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The archaeon Methanocaldococcus jannaschii uses three different 2-oxoacid elongation pathways, which extend the
chain length of precursors in leucine, isoleucine, and coenzyme B biosyntheses. In each of these pathways an
aconitase-type hydrolyase catalyzes an hydroxyacid isomerization reaction. The genome sequence of M. jannaschii
encodes two homologs of each large and small subunit that forms the hydrolyase, but the genes are not cotrans-
cribed. The genes are more similar to each other than to previously characterized isopropylmalate isomerase or
homoaconitase enzyme genes. To identify the functions of these homologs, the four combinations of subunits were
heterologously expressed in Escherichia coli, purified, and reconstituted to generate the iron-sulfur center of the
holoenzyme. Only the combination of MJ0499 and MJ1277 proteins catalyzed isopropylmalate and citramalate
isomerization reactions. This pair also catalyzed hydration half-reactions using citraconate and maleate. Another
broad-specificity enzyme, isopropylmalate dehydrogenase (MJ0720), catalyzed the oxidative decarboxylation of
B-isopropylmalate, 3-methylmalate, and p-malate. Combined with these results, phylogenetic analysis suggests that
the pyruvate pathway to 2-oxobutyrate (an alternative to threonine dehydratase in isoleucine biosynthesis) evolved
several times in bacteria and archaea. The enzymes in the isopropylmalate pathway of leucine biosynthesis
facilitated the evolution of 2-oxobutyrate biosynthesis through the introduction of a citramalate synthase, either by
gene recruitment or gene duplication and functional divergence.

Three enzymes act in succession to extend the chain length
of a 2-oxocarboxylic acid by one methylene group (Fig. 1).
Using these reactions the isopropylmalate pathway in leucine
biosynthesis converts 2-oxoisovalerate to 2-oxoisocaproate and
the oxidative citric acid cycle converts oxaloacetate to 2-oxo-
glutarate. Additionally the homocitrate pathway for lysine bio-
synthesis converts 2-oxoglutarate to 2-oxoadipate. Three iter-
ations of the homocitrate pathway convert 2-oxoglutarate to
2-oxosuberate in methanogenic coenzyme B biosynthesis (42).

The first reaction in each pathway is catalyzed by an acetyl-
transferase enzyme that condenses the acetyl group from
acetyl-coenzyme A (CoA) with a 2-oxoacid to produce an
a-hydroxydicarboxylate in an aldol-type reaction. Next, a hy-
drolyase enzyme catalyzes a dehydration reaction and the anti
addition of water to a cis-unsaturated intermediate to produce
a B-hydroxydicarboxylate. Finally, an NAD(P) " -dependent en-
zyme oxidizes the B-hydroxydicarboxylate, producing an en-
zyme-bound B-ketoacid intermediate, which undergoes diva-
lent metal ion-catalyzed decarboxylation to form a new
2-oxoacid. In the leucine biosynthetic pathway, for example,
the enzyme isopropylmalate synthase (IPMS) catalyzes the
condensation of acetyl-CoA at the re face of 2-oxoisovalerate
to produce 2S-2-isopropylmalate (a-isopropylmalate) (Fig. 1C)
(8). The dehydrating isopropylmalate isomerase (IPMI) cata-
lyzes the abstraction of water from a-isopropylmalate to give
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isopropylmaleate (cis-dimethylcitraconate) (17). A postulated
rotation of this intermediate and the frans addition of water
produces (2R,3S)-3-isopropylmalate (B-isopropylmalate) (6).
Finally, the isopropylmalate dehydrogenase enzyme (IPMDH)
catalyzes the NAD "-dependent oxidation and decarboxylation
of B-isopropylmalate to produce 2-oxoisocaproate (5).

To make isoleucine, heterotrophic bacteria, cyanobacteria,
and fungi use a threonine dehydratase enzyme to produce
2-oxobutyrate by the dehydration and deamination of L-threo-
nine. Most methanogenic archaea lack this enzyme but still
produce isoleucine. Metabolic labeling studies suggest that
methanogens can assimilate exogenous propionate into isoleu-
cine (11). In this pathway, propionyl-CoA is reductively car-
boxylated to produce 2-oxobutryate in a reaction that could be
catalyzed by a ferredoxin-dependent oxidoreductase (3, 35).
However, in the absence of exogenous propionate or isoleu-
cine, methanogenic archaea and diverse bacteria extend the
chain length of pyruvate to produce 2-oxobutyrate using a
2-oxoacid elongation pathway called either the pyruvate path-
way or the citramalate pathway (Fig. 1B) (12, 13).

This pyruvate pathway to 2-oxobutyrate was first proposed
to explain *CO, incorporation patterns in amino acids from
the spirochetal bacterium Leptospira interrogans (7). The citra-
malate synthase enzyme (CMS) catalyzes the first step in this
pathway, the condensation of acetyl-CoA with pyruvate to pro-
duce (R)-citramalate. CMS homologs from the methanogen
Methanocaldococcus jannaschii (20) and L. interrogans (43)
have been expressed in Escherichia coli and characterized in
vitro. The isomerase and dehydrogenase enzymes that catalyze
successive reactions have not been characterized from those
organisms as pure proteins. Because the leucine biosynthetic
IPMI from Saccharomyces cerevisiae also catalyzes the hydra-
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FIG. 1. Analogous 2-oxoacid elongation pathways. (A) Malease enzyme catalyzes the hydration of maleate to form D-malate, which can be
oxidatively decarboxylated by TDH or by IPMDH. (B) The pyruvate pathway to 2-oxobutyrate for isoleucine biosynthesis requires CMS, IPMI,
and IPMDH enzymes. (C) The isopropylmalate pathway for leucine biosynthesis uses IPMS and shares the IPMI and IPMDH enzymes with the
pyruvate pathway. (D) The homocitrate pathway for lysine production in some organisms requires homocitrate synthase (HCS), HACN, and
isohomocitrate dehydrogenase (IHDH) enzymes. Three iterations of the homocitrate pathway produce 2-oxosuberate for coenzyme B biosynthesis

in methanogens. AcSCoA, acetyl-coenzyme A; HSCoA, coenzyme A.

tion of citraconate (27), we predicted that the M. jannaschii
IPMI could function in both leucine and isoleucine pathways.
Similarly, the M. jannaschii IPMDH homolog could also cata-
lyze the oxidative decarboxylation of B-methylmalate to pro-
duce 2-oxobutyrate (34).

Fungal IPMI enzymes consist of a single protein with two
domains. In bacteria and archaea these domains are expressed
as separate protein subunits: a small subunit interacts with a
large Fe,S,-containing subunit to form the active site. The
genome sequence of M. jannaschii includes two homologs of
each gene, encoding large and small subunits of IPMI (4).
These genes are not linked on the M. jannaschii genome, and
their sequences are too diverged from characterized homologs
to assign specific functions. A crystal structure model of a
small-subunit homolog from the archaeon Pyrococcus horiko-
shii suggested a highly conserved substrate-binding domain
between B-strand 2 and a-helix 4 and a variable domain be-
tween a-helices 1 and 2 that could interact with the substrate’s
R-group side chain (Fig. 2) (45). There is no clear signature
sequence in this variable domain that correlates with the en-
zymes’ substrates; therefore, the specificity determinants for
these isomerases are unknown and probably involve interac-
tions with both subunits. Because the M. jannaschii subunits
are 50% identical to each other, these proteins are all anno-
tated as IPMI subunits in the Swiss-Prot sequence database
(release 51.5, 23 January 2007). We predicted that one pair of
enzymes would function as a broad-specificity isopropylmalate-

citramalate isomerase and the other as the homoaconitase
(HACN) in the homocitrate pathway for coenzyme B biosyn-
thesis (42).

To identify the reactions catalyzed by the dehydratase en-
zymes, we heterologously expressed and purified the four com-
binations of large and small subunits of IPMI homologs from
M. jannaschii. After reconstitution of their iron-sulfur centers,
only the MJ0499/MJ1277 pair of proteins catalyzed the revers-
ible hydration of citraconate and dehydration of (R)-citra-
malate. These subunits interacted to form a functional complex
that efficiently catalyzes both partial reactions in the isopro-
pylmalate pathway. Additionally, this broad-specificity enzyme
had malease activity: it catalyzed the hydration of maleate to
form p-malate. The M. jannaschii IPMDH homolog catalyzed
the oxidative decarboxylation of B-methylmalate, as well as
B-isopropylmalate and p-malate. Therefore the M. jannaschii
IPMI and IPMDH proteins function in both the isopropyl-
malate pathway and the pyruvate pathway to 2-oxobutyrate.
The latter pathway evolved by the duplication and functional
divergence of an a-isopropylmalate synthase gene, with no
requirement for new isomerase or dehydrogenase proteins.

MATERIALS AND METHODS

Chemicals. (R)-Homocitrate was a gift from David Palmer (University of
Saskatchewan) (29). a-Isopropylmalic acid was purchased from Aldrich. Other
commercially available reagent grade chemicals were used without further
purification.
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FIG. 2. Sequence alignment of hydrolyase small subunits shown with the secondary structure of Pyrococcus horikoshii HACN (PhHACN:-s; pdb
1V7L) (45). The additional sequences are Thermus thermophilus HACN (Tth LysU; RefSeq accession no. YP_005515.1), T. thermophilus
isopropylmalate dehydratase (Tth LeuD; RefSeq accession no. YP_004837.1), Escherichia coli isopropylmalate dehydratase (Ec LeuD; Swiss-Prot
accession no. P30126), Methanocaldococcus jannaschii MJ1271 (Swiss-Prot accession no. Q58667), and M. jannaschii MJ1277 (Swiss-Prot accession
no. Q58673). Asterisks above the alignment indicate the loop regions that are predicted to bind substrate in the P. horikoshii HACN structure.

Synthesis of B-isopropylmalate. The physiologically relevant product of iso-
propylmalate dehydratase is (2R,3S)-3-isopropylmalate, which is commonly
called B-isopropylmalate or threo-Dg-3-isopropylmalate (6). Racemic DL-threo-
3-isopropylmalate was synthesized as described by Yamada et al. (44), by the
aldol condensation of ethyl isovalerate with veratraldehyde in the presence of
hexamethylphosphoric triamide, followed by acetylation, oxidation, and acid
hydrolysis reactions. The 'H nuclear magnetic resonance spectrum of the pL-
threo-3-isopropylmalate product was consistent with resonances reported previ-
ously (44). pL-threo-3-isopropylmalic acid was purchased from Wako Chemicals
for analytical comparison.

Cloning leuCD, aksDE, and leuB genes. Genes were amplified from chromo-
somal DNA of Methanocaldococcus jannaschii JAL-1 using PCR. The large-
subunit genes at loci MJ0499 (RefSeq accession no. NP_247475) and MJ1003
(NP_247997) were cloned between Ndel and Kpnl sites of plasmid pCDF-Duet1
(Novagen) to create vectors pDG142 and pDG141, respectively (Table 1). The
MJ1271 small-subunit gene (NP_248267) was cloned between Ncol and BamHI
sites of plasmid pDG142 to create vector pDG159 and between the same sites in
plasmid pDG141 to create pDGI152. The MJ1277 small-subunit gene
(NP_248273) was cloned between Ncol and BamHI sites of plasmid pDG142 to
create pDG164 and between the same sites in plasmid pDGI141 to create
pDG157. The leuB gene at locus MJ0720 (NP_247705) was amplified using PCR
and cloned between the Ndel and BamHI sites of plasmid pET-19b (Novagen)
to create vector pMYLI1. The translational start site for that protein was origi-
nally predicted to be encoded by a GTG codon, which can be recognized as an
initiator codon in some archaea (20). However, there is an ATG codon down-
stream from the GTG codon that is closer to the predicted start site of conserved,
orthologous archaeal genes. Because the GTG codon appears to be part of a
ribosome binding site “GGTGAT,” we believe the ATG codon is probably the
relevant initiator codon. The MJ0720 protein was expressed from this down-
stream start site fused to an amino-terminal polyhistidine tag in E. coli.

Plasmids were propagated in E. coli DH5« (Invitrogen). Dideoxyribonucleotide
sequencing confirmed the sequences of inserts in recombinant plasmids. Oligode-
oxyribonucleotide primers used for PCR were as follows (restriction enzyme recog-
nition sites used for cloning are underlined, and initiator codons are italicized):
MJ1003Fwd (5'-GGTCATATGACATTGGTAGAGAAGATAC-3"), MJ1003Rev
(5'-GCGGGTACCTTAATCCAATTTGTTGGT-3"), MJ0499Fwd (5'-GGTCATA

TGGGAATGACAATTGTAGAG-3"), MJI0499Rev (5'-GCGGGTACCTTATAA
ATCCCTTGGGTC-3"), MJ1271Fwd (5'-CATGCCATGGTTATTAAGGGAAG
AGC-3'), MJ1271Rev (5'-CGGGATCCTTATGTTTTTACACCTTTTTTTGATT
G-3"), MJ1277Fwd (5'-CATGCCATGGGAAGTATAATAAAGGGAAGAG-3'),
MJ1277Rev (5'-CGGGATCCTTATTGGCTTTCAGCCATCTTTTTCTTTAAG-
3", MI0720Fwd (5'-GCGCATATGCATAAAATATGTGTTATAG-3'), and
MJO0720Rev (5'-GCGGATCCTTATTCTTCTCTTACTC-3").

Protein expression and purification. E. coli BL21(DE3) strains transformed
with expression vectors were grown in Luria broth containing appropriate anti-
biotics at 37°C with shaking at 250 rpm. Cells containing pCDF-Duet1 deriva-
tives were grown in the presence of streptomycin (50 pg ml~"). Cells containing
pET-19b derivatives were grown in the presence of ampicillin (100 pg ml™").
When cultures reached an optical density at 600 nm of 0.6 to 0.8, protein
expression was induced by the addition of a-p-lactose (1%, wt/vol) and shaking
was continued at 20°C for 15 h. Cells were harvested by centrifugation and stored
at —20°C.

Protein purification. The MJ0499 and MJ1277 proteins were copurified from
cells containing pDG164 by heat treatment, followed by anion-exchange chro-
matography. E. coli cells containing heterologously expressed protein were sus-
pended in 20 mM Tris-HCI (pH 8.0), lysed by passing through a French pressure
minicell at 8,000 Ib/in? (Thermo Electron), and sonicated on ice for 2 min using
a Sonifier 450 with a microtip (15 W, 30% duty; Branson) to reduce viscosity.
Lysates were clarified by centrifugation (14,000 X g for 10 min at 4°C), and the
cell extract was heated at 70°C for 10 min. Denatured proteins were removed by
centrifugation (14,000 X g for 10 min at 4°C), and the supernatant was stored on
ice. This heat-stable protein was applied to a 5-ml HiTrap desalting column (GE
Healthcare) equilibrated with 20 mM Tris-HCI (pH 8.0). Fractions containing
desalted protein were pooled and applied to a 5-ml HiTrap DEAE FF column
(GE Healthcare) equilibrated in 20 mM Tris-HCI (pH 8.0). Chromatography was
performed using an AKTAprime system (GE Healthcare) at a flow rate of 5 ml
min~'. Protein was eluted from the column with a linear gradient to 0.5 M
NaCl-20 mM Tris-HCI (pH 8.0) over 20 min. Fractions containing the target
protein were identified by absorbance at 280 nm and sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Fractions containing the pro-
teins of interest were combined, loaded into SpectraPor4 dialysis tubing (molec-
ular weight cutoff = 14,000), and dialyzed overnight in 2 liters of buffer
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TABLE 1. List of plasmids and microorganisms

Strain or plasmid

Description Source and/or

reference
Methanocaldoccus jannaschii Wild type DSM 2661
JAL-1
Escherichia coli
DH5«a General cloning host Invitrogen, 16
BL21(DE3) Protein expression host Novagen, 33
Plasmids
pCDF-Duetl Protein coexpression vector Novagen
pET-19b Expression vector for proteins with an N-terminal decahistidine tag Novagen
pDG141 MJ1003 PCR product obtained using primers MJ1003Fwd and MJ1003Rev cloned This study
into Ndel/Kpnl sites of pCDF-Duetl
pDG142 MJ0499 PCR product obtained using primers MJ0499Fwd and MJ0499Rev cloned This study
into Ndel/Kpnl sites of pCDF-Duetl
pDG152 MJ1271 PCR product obtained using primers MJ1271Fwd and MJ1271Rev cloned This study
into Ncol/BamHI sites of pDG141
pDG157 MJ1277 PCR product obtained using primers MJ1277Fwd and MJ1277Rev cloned This study
into Ncol/BamHI sites of pDG141
pDG159 MJ1271 Ncol/BamHI fragment from pDG152 cloned into same sites of pDG142 This study
pDG160 MJ1271 PCR product cloned into Ncol/BamHI sites of pET-19b This study
pDG163 MJ1277 PCR product cloned into Ncol/BamHI sites of pET-19b This study
pDG164 MJ1277 Ncol/BamHI fragment from pDG157 cloned into same sites of pDG142 This study
pDG329 TDH Ndel/BamHI fragment from pTDHI1 cloned into same site of pET-19b This study
pMYLI1 MJ0720 PCR product obtained using primers MJO720Fwd and MJ0720Rev cloned This study
into Ndel/BamHI sites of pET-19b
pTDH1 Pseudomonas putida R-TDH in pET-3a 37

containing 20 mM Tris-HCI (pH 8.0 at 4°C). The protein was transferred to fresh
buffer and dialyzed for 5 h. Protein was concentrated inside the dialysis tubing
using polyethylene glycol (20,000 Da). The MJ1003-MJ1277 and MJ1003-
MJ1271 proteins were copurified from cells containing pDG141 and pDG163
and pDG160 and pDG152, respectively, as described above. Total protein con-
centration was determined using the Bio-Rad protein assay with bovine serum
albumin as a standard.

The polyhistidine-tagged M. jannaschii IPMDH protein was purified by heat
treatment followed by nickel affinity chromatography. E. coli(pMYL1) cells con-
taining heterologously expressed protein were suspended in His tag binding
buffer containing 5 mM imidazole, 500 mM sodium chloride, and 20 mM Tris-
HCI (pH 7.6), and cell extracts were prepared as described above. Extracts were
heated at 60°C for 10 min, and denatured protein was removed by centrifugation.
The soluble protein was applied to a 5-ml HisTrap FF column (GE Healthcare)
charged with NiCl, and equilibrated in His tag binding buffer at a flow rate of 5
ml min~'. Protein was eluted from the column with a linear gradient to 0.5 M
imidazole, 0.5 M sodium chloride, and 20 mM Tris-HCI (pH 7.6) over 20 min.
Fractions containing the target protein were combined and concentrated in a
stirred ultrafiltration cell (Amicon) with a filter having a 10-kDa molecular
weight cutoff (Pall) under nitrogen gas at 4°C.

After concentration, the buffer was exchanged with 20 mM Tris-HCI (pH 7.6)
in the ultrafiltration cell. The purified protein precipitated and lost activity
during storage at 4°C. However, it could be stored in aliquots containing 20%
glycerol, frozen at —40°C or —80°C, and thawed without significant loss of
activity. Protein stored in this manner remained active for at least 2 weeks.

Analytical size exclusion chromatography. Interactions between large and
small subunits were tested by measuring apparent masses of protein pairs using
size exclusion chromatography as described previously (19). The compositions of
protein fractions were determined by SDS-PAGE with silver staining (Bio-Rad).
Separations were performed aerobically on purified, unreconstituted apoen-
zymes.

Reconstitution of Fe-S centers. Purified hydrolyase holoenzymes were recon-
stituted in a 2-ml glass serum vial (Wheaton) containing a magnetic stir bar and
sealed with a 13-mm butyl rubber stopper. All buffers and reagents were de-
gassed under a continuous flow of argon for at least 10 min. Anaerobic transfers
were performed using gastight syringes (Hamilton). For reconstitution, purified
apoprotein (0.5 to 1.0 mg ml~") was mixed with 50 mM Tris-HCI (pH 8.0) and
3 mM dithiothreitol (2). The sealed solution was placed in an ice-water bath at
0 to 4°C, and the solution was degassed with argon for 10 min while being stirred.
To the reconstitution mixture, Fe(NH,),(SO,), + 6H,O was added to a final
concentration of 0.5 mM. After 10 min, Na,S - 9H,O was added dropwise to a

final concentration of 0.5 mM, and the reconstitution mixture was stirred under
argon until maximum activity was observed (typically 2 h). The final reconstitu-
tion volume was 1 ml. Hydrolyase activity was monitored in a standard assay with
0.3 mM citraconate as described below.

Measurement of lyase activities. All continuous assays used a DU-800 spec-
trophotometer with a Peltier temperature-controlled sampler (Beckman). Reac-
tions (1 ml) were conducted in quartz semimicrocells with screw-cap septa
(Starna), including 300 mM KCl, 10 mM MgCl,, 50 mM TES [N-tris(hydroxym-
ethyl)methyl-2-aminoethanesulfonic acid]-KOH (pH 7.5), 2.5 or 10 pg ml™!
reconstituted protein, and various substrate concentrations. The sealed quartz
cell containing buffer and substrate was degassed under argon for 10 min and
equilibrated at 60°C for 10 min. Reactions were initiated by the addition of
reconstituted enzyme, and the change in UV absorbance was monitored at 60°C.
Initial rates were measured from the linear portion of the reaction progress curve
between 5 and 60 s. For a-isopropylmalate, B-isopropylmalate, and (R)-citra-
malate, the formation of the reaction intermediate was observed by measuring
the increase in absorbance at 235 nm, as measured in the reaction buffer at 60°C
with 10 pg ml~! of reconstituted enzyme. The molar absorption coefficient at 235
nm (£,55) for both citraconate and isopropylmaleate was 4,668 M~! cm ™. The
hydration of citraconate and maleate was observed as a decrease in absorbance
with 2.5 pg ml~! of reconstituted enzyme. Maleate hydration to produce malate
was monitored at 235, 245, and 255 nm using molar absorption coefficients of
2,318, 1,297,and 582 M ' cm !, respectively, measured in the reaction buffer at
60°C. Citraconate hydration was monitored at 235 nm, with a molar absorption
coefficient of 4,530 M~' cm~'. Reaction progress curves were linear from 5 to
60 s. One unit of hydrolyase activity catalyzed the conversion of 1 umol substrate
to product per minute. Steady-state kinetic constants were estimated by nonlin-
ear regression of initial rate data fit to the Michaelis-Menten-Henri equation
using the KaleidaGraph program (Synergy Software).

Measurement of oxidative decarboxylation activities. The rate of oxidative
decarboxylation catalyzed by IPMDH,; was measured by monitoring the reduc-
tion of NAD™ to NADH at 340 nm, assuming a molar absorption coefficient for
NADH of 6,220 M~! ecm™"'. Assays were conducted aerobically in optical glass
cuvettes (Starna) with 200 mM KCI, 10 mM MgCl,, 50 mM TAPS [Tris(hy-
droxymethyl)methyl-3-aminopropanesulfonic acid]-KOH (pH 8.5), 5 mM
NAD™", 2.5 pg ml ™! IPMDH);, and various substrate concentrations. Reaction
mixtures were equilibrated at 60°C for 10 min, and reactions were initiated with
NAD™. Initial rates were measured using a linear portion of the reaction
progress curve, from 5 to 60 seconds for B-isopropylmalate and 120 to 180
seconds for p-malate. One unit of enzymatic activity catalyzed the reduction of
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1 pmol NAD™ per min in a 1-ml reaction mixture. Apparent kinetic constants
were estimated as described above.

Coupled assay of hydratase activity. The B-hydrating activity of enzymes
incubated with unsaturated intermediates was measured in reaction mixtures
containing IPMDH,;; and NAD™ as described above. Reaction mixtures con-
tained 300 mM KCI, 10 mM MgCl,, 50 mM TES-KOH (pH 7.5), 30 pg ml™!
IPMDH,y;, 5 mM NAD™, and various substrate concentrations. Reaction mix-
tures were made anaerobic and preincubated at 60°C as described above, before
the addition of 2.5 pg ml~! MJ0499/MJ1277 to initiate the reaction. Initial rates
were measured between 5 and 60 seconds for citraconate and between 120 and
180 seconds for maleate.

Identification of dehydratase reaction products. Hydroxyacids and unsaturated
carboxylic acids were derivatized with ethylchloroformate and analyzed by gas
chromatography-mass spectrometry (GC-MS) (28). Reaction products were
mixed with ethylchloroformate in a solution of water-trifluoroethanol-pyridine
(60:32:8, vol/vol/vol) (40). Derivatives were analyzed on a Finnigan MAT GCQ
GC-MS with a DB-5MS capillary column (0.32 mm by 29 m, 0.5-mm film; J&W
Scientific) and analyzed by chemical ionization MS in the positive mode, as
described previously (19). Using this method, the trifluoroethyl ester derivatives
had the following retention times and mass spectral data. The molecular ion
(MH™) is shown first, if observed (a minus sign indicates that MH™" was not
found), followed by the base peak (italics), and characteristic fragment ions are
listed in decreasing order of intensity. The derivatives were as follows: citra-
conate diester, 3.73 min (295, 195, 275); (R)-citramalate, 3.87 min (—, 185, 195,
275, 213); p-malate diester, 4.06 min (299, 171, 261, 279, 199); B-isopropylmalate
diester, 4.61 min (—, 199, 213, 241); a-isopropylmalate diester, 4.65 min (341,
213, 195, 241, 321). In most spectra the base peak was assigned as the fragment
ion following the neutral loss of CF;CH,OH or CF;CH,COOH from the mo-
lecular ion.

Alternatively, trimethylsilyl (TMS) derivatives of the hydroxycarboxylic acids
were prepared by reacting dried sample with 50 pl N-methyl-N-(TMS)-trifluoro-
acetamide and 50 wl pyridine in a sealed vial at 60°C for 20 min. Derivatives were
analyzed by GC-MS as described above. The mass range scanned was 70 to 700
atomic mass units. The derivatives were as follows: citraconate-(TMS),, 5.54 min
(275, 185, 149, 73, 259, 277, 73); citramalate-(TMS), 6.03 min (365, 247, 349,
321, 277, 73); B-isopropylmalate—(TMS)3, 6.30 (—, 275, 191, 377, 73); a-isopro-
pylmalate—(TMS);, 6.35 (393, 213, 275, 377, 73).

For quantitative analysis of reaction mixtures, carboxylic acids were separated
by reversed-phase high-pressure liquid chromatography (HPLC). Reaction mix-
tures or standard compounds were applied to a Luna Cg(2) column (4.6 by 150
mm, 5 wm; Phenomenex) with a Security Guard ODS cartridge (4 by 3 mm;
Phenomenex) that was equilibrated in mobile phase containing 25 mM phos-
phoric acid and 2% (vol/vol) methanol (pH 2.5). Isocratic elution with this
mobile phase was used at a flow rate of 1 ml min~" at 35°C. Samples (25 ul) were
injected using a Beckman 508 autosampler. Organic acids were detected using a
Beckman 168 photodiode array detector. Data were collected and chromato-
grams were integrated using the 32 Karat software (Beckman). Under these
conditions, retention factors for standard compounds were 0.63 (p-malate), 0.97
(2-oxoglutarate), 1.4 (maleate), 2.1 (homoisocitrate), 2.0 (fumarate), 2.3 (cis-
aconitate), 2.7 (R-citramalate), 3.7 (trans-aconitate), and 4.7 (citraconate), with
a holdup time of 1.47 min. Less-polar compounds were resolved using a mobile
phase containing 25 mM phosphoric acid and 30% (vol/vol) methanol (pH 2.5).
Under these conditions, retention factors for standard compounds were 0.4
(R-citramalate), 0.7 (citraconate), 2.5 (B-isopropylmalate), 2.9 (a-isopropyl-
malate), and 4.2 (isopropylmaleate), with a holdup time of 1.55 min. Analyte
concentrations were calculated from the integrated peak areas of the chromato-
gram at 220-nm absorbance using the method of standard addition.

Stereochemical analysis of malate product. Tartrate dehydrogenase (TDH)
was used to confirm the stereochemistry of IPMI hydration products. Plasmid
pTDHI, which encodes the TDH enzyme from Pseudomonas putida ATCC
17642, was a gift from Paul Cook (University of Oklahoma) (24). Dideoxynucle-
otide sequencing using T7 promoter and T7 terminator oligonucleotide primers
identified several discrepancies with the originally published TDH sequence (37).
The Ndel/BamHI fragment of plasmid pTDH1 was subcloned into pET-19b to
produce plasmid pDG329, which encodes TDH fused to an amino-terminal
decahistidine tag. The His,(TDH protein was expressed from pDG329 in E. coli
BL21(DE3). Protein was purified by heating the extract at 50°C for 10 min,
precipitating the denatured protein, and isolating the His,,TDH by nickel affinity
chromatography as described above.

Reaction mixtures to determine the stereochemistry of malate produced by the
malease activity of the MJ0499/MJ1277 combination contained 5 mM maleate,
reconstituted MJ0499/MJ1277 protein (5 pg ml '), and reaction buffer incu-
bated at 60°C for 24 h. Portions of reaction product were added to an aerobic
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solution containing IPMI buffer salts, TDH (His,;,TDH; 20 ug ml~!), and 1 mM
NAD™ in a volume of 1 ml. After incubation at 37°C for 1 h, the absorbance of
the solution at 340 nm was measured and p-malate product concentrations were
calculated according to a linear standard curve from 5 to 200 pM p-malate.
Another portion of the malease reaction product was analyzed using L-malate
dehydrogenase (U.S. Biochemicals) in a 1-ml reaction mixture containing 20 pg
ml~! enzyme, 100 .M phenazine methosulfate, 150 uM thiazolyl blue, and 1 mM
NAD™. Reaction mixtures were incubated at room temperature for 30 min, the
absorbance of the solution at 570 nm was measured, and L-malate concentrations
were estimated according to a linear standard curve from 5 to 200 M L-malate
(15). The limit of detection for this method was approximately 1.5 wM L-malate.

Phylogenies of dehydratase subunits. An alignment of 62 homologs of the
large IPMI subunit was prepared using the ClustalW program (version 1.83)
(36). From the full alignment 442 positions that were deemed to be confidently
aligned were chosen for phylogenetic analysis. The phylogeny was inferred using
the proml program or the protdist and neighbor programs (with 100 bootstrap
replicates) from the Phylip package (version 3.66) (14). Both programs used the
Jones-Taylor-Thornton model of amino acid changes and assumed a ~y-distribu-
tion of rates (a = 2.4) approximated by three states.

Sequences of large subunit homologs (RefSeq [ref], Swiss-Prot [sp], and EMBL
[emb] accession numbers [or in one case a URL] are in parentheses) were from
Aquifex aeolicus (ref, NP_213641.1), Archaeoglobus fulgidus (ref, NP_070787.1 and
NP_071024.1), Bacteroides thetaiotaomicron (ref, NP_810773.1), Carboxydothermus
hydrogenoformans (ref, YP_359380.1 and YP_359951.1), Deinococcus radiodurans
(sp, Q9RTYY and QIRTI6), Escherichia coli (sp, P36683 and POAGAG), Ferroplasma
acidarmanus (ref, ZP_00609074.1), Haloarcula marismortui (sp, Q5V518), Halo-
quadratum walsbyi (ref, YP_658418.1), Halothermothrix orenii (ref, ZP_01188446.1),
Ignicoccus sp. strain Kin4-I (http://genome.jgi-psf.org), Leptospira interrogans (sp,
Q8F4E6), Methanocaldococcus jannaschii (sp, P81291 and Q58409), Methanococ-
coides burtonii (ref, YP_566516.1 and YP_566874.1), Methanococcus maripaludis
(ref, NP_988600.1 and NP_988269.1), Methanoculleus marisnigri (vef, ZP_01392213
and ZP_01390868.1), Methanopyrus kandleri (ref, NP_614723.1 and NP_614491.1),
Methanosaeta thermophila (ref, YP_843415.1 and YP_843217.1), Methanosarcina
acetivorans (ref, NP_617978.1 and NP_616329.1), Methanosphaera stadtmanae (ref,
YP_448499.1 and YP_448126.1), Methanospirillum hungatei (ref, YP_503784.1 and
YP_503240.1), Methanothermobacter thermautotrophicus (ref, NP_276743.1 and
NP_276502.1), Moorella thermoacetica (ref, YP 431084.1), Natronomonas pharaonis
(ref, YP_326749.1), Picrophilus torridus (ref, YP_024242 and YP_023690.1), Py-
robaculum aerophilum (ref, NP_559679.1), Pyrococcus abyssi (sp, Q9V1JO and
Q9UZ07), Pyrococcus furiosus (sp, Q8U2A1 and Q8U0CO0), Pyrococcus horikoshii
(sp, 059391), Saccharomyces cerevisiae (ref, NP_013407.1, NP_011506.1, and
NP_010520.1), Sulfolobus acidocaldarius (ref, YP_254963.1), Sulfolobus solfataricus
(sp, Q97VY2; ref, NP_342564.1), Syntrophomonas wolfei (ref, ZP_00662230.1 and
ZP_00664168.1), Thermoproteus tenax (emb, CAF18518.1), Thermococcus kodaka-
rensis (ref, YP_182695.1), Thermotoga maritima (ref, NP_228103.1 and 228364.1),
and Thermus thermophilus (sp, Q9ZNDS; ref, YP_004349; and ref, YP_145177.1).

Nucleotide sequence accession number. The revised sequence of the TDH
gene was deposited in GenBank with accession number EF210485.

RESULTS

Expression and purification of subunit combinations. To
identify protein pairs that form active hydrolyase enzymes, the
four combinations of large-subunit homologs (MJ0499 or
MJ1003) with small-subunit homologs (MJ1271 or MJ1277)
were expressed in E. coli. All four combinations produced
substantial amounts of soluble, heterologous protein. Cell ex-
tracts were heated to denature native proteins, and the target
proteins were purified by anion-exchange chromatography.
Combinations of MJ1003 and MJ1271 or MJ1277 copurified,
as did the MJ0499 and MJ1277 combination. However, the
MJ0499 and MJ1271 subunits did not copurify. Preparations of
the three combinations of associated subunits were substan-
tially pure: the two subunits comprised 84 to 93% of the total
protein as judged by overloading an SDS-PAGE gel stained
with Coomassie blue (Fig. 3). The apparent masses of purified
proteins matched their theoretical masses: MJ0499, observed
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FIG. 3. Purified IPMDH,,;; and combinations of large and small
subunits of the hydrolyase apoenzymes. Lane 1, 8 ng His,(\MJ0720
(IPMDH,y;); lane 2, 10 wg MJ1003/MJ1277; lane 3, 10 p.g MJ1003/
MJ1271; lane 4, 10 pg MJ0499/MJ1277; lane M, protein size markers
(Bio-Rad). Proteins were separated by SDS-PAGE on a 15% acryl-
amide gel and stained with Coomassie blue.

44 kDa, expected 46.1 kDa; MJ1003, 46 kDa, 46.1 kDa;
MJ1271, 18 kDa, 18.6 kDa; and MJ1277, 16 kDa, 18.4 kDa.

Subunit interactions. The three copurified pairs of large and
small subunits also coeluted during analytical size exclusion
chromatography. The MJ0499/MJ1277 pair formed a complex
with a Stokes radius of 42 A, corresponding to a 143-kDa
protein, which could be the heterotetramer (MJ0499/
MIJ1277),. The MJ1003/MJ1271 complex also had a Stokes
radius of 42 A and probably forms heterotetramer (MJ1003/
MJ1271),. The MJ1003/MJ1277 complex had a Stokes radius
of 43 A, corresponding to the 153-kDa complex of heterotet-
rameric structure (MJ1003/MJ1277),. A mixture of purified
MJ0499 and MJ1271 subunits did not form a complex; instead
the proteins eluted separately as monomers.

Reconstitution of iron-sulfur centers. The purified prepara-
tions of subunit combinations had no significant activity in
assays of citraconate hydrolyase activity. Members of this pro-
tein family contain an Fe,S, cluster with a unique iron that is
readily lost during aerobic purification (18). Therefore we re-
constituted the clusters under anaerobic, reducing conditions
to produce maximal citraconate hydrolyase activity. The result-
ing protein preparation contained a broad absorbance shoul-
der from 400 to 450 nm, characteristic of S—Fe charge transfer
bands in iron-sulfur centers (10, 23). In the absence of electron
paramagnetic resonance or Mdssbauer spectra we cannot con-
clude that all iron-sulfur centers were fully reconstituted as
Fe,S,>" clusters (1), but to calculate turnover numbers each
heterodimer was assumed to contain an active site.

Identification of the citramalate/isopropylmalate isomerase.
The reconstituted MJ0499/MJ1277 holoenzyme catalyzed the
hydrolysis of citraconate at 60°C under anaerobic conditions
with a specific activity of 15 U mg~'. The reaction product was
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derivatized, and citramalate or B-methylmalate was identified
by GC-MS (the isomers could not be separated by this
method). Both substrate and products were also resolved and
detected by reversed-phase HPLC. None of the other
three reconstituted protein combinations (MJ0499/MJ1271,
MJ1003/MJ1271, or MJ1003/MJ1277) catalyzed this reaction,
nor did a control reconstitution mixture that contained no
protein.

In addition to catalyzing the hydrolysis of citraconate, the
MJ0499/MJ1277 pair had malease activity: it catalyzed the
hydrolysis of 2 mM maleate with a high specific activity (28 U
mg ). The enzyme catalyzed the dehydration of (R)-citra-
malate and a-isopropylmalate, as well as the dehydration of
B-isopropylmalate product, at 10 to 25% of the rate of citra-
conate hydrolysis. In contrast, fumarate, mesaconate, cis-
aconitate, frans-aconitate, D-tartrate, L-tartrate, L-malate, DL-
isocitrate, citrate, (R)-homocitrate, and (S)-citramalate were
not substrates. Therefore the enzyme is specific for cis-unsat-
urated intermediates and their D-o-hydroxy or B-hydroxy
analogs (Fig. 1).

For optimal citraconate hydrolase activity, reactions re-
quired at least 5 mM MgCl,; the relative activity without added
MgCl, was 5% of the maximum at 10 mM MgCl,. Enzyme
activity also increased at higher KCI concentrations: in the
absence of added KCl, activity was 65% of the maximum (at
300 mM KCl). The enzyme demonstrated significant activity
across a broad pH range, with optimal activity at pH 7.5.
Maximal activity was observed at 70°C, although standard re-
actions were performed at 60°C for technical reasons.

To determine the equilibrium constant for the citraconate
hydration reaction, vials containing 2 mM citraconate and 5 pug
ml~' reconstituted MJ0499/MJ1277 were sealed under an
argon atmosphere and incubated at 60°C for 20 h. A portion of
the reaction mixture was analyzed by HPLC. Concentrations of
citraconate and citramalate (with 3-methylmalate) were deter-
mined by standard addition: the equilibrium ratio of hydrated
products to citraconate was 50:1. In similar reaction mixtures
containing 2 mM B-isopropylmalate, concentrations of a-iso-
propylmalate and B-isopropylmalate were determined by stan-
dard addition and the isopropylmaleate concentration was es-
timated using maleate or citraconate as the external standard.
The equilibrium ratio of a-isopropylmalate/B-isopropylmalate/
isopropylmaleate was 9:30:1, averaged from two analyses. To
confirm the identity of these reaction products, TMS deriva-
tives were analyzed by GC-MS. Both a-isopropylmalate and
B-isopropylmalate were detected, although the isopropyl-
maleate concentration was too low to detect in this analysis.

The equilibrium ratio of malate to maleate in reaction mix-
tures containing 2 mM maleate with 5 pg ml~' reconstituted
MJ0499/MJ1277 was 146:1. No maleate was detected in reac-
tion mixtures containing D-malate and reconstituted enzyme
due to the detection limits of this assay. Standard reaction
mixtures containing enzyme, 2 mM maleate, and 5 mM D-
malate exhibited no malease activity, due to product inhibition.
A p-malate concentration of 0.5 mM inhibited the rate
of malease activity by approximately 50%. In contrast, an L-
malate concentration of 5 mM was required to reduce malease
activity by approximately 50%. The much weaker binding of
L-malate to the MJ0499/MJ1277 pair suggests that D-malate is
the product of malease activity (38).
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TABLE 2. Steady-state kinetic parameters for MJ0499/MJ1277¢
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TABLE 3. Kinetic parameters for IPMDH homologs

Vinax - keailK.,,

Substrate K, (pM) (Umg-) ket (s71) ey
Citraconate” 80x20 15=x09 16=x1 20x10°
Citraconate® 40+10 13*07 14=x1 35%x10°
(R)-Citramalate” 810+80 15+0.05 16=*0.1 20x10°
a-Isopropylmalate? 1,900 = 400 42 +03 45=03 24x10°
B-Isopropylmalate® 39+7 18+01 19+01 5.0x10*
Maleate” 400 =50 342 36 =2 9.0 x 10*
Maleate® 18030 19+09 201 1.1 X 10°

¢ Kinetic parameters were estimated by nonlinear regression, and the standard
errors of those parameters are shown. Turnover numbers were calculated as-
suming one active site per MJ0499/MJ1277 pair.

® Initial rates of hydrolyase activity were determined by measuring UV absor-
bance.

¢ Initial rates of hydratase activity were measured in a coupled assay for
NADH production using excess IPMDHyy;.

The enzymes L-malate dehydrogenase and TDH (which cat-
alyzes the oxidative decarboxylation of p-malate [37]) were
used to confirm the stereochemistry of malate produced by the
hydration of maleate. Reaction mixtures containing 5 mM male-
ate and 5 g ml~! reconstituted MJ0499/MJ1277 were incu-
bated for 24 h at 60°C. Enzymatic analysis identified 5.07 =
0.05 mM p-malate and no L-malate (<8 uM) in the reaction
product. Therefore the sole product of maleate hydration was
D-malate.

Steady-state kinetic parameters for hydrolyase activity using
substrates maleate, citraconate, (R)-citramalate, a-isopropyl-
malate, and B-isopropylmalate were estimated from initial rate
data fit to the Michaelis-Menten-Henri equation (Table 2).
The MJ0499/MJ1277 pair catalyzes the hydration of both male-
ate and citraconate with similar specificity constants. How-
ever, water is abstracted from the physiologically relevant
substrates (R)-citramalate and a-isopropylmalate with approx-
imately 100-fold-lower specificity constants. The K,,, value for
a-isopropylmalate is more than double the value calculated for
(R)-citramalate. However, commercially synthesized a-isopro-
pylmalate is a racemic mixture of two enantiomers, so the K,,,
for the relevant isomer, (25)-2-isopropylmalate, may be lower
(31). B-Isopropylmalate is also a racemic mixture, although the
enzyme’s K,,, for this racemic substrate is relatively low.

Neither the MJ1003/MJ1277 nor the MJ1003/MJ1271 pair
of subunits catalyzed citraconate hydrolysis or the dehydration
of a-isopropylmalate or B-isopropylmalate. Therefore the
MJ0499/MJ1277 pair constitutes the citramalate/isopropyl-
malate isomerase in M. jannaschii.

Characterizing isopropylmalate/p-methylmalate dehydro-
genase. The isopropylmalate dehydrogenase protein from M.
Jjannaschii (MJ0720; IPMDH,;;) was previously identified and
characterized in cell extract from a heterologous expression
system in E. coli (20). To test the substrate specificity of
IPMDH,,;, we expressed that protein in E. coli fused to an
amino-terminal polyhistidine tag. This IPMDH,; protein was
purified to homogeneity by nickel affinity chromatography, and
it had an apparent mass of 40 kDa, as determined by SDS-
PAGE, which is close to its expected mass of 39.1 kDa (Fig. 3).
Analytical size exclusion chromatography identified a protein
complex with a Stokes radius of 51 A, corresponding to a
183-kDa native protein, which is probably a tetrameric form of
the protein. Analysis of a mixture of IPMDH,,; protein with

B-Isopropylmalate D-Malate

Enzyme (reference) k. /K kK
cat/"m cat/ " m

K, (kM) (Mfl Sfl) K, (mM) (Mfl Sfl)

IPMDH,;" 24+3 88x10* 410 =40 1.4 x 10*
Sulfolobus sp. IPMDH (34) 1.2 3.0x10° 390 1.0 x 10*
P. putida TDH (37) 14 1.1 x 10* 60 22 x10°
T. thermophilus IPMDH (9) 17 L4x10* 1,510 73 x10°

“ Data from this work. Initial rates were determined by measuring an increase
in absorbance at 340 nm due to NADH in reaction mixtures incubated at 60°C.

the MJ0499/MJ1277 complex showed no evidence of associa-
tion with the hydrolyase complex.

Reactions with IPMDH,,; were initiated by the addition of
NAD™, and the rate of NADH formation was determined by
measuring UV absorbance at 60°C. The enzyme catalyzed the
oxidative decarboxylation of B-isopropylmalate and D-malate
with kinetic parameters shown in Table 3. The IPMDH,y
enzyme specifically required NAD ™ as reported previously: no
B-isopropylmalate dehydrogenase activity was observed in the
presence of NADP™ (20). This enzyme did not catalyze the
oxidation of L-malate, L-tartrate, D-tartrate, DL-isocitrate, or
DL-lactate.

Coupled assay for PB-methylmalate oxidative decarboxyl-
ation. We used a coupled assay with MJ0499/MJ1277 and
IPMDH,,; to confirm that IPMDH,,; catalyzes the oxidative
decarboxylation of B-methylmalate, the final step in the pyru-
vate pathway to 2-oxobutyrate. Reaction mixtures containing
citraconate, excess NAD ™, and IPMDH,,; IPMDH were incu-
bated in anaerobic vials, and reactions were initiated by the
addition of reconstituted MJ0499/MJ1277. The rate of NADH
production was measured at 60°C, demonstrating that
IPMDH,; efficiently catalyzes the oxidative decarboxylation of
B-methylmalate. Initial rates were used to estimate apparent
kinetic parameters for the hydration reaction (Table 2). These
parameters for B-methylmalate formation measured by this
coupled assay were comparable to those estimated for the
hydration of citraconate. This coupled assay was also used to
measure rates of D-malate production due to hydration of
maleate.

Evolution of the isopropylmalate isomerase homologs. A
phylogeny of IPMI large-subunit homologs was inferred, in-
cluding homologous regions of aconitase (ACN) and HACN
proteins, to establish the evolutionary relationship among
these hydrolyases. The phylogeny of small-subunit homologs
was not analyzed due to their short length and high degree of
sequence similarity (Fig. 2). Phylogenetic trees were inferred
by neighbor joining (Fig. 4), protein maximum likelihood, and
Bayesian methods, using ACN sequences as an outgroup.
Bootstrap or clade credibility values show low support for most
deep branches; however, the trees have common topological
features. All of the trees show clusters of methanogen IPMI
sequences (orthologs of MJ0499) that share a common ances-
tor with a cluster of paralogous methanogen sequences pre-
dicted to encode HACNs (orthologs of MJ1003). These two
paralogous groups are specifically related to putative HACNs
from other euryarchaea, crenarchaea, and bacteria. IPMI se-
quences from bacteria, nonmethanogenic archaea, and eu-
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FIG. 4. Phylogram showing the evolutionary relationship between the large subunits of IPMI, ACN, and HACN proteins. The phylogeny was
inferred by the neighbor joining method, and bootstrap values are shown near branches supported by a plurality of 100 trees. This tree is rooted
using the ACN cluster. Related proteins predicted to catalyze the same reactions are grouped by braces. The proposed HACN function of some
archaeal proteins has not yet been demonstrated. Enzymes whose functions have been experimentally confirmed are indicated by an asterisk. Full
organism names and sequence accession numbers are listed in Materials and Methods. Numbers in parentheses after some species names

differentiate paralogs from the same genome. The scale bar indicates 0.1 amino acid change expected per site.

karyotes are not specifically related to the methanogen IPMI
sequences; therefore, either the IPMI or HACN functions
must have evolved several times. IPMI and putative HACN
subunits were present in the methanogen ancestor and have
been vertically inherited in modern methanogenic lineages.
Halophilic euryarchaea apparently recruited IPMI from bacteria.
The heterotrophic euryarchaea and crenarchaea are usually cul-
tured in complex media, so their amino acid requirements are
often poorly characterized and the functions of their homologs
listed in Fig. 4 are ambiguous. Additional biochemical studies are
required to characterize the clusters labeled “HACN.”

DISCUSSION

The phylogram in Fig. 4 shows that the IPMI and putative
HACN large subunits are paralogs that diverged early in the

methanogen lineage. This underscores the difficulty in predict-
ing enzyme function from closely related sequences and the
need for experiments to assign gene functions to complex pro-
tein families. There is currently no structural model of the
IPMI complex, and almost all biochemical knowledge of this
protein family comes from studies on the ACN enzyme (1).
Although the biochemical function of the small-subunit pro-
tein homolog from P. horikoshii is unknown, a crystal structure
model suggests a substrate binding site that is shown in Fig. 2
(45). The only recognizable member of the IPMS family in P.
horikoshii is a homocitrate synthase, and the only member of
the IPMDH family is an isocitrate-homoisocitrate dehydroge-
nase (30). Therefore the crystallized P. horikoshii homolog is
probably an HACN and not an IPMI subunit as proposed
previously (45). An unrefined homology model of the MJ1277
protein produced by the SWISS-MODEL server (version
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36.0003) (32) based on the P. horikoshii protein structure
suggests that Leu®” and His”' side chains of MJ0277 form a
hydrophobic pocket that could confer specificity for short
alkyl-substituted hydroxy-dicarboxylates.

Bacteria that use the homoaconitate pathway for lysine bio-
synthesis recruited HACN from euryarchaea. This protein is
only distantly related to yeast HACN. Although yeast IPMI is
a cytosolic protein, IPMS is associated with mitochondria, and
the yeast leucine biosynthetic proteins may have been recruited
from a mitochondrial ancestor. Yeast ACN and HACN pro-
teins are also localized to mitochondria. Therefore these iron-
sulfur hydrolyases probably evolved first in bacteria and
archaea that contained the apparatus for iron-sulfur cluster
assembly.

The MJ0499/MJ1277 pair of subunits resembles other hy-
drolyases in its broad pH optimum, domain structure, and
Michaelis constants for cis-unsaturated intermediates. Gel fil-
tration results suggest that this apoprotein forms a heterotet-
ramer, while the S. cerevisiae IPMI acts as a monomer and the
Pseudomonas pseudoalcaligenes malease forms a heterodimer.
Further studies will be required to determine the shape and
subunit composition of the methanogen IPMI in its active,
holoenzyme form. Similar to most Fe,S,-containing proteins,
the methanogen IPMI is inactivated by exposure to air; both
superoxide and hydrogen peroxide have been shown to oxidize
IPMI metal centers (22, 41).

This enzyme’s specificity constants for hydroxyacids are 10-
to 100-fold lower than those for unsaturated intermediates,
although the specific activity is comparable to that reported for
the S. cerevisiae IPMI dehydration of a-isopropylmalate (6 U
mg ') (27). The large equilibrium constants measured for
citraconate and maleate hydrolysis confirm that the hydrolysis
half-reaction is favorable (AG'® ~ —14 kJ mol~! for the hy-
dration of maleate at 60°C), consistent with the previously
calculated value of —19 kJ mol ! (at 25°C) from studies of the
P. pseudoalcaligenes malease enzyme (39). Equilibrium con-
stants measured for B-isopropylmalate isomerization show that
the forward reaction (converting a-isopropylmalate to B-iso-
propylmalate) is slightly favored (by approximately 3 kJ mol !
at 60°C). In the cell the isomerization reaction is probably
driven by the oxidative decarboxylation reaction catalyzed by
IPMDH. Continuous assays for citraconate hydration measure
the production of both (R)-citramalate and B-methylmalate
(Table 2). Therefore it is informative to compare those kinetic
parameters with parameters measured using a coupled assay
with IPMDH that monitors only B-methylmalate production.
Both the K,,, and k_,, parameters for citramalate hydration are
similar for both assays, suggesting that B-methylmalate is the
dominant product.

Most maleases appear to be iron-sulfur proteins that are
probably homologs of IPMI (10), although no sequence infor-
mation is available. However, Pseudomonas pseudoalcaligenes
expresses a two-subunit maleate hydratase enzyme that is col-
orless and resistant to oxidation or inactivation by metal
chelators (38). Therefore it may not be an iron-sulfur protein.
The M. jannaschii isopropylmalate/citramalate hydratase en-
zyme is also proficient at catalyzing the hydration of maleate to
produce p-malate. This enzyme’s K,,, for maleate (400 pM) is
similar to that reported for the P. pseudoalcaligenes protein
(350 wM), as are the enzymes’ K,, values for citramalate (80
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uM and 200 nM, respectively) (38). Both enzymes are highly
stereospecific, producing only p-malate.

The MJ0499/MJ1277 pair of proteins catalyzes the isomer-
ization of both a-isopropylmalate to B-isopropylmalate for
leucine biosynthesis and (R)-citramalate to B-methylmalate for
isoleucine biosynthesis. Similarly, the MJ0720 protein has both
isopropylmalate and B-methylmalate dehydrogenase activities.
The IPMDH,;; is 44% identical to the crenarchaeal homolog
from a Sulfolobus sp. (34). The two proteins have similar ki-
netic parameters for the oxidative decarboxylation of p-malate,
although the Sulfolobus enzyme has a 20-fold-lower K,, for
B-isopropylmalate (Table 3). Therefore the latter two enzymes
of the isopropylmalate pathway appear to be broadly specific
for acids with substitutions of short-chain aliphatic compounds.

The only enzymes specific to the isopropylmalate pathway or
the pyruvate pathway to 2-oxobutyrate are the IPMS and CMS.
An isoleucine auxotroph (a threonine dehydratase mutant) of
Serratia marcescens could be grown in minimal medium sup-
plemented with citramalate or citraconate (25). This observa-
tion confirms the broad specificity of that bacterium’s IPMI
and IPMDH enzymes. The S. marcescens IPMS catalyzes
citramalate synthesis with only a sevenfold-lower specificity
constant than that for a-isopropylmalate synthesis (26). There-
fore it is not surprising that genetic selection using the S.
marcescens threonine dehydratase mutant identified a rever-
tant strain that evolved the pyruvate pathway to 2-oxobutyrate.
Compared to wild-type S. marcescens this mutant had in-
creased IPMS activity due to reduced feedback inhibition by
leucine (25). These experiments demonstrate how readily the
pyruvate pathway to 2-oxobutyrate can evolve, upon mutation
or duplication and functional divergence of an IPMS gene. The
specialized CMS from M. jannaschii no longer catalyzes iso-
propylmalate synthesis, even though it is 50% identical to that
organism’s IPMS protein (21).

The spirochetal pathogen Leptospira interrogans uses the
pyruvate pathway to 2-oxobutyrate exclusively, while sapro-
phytic Leptospira spp. have both threonine dehydratase and
citramalate synthase enzymes (7, 46). Although the presence of
a CMS in L. interrogans was previously interpreted as evidence
for the early divergence of the Leptospiraceae in the bacterial
lineage (43), that CMS is more closely related to bacterial
homologs in Bacteroides thetaiotaomicron and Flavobacterium
johnsoniae than it is the methanogen CMS (data not shown).
Therefore the pyruvate pathway to 2-oxobutyrate probably
evolved in the Leptospiraceae by the acquisition of a CMS gene
that displaced an ancestral threonine dehydratase gene. For
cells without an exogenous source of threonine, the pyruvate
pathway requires fewer ATP equivalents to produce 2-oxobu-
tyrate.
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