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Isopropylmalate dehydrogenase (IPMDH) is the third enzyme specific to leucine biosynthesis in microor-
ganisms and plants, and catalyzes the oxidative decarboxylation of (2R,3S)-3-isopropylmalate to a-keto
isocaproate using NAD" as an oxidizing agent. In this study, a thia-analogue of the substrate was designed
and synthesized as an inhibitor for IPMDH. The analogue showed strong competitive inhibitory activity
with K; =62 nM toward IPMDH derived from Thermus thermophilus. Moreover, the crystal structure of
T. thermophilus IPMDH in a ternary complex with NAD* and the inhibitor has been determined at 2.8 A
resolution. The inhibitor exists as a decarboxylated product with an enol/enolate form in the active site.
The product interacts with Arg 94, Asn 102, Ser 259, Glu 270, and a water molecule hydrogen-bonding
with Arg 132. All interactions between the product and the enzyme were observed in the position asso-
ciated with keto-enol tautomerization. This result implies that the tautomerization step of the thia-ana-
logue during the IPMDH reaction is involved in the inhibition.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Isopropylmalate dehydrogenase (IPMDH, EC1.1.1.85) is the third
enzyme specific to leucine biosynthesis in microorganisms and
plants.? The enzyme catalyzes the oxidative decarboxylation of
(2R,3S)-3-isopropylmalate to a-ketoisocaproate using NAD* (Scheme
1) and requires a divalent metal ion, Mg?* or Mn?*, for its activity.
IPMDH belongs to the family of B-hydroxy acid oxidative decarboxy-
lases, which includes isocitrate dehydrogenase (ICDH)>~> and homoi-
socitrate dehydrogenase (Scheme 2a,b).57 Tartrate dehydrogenase®?
and malic enzyme'®!! are also classified in this family. With the
exception of malic enzyme, all the enzymes in this family recognize
each 2R-substrate that differs in the C3 substituent and are similar
in sequence, structure, and catalytic mechanism. Although malic en-
zyme recognizes the (S)-hydroxy acid, 1--malate, it is known that this
enzyme catalyzes by a similar reaction mechanism.

Among various B-hydroxy acid oxidative decarboxylases, Esche-
richia coli ICDH (EcICDH) has been extensively investigated in re-
gard to its catalytic mechanism and structure.'?"* The crystal
structures of wild-type EcICDH and its mutants have been eluci-
dated in a quaternary complex of isocitrate or product, NADP*
and metal jon.!21315-18

As to IPMDH, the crystal structures of IPMDH from Thermus ther-
mophilus,'®2° Thiobacillus ferrooxidans,? Bacillus coagulans,?? E. coli,>
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and Mycobacterium tuberculosis** have been reported. However, the
only complex structures reported to date are the binary complex of
IPMDH from T. thermophilus (TtIPMDH) with NAD" and the structure
of IPMDH from T. ferrooxidans (TfIPMDH) in the binary complex with
the substrate, isopropylmalate.?®2! The binary complex structure of
TtIPMDH adopts a partially closed conformation in two domains,
while apo-TtIPMDH has an open conformation. The results of small
angle X-ray scattering analysis suggest that the ternary complex with
a substrate and a cofactor adopts a fully closed conformation.?> Com-
pared with other B-hydroxy acid oxidative decarboxylases, there is
only limited data available for the reaction mechanism of IPMDH,
and information on the catalytic residues and other details are lacking.
There is thus an immediate need for clarification of the structure of
IPMDH in the complete complex with the substrate and NAD* in order
to elucidate the mechanism of substrate recognition and the reaction
mechanism.

In the present study, we report the design and synthesis of a sul-
fur-induced substrate analogue, (25,3S)-(—)-3-methylmercaptoma-
lic acid, as a potent inhibitor of TtIPMDH on the basis of the previous
study designing and synthesizing for a homoisocitrate dehydroge-
nase inhibitor.? The resulting thia-analogue shows strong inhibi-
tion activity against TtIPMDH. Furthermore, we have determined
the crystal structure of TtIPMDH complexed with the thia-analogue
and NAD". The structure contained a decarboxylated product in the
active site, which indicates that the tautomerization step of the thia-
analogue during the IPMDH reaction is involved in the inhibition.
Based on a comparison with the structure of TFIPMDH in complex
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Scheme 1. Reaction catalyzed by IPMDH.
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Scheme 2. Other p-hydroxy acid oxidative decarboxylases.

with isopropylmalate and the quaternary complex of ICDH, we also
discuss the protein conformational change during the reaction and
IPMDH reaction mechanism.

2. Results and discussion
2.1. Inhibitor design and synthesis

Various inhibitors of IPMDH have been developed by us and
others.?’~3% In particular, O-isobutenyl and O-methyl oxalylhydr-
oxamate were reported to be highly potent inhibitors against Sal-
monella IPMDH (K; =31 and 15 nM, respectively).>® O-Isobutenyl
oxalylhydroxamate exhibits herbicidal activity, since it inhibits
the leucine biosynthesis in plants.> The hydroxamates could be
deprotonated (because of the acidic amide NH group), and then
the deprotonated form, which mimics the intermediary enolate
of the IPMDH reaction, could be bound to the enzyme active site.

Recently, we reported a highly potent inhibitor, thiahomoisoci-
trate (Scheme 3a), for homoisocitrate dehydrogenase (HICDH) de-
rived from Saccharomyces cerevisiae.2® It is well known that
substitution of a heteroatom such as sulfur and oxygen at the o-po-
sition of a ketone enhances the acidity of a-carbon and increases the
stability of its enolate form.>”® Thus, the anticipated inhibition
mechanism of the thia-substrate analogue was as follows: once
the thia-substrate analogue has been accepted by HICDH and the
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Scheme 3. Sulfur substituted analogues. (a) Thiahomoisocitrate. (b) Synthesis of
(25,35)-(—)-3-methylmercaptomalate.

enzyme reaction proceeds, the stability of the intermediary enolate
(or enol) would be increased by hetero-atom substitution and the
enolate intermediate might reside in the active site. This was found
to be the case. Thiahomoisocitrate showed strong competitive inhib-
itory activity with K; = 97 nM. The design for the tight-binding inhi-
bition was accomplished by a rather simple substitution of
homoisocitrate, so that we expected a similar replacement into iso-
propylmalate could yield a potential inhibitor of IPMDH.

Based on this idea, we designed and synthesized (2S,3S)-(—)-3-
methylmercaptomalate by introduction of a sulfur atom to the C3
position of malate as a potential inhibitor for IPMDH. Since IPMDH
shows broad substrate specificity toward 3-alkylmalate, a thia-
analogue was expected to be recognized by the enzyme. Thus,
the thia-analogue was prepared by a similar method as in the case
of thiahomoisocitrate, as shown in Scheme 3b. By this procedure,
(25,3S)-(—)-3-methylmercaptomalate was obtained in 57% yield
from (2R,3R)-epoxysuccinic acid.

2.2. Inhibitory activity

The synthesized analogue was subjected to reaction with
TtIPMDH as described previously.?® The reactions were monitored
by measuring the formation of NADH from NAD*, and the Kinetics
was analyzed by a double-reciprocal plot. While the thia-analogue
showed very low substrate activity, this compound was found to
act as a strong competitive inhibitor (K; =62 nM), as anticipated.
These results indicate that the thia-analogue binds to the active
site, and the sulfur-substitute analogue is an effective inhibitor
for B-hydroxy acid oxidative decarboxylases in general.

In order to elucidate the effect of other heteroatoms, we also syn-
thesized and examined both the oxa-analogue and aza-analogue,
but these analogues showed only moderate substrate activity and
weak inhibition activity (data not shown). These results are well
consistent with the fact that substitution by sulfur is known to be
more effective for stabilization of enolate rather than oxygen and
nitrogen.>® Although similar inhibitors of isocitrate dehydrogenase,
3-mercapto-2-ketoglutarate, and 3-methylmercapto-2-ketoglutar-
ate, have been achieved by heteroatom substitution, details of their
inhibition mechanisms have not yet been discussed.>®

These results strongly suggest that an enol/enolate intermedi-
ate during the IPMDH reaction is committed to this inhibition. In
order to gain insights into the inhibition mechanism, we carried
out a crystallization study of TtIPMDH in complex with the inhib-
itor and NAD".

2.3. Overall structure of the TtIPMDH-inhibitor-cofactor
complex

It is known to be difficult to obtain a crystal of IPMDH in com-
plex with a substrate and a cofactor,? since soaking with even sub-
strate alone can easily break the TtIPMDH crystals. Indeed, we also
attempted soaking experiments, but the crystal broke in the pres-
ence of a high concentration of the thia-analogue inhibitor
(>150 uM). Thus, TtIPMDH was co-crystallized with the inhibitor,
and NAD" and tetragonal crystals suitable for X-ray analysis were
obtained by this method.
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The X-ray structure of the ternary complex was solved by
molecular replacement-phasing against data to 2.80 A. The overall
structure of the ternary complex is shown in Figure 1. The obtained
ternary complex of TtIPMDH is a dimer of identical subunits that
consists of two distinct domains, domain 1 and domain 2. Domain
1 is composed of four o helices, seven B strands, and a protruding
arm-like region that forms the inter-subunit B sheet. Domain 2
contains seven o helices, five B strands, and both the N and C ter-
mini. As can be seen from the 2F, — F. density map in Figure 2, the
inhibitor is bound in the cleft between domain 1 and domain 2 of
both active sites of dimer. Interestingly, the inhibitor was con-
verted into a decarboxylated compound by the enzyme reaction.
Although an essential magnesium ion was added to the crystalliza-
tion solution, no metal was found around the product in the active
site.

The NADH molecule is located on the side of domain 2, which is
the same position as that of NAD* in the TtIPMDH-NAD* complex.?°
The nicotinamide mononucleotide moiety of NADH in this ternary
complex was disordered, and thus its structure could not be deter-
mined. In the previous report, although the nicotinamide ring of
NAD" in the TtIPMDH-NAD" complex was assigned, it showed a high
B-factor and its density was very weak. In addition, in the EcICDH
quaternary complex analysis, the phosphate backbone and the nico-
tinamide ring of the NADP* molecule in the binary complex were
unobservable, while the cofactor in the quaternary complex of isoci-
trate, NADP*, and Ca?* was well-ordered. Therefore, the cofactor
would only be oriented appropriately in the presence of the sub-
strate and the metal ion.

The structure of apo-TtIPMDH is known to adopt an open confor-
mation,'® while the TtIPMDH-NAD"* complex structure shows a par-
tially closed conformation (Fig. 1b). Although the ternary complex
structure was expected to adopt a fully closed conformation by in-
duced-fit,?® it was found to exist in a partially closed conformation
that is similar to the TtIPMDH-NAD* complex with an average
root-mean-squared difference (rmsd) for 350 Co atoms of 0.32 A.
However, the positions of residues 50-62, 77-99, and 306-316 are
shifted in the ternary complex relative to their locations in the binary
complex. In particular, both the main chain and side chain of resi-
dues 77-99, which interact with the nicotinamide ribose and the
decarboxylated product, showed significant conformational change.

In this structure, no magnesium ion exists in the active site de-
spite the fact that the ion is essential for the enzyme reaction,
although the structures of other B-hydroxy acid oxidative decarbox-
ylases in complex with a decarboxylated product contain a divalent
ion.*>#* After oxidative decarboxylation, the coordinated magne-
sium ion would be released while the formed stable enol product

arm-like region

s /
VN

‘/decarboxylated product

b Arg 132
Asn 102 a1k
Ser259  [3sA M0
35A7_ ¢
Glu 270

Figure 2. The decarboxylated product resulting from the inhibitor bound to
TtIPMDH. (a) 2F, — F. Density map in the active site (contour level 1c). The
decarboxylated product is shown as a stick model, colored according to atom types
(carbon cyan, oxygen red, and sulfur yellow). (b) Schematic drawing of the product-
binding site.

and NADH reside in the active site in the ternary complex. Thus,
the decarboxylated enol product may not cause strong interaction
with the magnesium ion. Consequently, it seems likely that when
a cofactor, substrate, and divalent metal ion are bound in the active
site, TtIPMDH adopts a closed conformation. After the magnesium
ion release, the enzyme may not be able to keep a closed conforma-
tion. Therefore, a closed conformation of TtIPMDH may turn to a par-
tially closed conformation, as observed in the present study.
Conformational change as a result of binding a product was
observed in other B-hydroxy acid oxidative decarboxylases. In

Figure 1. Overall structure of the TtIPMDH-inhibitor complex. (a) Schematic drawing of the monomer of the TtIPMDH-inhibitor complex. The B strands are shown in pink, o
helices in cyan, and the connecting loops in light pink. The NAD* bound to the enzyme and the decarboxylated product in the active site are shown as stick models, colored
according to the atom types (carbon green, oxygen red, nitrogen blue, sulfur yellow, and phosphorus orange). (b) Schematic drawing of the dimer of the enzyme. (c)
Superimposition of the TtIPMDH ternary complex (cyan) onto the apo-TtIPMDH structure (pink, PDB entry 1IPD) and the quaternary complex of ECICDH (orange, PDB entry

1AI2).
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EcICDH, while the apoenzyme can adopt both an open and a closed
conformation, the complex structures with a substrate and/or a
cofactor are in the closed form that is remarkably similar to that
of the apoenzyme.!21549-42 However, the complex which bound
the decarboxylated product (o-ketoglutarate), Ca%*, and NADPH
showed a conformational change involved in the active side resi-
due,*® and thus it is clear that the conversion of the substrate to
the product induces large movement.

2.4. Inhibitor binding site and inhibition mechanism

The decarboxylated product resulting from the inhibitor is
located in the back of the cleft that is suggested to be the active
site. It is found that the oxidation of the thia-analogue by NAD*
proceeds and that the inhibition is caused by slow reaction after
the decarboxylation, because the decarboxylated product resides
in the specific site. The electron density of the decarboxylated
product showed a planar shape. Thus, it seems likely that most
of the product exists in the form of enol/enolate rather than the
keto form (Fig. 2). The occupancy of the product was estimated
to be 60%. However, as the inhibitor concentration in co-crystalli-
zation was increased in order to obtain higher occupancy, the res-
olution of crystal decreased, and thus we could not increase the
concentration of the inhibitor to more than 1 mM.

The product-binding site is formed by Arg 94, Asn 102, Arg 104,
Arg 132, Leu 134, Ser 259, Ser 261, Glu 270, and Val 272. Most of
these residues are located within the van der Waals distance of
the product. Interestingly, no residue forms a direct and strong
hydrogen bond with the product despite the tight binding of the
inhibitor. Only one water molecule is found at 3.3 A apart from
the o position of the product. Arg 132 is located in a position to
bind this water molecule via weak hydrogen-bonding ( Fig. 2b).
Four residues, Arg 94, Asn 102, Ser 259, and Glu 270, interact with
the enol/enolate oxygen atom of the product via weak hydrogen-
bonding. Thus, the main interaction between the product and en-
zyme seems to be the van der Waals interaction. These interactions
induce the formation of a product-binding pocket in the active site,
thereby trapping the product.

All the observed interactions with the product seem to be in-
volved in the keto-enol tautomerization, which implies that the tau-
tomerization step of the decarboxylated product is due to the
inhibition. This tautomerization step may be a very slow reaction,
since the intermediary enol/enolate of the thia-analogue is stable.
Although the product resides in this ternary complex structure, the
inhibitor is not an irreversible inhibitor but a reversible inhibitor be-
cause it shows competitive inhibitory activity. Thus, the product
could be slowly released from the active site. Further, the decarbox-
ylated product might exist in the enol form rather than the enolate
form because stabilization of the enolate form by electrostatic inter-
action or strong hydrogen-bonding interaction with the enzyme res-
idue could not be observed except weak hydrogen-bonding.

Although the decarboxylated product resulting from the inhib-
itor was trapped in the active site without release, the product ap-
pears to move slightly to the back of the cleft compared with the
position of isopropylmalate of the binary complex of TfIPMDH,?!
as shown in Figure 3. On the other hand, in the EcICDH quaternary
complex, o-ketoglutarate is located in nearly the same position as
the substrate. y-Carboxylate of a-ketoglutarate forms hydrogen-
bonding interactions with Ser 113, and a metal ion is bound with
the a-ketoglutarate carboxyl oxygen and a-carbonyl oxygen. How-
ever, in the ternary complex structure of TtIPMDH, the interaction
between the product and residues is probably caused by a van der
Waals interaction, and the strong interactions found in the EcICDH
quaternary complex as mentioned above are absent. Thus, the
product is likely to be located in a unique binding site that is
slightly different from the original substrate-binding site.

Figure 3. Superimposition of the TtIPMDH ternary complex active site residues
(cyan) onto the binary complex of TfIPMDH residues (pink, PDB entry 1A05) and
onto the quaternary complex of EcICDH residues (green, PDB entry 1AI2).
Magnesium ion (orange) is coordinated to isopropylmalate. Calcium ion (yellow)
is coordinated to isocitrate.

All residues interacted with the product, Arg 94, Asn 102, Arg
132, Ser 259, and Glu 270, are conserved in IPMDHs from several
origins. Given the active site of the ternary complex can be super-
imposed on that of the quaternary complex of ECICDH'> and the
binary complex of TfIPMDH (Fig. 3), Arg 132 is firmly considered
to recognize the C3 carboxylate of the substrate in the IPMDH reac-
tion. Arg 94 may participate in the substrate recognition; however,
Asn 102, Ser 259, and Glu 270 appear to be far away from the sub-
strate. Although these residues may not act as a catalytic residue in
the enzyme reaction directly, they could be involved in the deliv-
ery of a proton from catalytic residues.

3. Conclusions

The thia-analogue of a substrate, (2S5,35)-(—)-3-methylmercap-
tomalate, was designed and synthesized as a potential inhibitor
for IPMDH. This compound showed strong competitive inhibitory
activity toward TtIPMDH. We also determined the crystal structure
of TtIPMDH in complex with the thia-analogue and NAD*, which is
the first example of a ternary complex structure of IPMDH. The
structure showed a decarboxylated product in the active site,
which indicated that the tautomerization step of the thia-analogue
during the IPMDH reaction was involved in the inhibition.

Further, the structure including the decarboxylated product
showed a partially closed conformation, which is slightly different
from the binary complex structure with NAD" in the active site.
Given the positional relationship between the product and cata-
lytic residues, it is suggested that the enzyme reaction of TtIPMDH
proceeds with conformational change step by step. These results
should provide new insight into the reaction of IPMDH, and thus
the development of this type of inhibitor may help to clarify the
reaction mechanism of these enzymes.

4. Experimental
4.1. General
All chemicals were obtained commercially and used without

further purification unless otherwise stated. (2R,3R)-Epoxysuccinic
acid was purchased from Wako Chemicals. Dry CH3CN were pre-
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pared by distillation from P,0s. 'H and '>C NMR spectra were re-
corded on a JEOL LA-400 spectrometer. IR spectrum was recorded
on a Horiba FT-710 Fourier-transform infrared spectrometer. Ele-
mental analysis was performed with a Perkin-Elmer 2400 appara-
tus. Column chromatography was carried out with a Merck
Kieselgel 60 (70-230 mesh; Merck). Enzyme reactions were mon-
itored by measuring the NADH absorption at 340 nm on a Shima-
dzu UV-2450 UV-Vis recording spectrometer.

4.2. Synthesis of (25,35)-(—)-3-methylmercaptomalate

To a solution of (2R,3R)-epoxysuccinic acid (1.00 g, 7.57 mmol)
in distilled water (21 ml) was added 3.0 M of aqueous sodium
hydroxide until pH 7. Then, 15% solution of sodium methylthiolate
(8.84 ml, 18.9 mmol) was added at 0°C. Then, acetic acid was
added until pH 10. The mixture was stirred for 10 h at 40 °C. The
solution was evaporated and the residue was chromatographed
over ion-exchanged resin (DEAE Sephadex A-20, 0-2.0 M formic
acid). Recrystallization from acetonitrile gave (2S5,3S)-(—)-3-meth-
ylmercaptomalate (780 mg, 57%): IR (KBr): 3498, 3430, 2856,
1693 cm™!; mp 183 °C; 'H NMR (D,0) & 4.47 (d, J=6.0 Hz, 1H),
3.73 (d, J=6.0Hz, 1H), 2.10 (s, 3H); 3C NMR (D;0) § 1754,
173.7, 71.7, 52.1, 15.0; Anal. Calcd for CsHgOsS: C, 33.33; H, 4.48;
S, 17.80, Found: C, 33.57; H, 4.78; S, 18.00; [0J3’ —54.0 (c 1.0, H,0).

4.3. Inhibition assay

The thermophilic IPMDH derived from T. thermophilus HB8
(TtIPMDH) was prepared and purified as described previously.*®
Kinetic measurements were performed at 60 °C in an assay mix-
ture (total 700 pl) containing 50 mM Hepes-NaOH (pH 7.8),
100 mM KCl, 5.0 mM MgCl,, and 5.0 mM NAD". A reaction mixture
including TtIPMDH (0.1 pg) and IPM (3.3-20 uM) or the alternative
analogues was pre-incubated for ca. 3 min, and the reaction was
started by addition of NAD" to the reaction mixture. The formation
of NADH was measured at 340 nm for 10 s. Data were graphically
analyzed by Lineweaver-Burk double-reciprocal plots, and the
kinetic parameters were estimated by Hanes plots or Dixon plots.

4.4. Crystallization, data collection and molecular replacement

A solution of TtIPMDH was concentrated to 15 mg/ml in 5 mM
Hepes-NaOH at pH 7.5. Co-crystallization of TtIPMDH, the thia-
analogue inhibitor, and NAD* was performed by vapor diffusion
using sitting drops of the crystallization solution at 20 °C. A 5-pl
droplet of 15 mg/ml protein solution containing 1 mM of the inhib-
itor, 1 mM MgSO,4, and 2 mM NAD* was mixed with the same
amount of reservoir solution (4.0 M sodium formate) and the mix-
ture was equilibrated against 1 ml reservoir solution. Tetragonal
crystals were obtained in 1-3 weeks. Prior to data collection, crys-
tals were transferred to fresh drops containing reservoir solution
supplemented with 1 mM inhibitor, 1 mM MgS0O,4, 2 mM NAD®,
and 30% (v/v) PEG400 and flash-cryocooled by transfer directly into
a cold stream of nitrogen gas (100 K). Diffraction data were col-
lected on a Mar225 CCD detector at beamline BL26B2 (SPring-8,
Japan) by using a mail-in data collection system with the approval
of RIKEN (Proposal No. 20080020). Data were processed with the
HKL-2000 processing suite.*® The crystal belongs to space group
P6:22 (a=103.5A and c=186.4 A). The asymmetric unit contains
one protein molecule and 69% solvent. The crystallographic statis-
tics are given in Table 1. The ternary complex structure was solved
by molecular replacement using MOLREP*’” with the TtIPMDH-
NAD" complex (PDB entry 1HEX) as a search model. Model build-
ing and refinement were carried out with Coot*® and REFMAC5.4”
The final models were refined to 2.79 A with Ruork and Reee values
of 0.197 and 0.250, respectively. The final refinement statistics are

Table 1
Summary of crystallographic statistics

TtIPMDH complex

Data collection
Wavelength (A) 1.00

Resolution range (A) 89.80-2.79
Observed reflections 270,793
Unique reflections 15,395
Ifa(I) 6.6

Rmerge (%)a 121
Refinement

Resolution range (A) 89.80-2.79
Rwork (%) (No. of reflections) 19.7 (14,551)
Reree (%) (No. of reflections) 25.0 (728)
Rmsd bond length (A)/angle (°) 0.015/1.65
Average B-factors (A?) 33.7

Main chain 33.0

Side chain 34.4
Solvent 29.1
Ligands 33.2

? Rmerge = Znit Zi [li(hkl) — (IChkD))|/Zpi Li(hkl), where is the ith intensity mea-
surement of reflection hkl, including symmetry-related reflections, and (I(hkl)) is its
average.

given in Table 1. Molecular graphic figures were created using Py-
MOL.*® The coordinates have been deposited in the Protein Data
Bank (2ZTW).
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