways.
Among these is the formation of isoleucine via the pyruvate
pathway, which, based on 13C nuclear magnetic resonance la-
beling studies (7–9, 15), is the major pathway for isoleucine
formation in many species of methanogenic archaea. Labeling
studies in other organisms have produced similar results (4,
23).

As part of studies aimed at establishing the identity of genes
in the methanogens that were possibly involved in the biosyn-
thesis of coenzymes, we cloned and overexpressed the Meth-
anococcus jannaschii gene MJ1392 and identified the reaction
catalyzed by the encoded enzyme. We report here that this
gene product is (R)-citramalate synthase. This is the first report
of the identification of such an enzyme, which we now desig-
nate CimA, which is the product of the cimA gene.

Identification, cloning, and high-level expression of the gene
product. The approach that was used to identify this gene was
the outcome of other work aimed at identifying the reactions
catalyzed by archaeal enzymes with sequences homologous to
homocitrate synthase (NifV) (24). The searches for these

genes in the genomes of the methanogens M. jannaschii (3)
and Methanobacterium thermoautotrophicum DH (16) were
performed with the blast_to_rpraze method (The Institute for
Genomic Research, Rockville, Md.). The genome of M. jann-
aschii was found to contain three genes homologous to the
homocitrate synthase gene (nifV) (MJ0503, MJ1392, and
MJ1543), and the M. thermoautotrophicum DH genome had
three genes homologous to the homocitrate synthase gene
(nifV) (MTH1630, MTH723, and MTH1481). The protein
products from one or more of these genes were targets for the
enzymes involved in the biosynthesis of a-ketosuberate (10)
and thus coenzyme B (7-mercaptoheptanoylthreonine phos-
phate). Since we did not know the reactions catalyzed by the
protein products of each of these genes, we cloned each gene
to determine the reactions involved.

Plasmid construct AMJGS60, containing the M. jannaschii
gene MJ1392, and the PUC18 vector were obtained from The
Institute of Genomic Research/American Type Culture Col-
lection microbial genome special collection. The oligonucleo-
tide primers used to direct the PCR formation of a specific
gene cartridge had the following sequences: 59 CATGCATA
TGATGGTAAGGATATTTGAT 39 and 59 GATCGGATCC
TTAATTCAATAACATATTGAT 39.

The high-level expression of the MJ1392 gene product in the
Escherichia coli host strain BL21(DE3) was accomplished by
constructing a gene cartridge in vitro and cloning this cartridge
into the pT7-7 plasmid (20) such that the gene expression is
controlled by the T7 phage transcriptional and translational
regulatory elements, which in turn are regulated by the lac
control elements. The recombinant plasmid was transformed
into the host strain BL21(DE3) E. coli cells, and the
BL21(DE3) E. coli cells containing the pT7-7 plasmid, with
insert, were grown in LB medium supplemented with 100 mg
of ampicillin per ml at 30°C to an absorbance at 600 nm of 1.0.
Protein production was then induced by the addition of iso-
propyl-b-D-thiogalactopyranoside (IPTG) to a final concentra-
tion of 1 mM. After the addition of IPTG, the cells were
cultured for another 2 h, harvested by centrifugation, and fro-
zen at 220°C until used.

Preparation of cell extract and purification of citramalate
synthase. The activity of the hyperexpressed M. jannaschii en-
zyme was measured in E. coli cell extracts prepared by sonica-
tion of the E. coli cell pellets (100 to 200 mg [wet weight]) in 2
ml of 0.1 M TES [N-tris(hydroxymethyl)methyl-2-aminoeth-
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anesulfonic acid], pH 7.5, buffer. High expression of the de-
sired protein was confirmed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis (SDS-PAGE) (12% polyacrylamide)
of the SDS-soluble cellular proteins, which showed a band at
the expected molecular mass of 50 kDa, in agreement with the
known gene sequence. The amino-terminal sequence of
MJ1392 was calculated to be MMVRIFDTTL on the basis of
the DNA sequence. The sequence of the overexpressed pro-
tein band was found to be MLVRIFDTTL. The difference
observed in the second amino acid in these sequences would
result from a single base pair substitution in the third base of
the methionine codon and could be the result of an error in the
gene sequence reported. The similarity between these se-
quences further supports the likelihood that the desired pro-
tein was obtained.

SDS-PAGE analysis of the proteins in both the soluble ex-
tract and the resulting insoluble pellet showed that most of the
desired protein was in the pellet. Attempts to recover active
enzyme from the insoluble protein in the pellet by the methods
of Sambrook et al. (14) were not successful. The enzyme was
thus purified from the soluble fraction. Induction of protein
synthesis in the presence of 1 mM 2-mercaptoethanol or by
growth and induction protein synthesis at 30°C did not allow
greater solubilization of the desired protein. The protein band
or enzymatic activity was not present in the E. coli cells that did
not contain the gene insert.

Protein purification was initiated by the addition of solid
ammonium sulfate (to 45% saturation) to the soluble protein
fraction. The sample was then centrifuged at 16,000 3 g for 2
min; the resulting supernatant was then brought to 55% am-
monium sulfate saturation and centrifuged for 5 min at 16,000
3 g. At this point, CimA was located in the pellet, which was
then dissolved in buffer containing 20 mM TES buffer (pH 7.0),
5 mM MgCl2, and 150 mM KCl.

The resuspended ammonium sulfate sample was then
heated at 60°C for 10 min and centrifuged at 16,000 3 g for 4
min, and the supernatant was placed on a Pharmacia Superose
6 column equilibrated in the same buffer at a flow rate of 0.5
ml/min. The elution time of the enzyme corresponded to a
molecular mass of 93 to 128 kDa, indicating that its functional
conformation is that of a dimer. This has been observed for
other enzymes analogous to the nifV gene product (24). Activ-
ity assays, discussed below, were used to monitor the purifica-
tion steps (Table 1).

The thermostability of the enzyme was measured by incu-
bating samples (100 to 200 ml) at various temperatures for 10
min. The denatured protein was removed by centrifugation,
and the supernatant was assayed for enzymatic activity as dis-
cussed below. The enzyme showed moderate stability to ele-
vated temperatures (Fig. 1) but did not exhibit the stability
expected when compared with other thermophilic proteins ex-
pressed by gene cloning (19). Increasing the ionic strength with
potassium chloride did not alter the thermostability. Other

factors must be present for this protein to maintain its activity
at the growth temperatures of the thermophilic M. jannaschii.

Enzymatic activity and substrate specificity. The enzyme
activity was assayed by monitoring the production of CoA over
time by a procedure similar to that used by Srere (17). Samples
to be assayed were brought to a final volume of 100 ml by
mixing with TES buffer (0.1 M, pH 7.5), and made 1 mM
acetyl-CoA and 1 mM pyruvate by the addition of 0.1 M solu-
tions of these substrates. The resulting solutions were then
incubated at 50°C for 1 h. To the resulting incubation mixture
were added 50 ml of 10 mM 5,59-dithio-bis(2-nitrobenzoic acid)
in 0.1 Tris-HCl (pH 8.0), 70 ml of 1 M Tris-HCl (pH 8.0), and
distilled water to a total volume of 0.9 ml. The absorbance at
412 nm was recorded and blanked against an identical incuba-
tion sample without the pyruvate. The micromoles of HS-CoA
produced were calculated from a standard curve generated
with known concentrations (0 to 110 mM) of 2-mercaptoetha-
nol. The production of CoA was found to be linear over the 1-h
time period of the assay, and product formation was a linear
function of the amount of enzyme added. The protein concen-
tration of each of the samples was determined by the bicin-
choninic acid method (Pierce Scientific Co.), as described by
the manufacturer, with bovine serum albumin serving as the
standard.

The specific activity of CimA was 2.9 mmol/min/mg of pro-
tein, which agrees with that observed for other, similar, en-
zymes (24). The Kms for pyruvate and for acetyl-CoA have
been determined to be 0.85 and 0.14 mM, respectively. The
enzyme was specific for acetyl-CoA and pyruvate. Incubation
of the enzyme with a-ketoglutarate, a-ketoadipate, a-ke-
topimelate, a-ketoisovalerate, and acetyl-CoA (each at 2.8
mM) produced no detectable amount of possible condensation

FIG. 1. Residual enzymatic activity after heat treatment at different temper-
atures for 10 min.

TABLE 1. Purification of citramalate synthase

Purification step Vol
(ml)

Total amt of
protein (mg)

Total activity
(nmol/min)

Sp act
(nmol/min/mg)

Yield
(%)

Fold
purification

Crude extract 1 7.6 818 108 100 1.0
45–55% ASa precipitate 1 2.3 204 89 25 0.8
Superose 6 fractionb 0.5 0.008 23 2,870 2.8 26.5

a Ammonium sulfate saturation.
b 200 ml heated at 60°C for 10 min before separation.
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products, as assayed by gas chromatography-mass spectrome-
try (GC-MS) of the methyl ester derivatives of the possible
products (10). Likewise, incubation of the enzyme with acetyl-
CoA (1 mM) and propionyl-CoA (0.9 mM) failed to produce
2,3-dimethylmalate. The finding that a-ketoisovalerate was not
a substrate allows this enzyme to be distinguished from 2-iso-
propylmalate synthase, which is also able to catalyze the con-
densation of acetyl-CoA and pyruvate (11) to form an isomer
of citramalate, but with a Km 2 orders of magnitude larger than
that of a-ketoisovalerate. Thus, on the basis of the substrates
used by this enzyme, the earlier putative identification of the
MJ1392 gene product as isopropylmalate synthase was incor-
rect.

Analysis of products. The citramalate product was con-
firmed by GC-MS of its dimethyl ester derivative, as previously
described (10). The product was found to be (R)-citramalate by
GC-MS with a type G-TA Chiraldex column (0.25 mm by 40 m;
Advanced Separation Technologies Inc., Whippany, N.J.) pro-
grammed from 95°C to 180°C at 3°C per min. On the Chiraldex
GC column, dimethyl (S)-citramalate was found to elute be-
fore dimethyl (R)-citramalate.

The determination that this enzyme is a citramalate synthase
further extends the number of natural products that are known
to be derived from acetyl-CoA and a-keto acids.

This work was supported by National Science Foundation grant
MCB 963086.
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