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Homoisocitrate dehydrogenase (HICDH) is involved in
the a-aminoadipate pathway of lysine biosynthesis in
some bacteria and higher fungi, and catalyses the oxi-
dative decarboxylation of (2R,3S)-homoisocitrate into
2-ketoadipate using NAD™' as a coenzyme. In this
study, the crystal structure of Thermus thermophilus
HICDH in a binary complex with a designed inhibitor,
(28,3S5)-thiahomoisocitrate, has been determined at
2.6 A resolution. The inhibitor observed as a decar-
boxylated product interacts through hydrogen bonding
to Arg 118, Tyr 125 and Lys 171 in the active site. The
induced fitting was also observed around the region
consisting of residues 120—141, which shifted up to
2.8 A towards the active site. In addition, it was
found that the complex structure adopts a closed con-
formation in two domains. While the structure of apo-
HICDH shows that a catalytic residue Tyr 125 and
Arg 85 that engages in substrate recognition are flipped
out of the active site, these residues turn towards the
active site in the complex structure. The results re-
vealed that they directly interact with a substrate and
are involved in catalysis or substrate recognition.
Furthermore, by comparing the binary complex with
the quaternary complex of Escherichia coli isocitrate
dehydrogenase, the substrate recognition mechanism
of HICDH is also discussed.

Keywords: a-aminoadipate pathway/crystal structure/
homoisocitrate dehydrogenase/inhibitor/lysine
biosynthesis.

Abbreviations: AIDS, acquired immune
deficiency syndrome; NAD, nicotinamide adenine
dinucleotide.

L-Lysine is an essential amino acid for human and ani-
mals, and is biosynthesized de novo in bacteria, lower
eukaryotes and plants. Human pathogenic fungi such
as Candida albicans, Cryptococcus neoformans and
Aspergillus fumigatus represent a major health threat
for patients with cancer, transplant patients and
AIDS patients undergoing immunosuppressive treat-
ment. These fungi as well as the plant pathogen
Magnaporthe grisea, utilize the o-aminoadipate path-
way for L-lysine biosynthesis (/). Since this pathway is
unique for these organisms, enzymes involved in this
pathway are considered to be a potential target for new
anti-fungal drugs (2).

Homoisocitrate dehydrogenase (HICDH, EC 1.1.1.87)
is involved in the a-aminoadipate pathway (3), and cata-
lyses the conversion of homoisocitrate (HIC) to
2-ketoadipate through the oxidation of a hydroxyl
group by nicotinamide adenine dinucleotide (NAD™),
subsequent decarboxylation and final protonation of
the enolate as shown in Fig. 1. HICDH is a member
of the family of B-hydroxy acid oxidative decarboxyl-
ases (4), which includes isocitrate dehydrogenase
(ICDH), isopropylmalate dehydrogenase (IPMDH)
and tartrate dehydrogenase. These enzymes recognize
each 2 R-substrate that differs in the C3 substituent and
are similar in sequence, structure and catalytic
mechanism.

HICDH is known to have different substrate speci-
ficity depending on species. For example, HICDHs
from Schizosaccharomyces pombe and Saccharomyces
cerevisiae utilize only HIC as a substrate (5, 6).
However, HICDH from Deinococcus radiodurans cata-
lyses the oxidation of HIC, isocitrate and isopropylma-
late (7). Methanococcus jannaschii HICDH accepts
(homo),isocitrate (=1, 2 and 3), but recognizes nei-
ther isocitrate nor 3-isopropylmalate as a substrate (8).
HICDH from Thermus thermophilus (TtHICDH)
shows distinctive substrate specificity and can recog-
nize isocitrate as a substrate at 20-fold higher efficiency
than it does the native substrate, HIC (5).

The structures of HICDH have been reported only
in wild (9) and its mutant (/0) of apo-TtHICDH. The
native structure showed that a catalytic residue Tyr 125
is flipped out of the active site. This tyrosine is con-
served among P-hydroxy acid oxidative decarboxy-
lases. In crystal structures of other B-hydroxy acid
oxidative decarboxylases such as IPMDH from
Thiobacillus  ferrooxidans (11) and ICDH from
Escherichia coli (EcCICDH) (12), the tyrosine extends
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Fig. 1 Enzyme reaction of HICDH and structure of thiahomoisocitrate.

its side chain towards the substrate to function as the
general acid that protonates the substrate after decarb-
oxylation (4). In HICDH, it is considered that the tyro-
sine might interact with a substrate; however, its
structural evidence has not been obtained so far even
though a substrate, HIC or isocitrate was added to the
crystallization solution (9). In addition, it is difficult to
understand a reaction mechanism or substrate recog-
nition of an enzyme from only the structure in the
apo-from. There is thus an immediate need to clarify
the structure of HICDH in complex with a substrate
and/or a cofactor.

We have previously developed a racemic thiahomoi-
socitrate for HICDH from S. cerevisiae as a strong
inhibitor (/3). In this study, a chiral (2S5,3S)-thiaho-
moisocitrate was synthesized for co-crystallization
with HICDH, and the crystal structure of TtHICDH
in a binary complex with this inhibitor was successfully
determined at a resolution of 2.6 A. In this structure, a
decarboxylated product from the inhibitor was found
to be tightly bound to residues in the active site of the
structure. Furthermore, a conformational change in
the loop of residues 121—128 was observed, and Tyr
125 extended its side chain towards the product. Also,
we discuss the substrate recognition mechanism based
on a comparison with the structure of ICDH in com-
plex with a substrate and a cofactor.

Materials and Methods

Synthesis of (2S,3S)-(-)-thiahomoisocitrate

To a solution of (2R,3R)-epoxysuccinic acid (1.00g, 7.57 mmol) in
distilled water (25ml) was added 3.0 M of aqueous sodium hydrox-
ide until pH =12. Then, thioglycolic acid (578 ul, 8.33 mmol) was
added. The mixture was stirred for 10h at 80°C. The solution was
evaporated and the residue was chromatographed over ion-
exchanged resin (DEAE Sephadex A-20, 0-3.0M formic acid).
Recrystallization by acetone-CHCl; gave (2S5,35)-(-)-thiahomoisoci-
trate (721 mg, 42%): IR (KBr): 3259, 1733, 1701 cm™'; m.p. 155°C;
"H NMR (D,0) & 4.47 (d, J=5.1Hz, 1H), 3.91 (d, J=5.1 Hz, 1H),
3.45(d, J=16.4Hz, 1H), 3.40 (d, J=16.4 Hz, 1H); >*C NMR (D,0)
8 175.3, 174.7, 173.5, 72.0, 51.5, 34.4; Anal. Calcd for C4HgO+S: C,
32.14; H, 3.60; S, 14.30, Found: C, 31.95; H, 3.78: S, 14.52, [¢] **p-53
(¢=1.0, H,0).
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Expression and purification

The HICDH gene was amplified by PCR from the genome of
T. thermophilus HB8 with primers, thicdh-F (5-GACATATGGCG
TACCGGATCTGC-3') and thicdh-R (5-TGAATTCTACAGGCT
CTTGAGCG-3'). PCR conditions: 1 cycle at 94°C for Smin fol-
lowed by 40 cycles of 94°C for 30s, 55°C for 30s and 68°C for
1 min using KOD-plus DNA polymerase (TaKaRa). The introduced
Ndel site and EcoRI site are indicated by solid and dashed under-
lines, respectively. The amplified fragments were digested with
EcoRV and EcoRI, and were cloned into LITMUS28 (New
England Biolabs) to give LITMUS28-thicdh. After the nucleotide
sequence was verified, the Ndel—EcoRI fragment of the resulting
plasmid was subcloned into the corresponding site of pET30a
(Novagen) to give pET-thicdh. The pET-thicdh was transformed
into E. coli Rosetta (TaKaRa) for overexpression. TtHICDH was
purified by the method described previously (5).

Inhibition assay

Kinetic measurements were performed at 60°C in an assay mixture
(total 700 pl) containing 50 mM HEPES—NaOH (pH 7.8), 200 mM
KCI, 5.0mM MgCl,, and 1.0mM NADT. A reaction mixture
including TtHICDH (10 pg/ml) and HIC (30—1000 pM) and the in-
hibitor was pre-incubated for ~5min, and the reaction was started
by addition of NAD™" to the reaction mixture. The formation of
NADH was measured at 340nm for 20s. The kinetic parameters
were estimated by Hanes plots or Dixon plots.

Crystallization, data collection and molecular replacement

A solution of TtHICDH was concentrated to 60 mg/ml in SmM
Tris—HCI at pH 7.8. Co-crystallization of TtHICDH with the thia-
homoisocitrate and NAD™ was performed by vapour diffusion using
sitting drops of the crystallization solution at 20°C. A 2 ul droplet of
9.8 mg/ml protein solution containing 0.8 mM of the inhibitor and
1.7mM NAD™ mixed with the same amount of reservoir solution
was equilibrated against 1 ml reservoir solution (40% MPD and
100 mM citrate pH 4.85). Square plate-shaped crystals were obtained
in 2 weeks. Prior to data collection, crystals were transferred to fresh
drops containing reservoir solution supplemented with 0.5mM in-
hibitor, 0.5mM NAD™ and 42% (v/v) MPD and flash-cryocooled
by transfer directly into a cold stream of nitrogen gas (100 K).
Diffraction data were collected on a Jupiter 210 CCD detector at
beamline BL26B1 (SPring-8, Japan) (/4) using a mail-in data collec-
tion system with the approval of RIKEN (Proposal No. 20080020).
Data were processed with the HKL-2000 processing suite (/5). The
resulting crystal belongs to space group C2 (a=221.0A, b=93.70 A,
¢=288.80A and p=97.68 A). The asymmetric unit contains four
protein molecules and 61% solvent. The crystallographic statistics
are given in Table 1. The complex structure was solved by molecular
replacement using MOLREP (/6) with the TtHICDH structure
(PDB entry 1X0L) as a search model. Model building and refinement
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Table I. Summary of crystallographic statistics.

TtHICDH complex

Data collection

Wavelength (A) . 1.00

Resolution range (A) 44.0-2.60

Observed reflections 270793

Unique reflections 55139

I/o (1) 5.7 (2.5)

Rinerge (%) 11.5 (40.6)

Data completeness (%) 99.8 (99.3)

Redundancy 3.6 (3.2)
Refinement .

Resolution range (A) 44.0-2.60

Ryork (%), (number of reflections) 16.9 (52 340)

Riree (%), (number of reflections) 23.1 (2799)
R.m.s.d. bond length (A)/angle (°) 0.014/1.57
Average B factors (A% 33.5
Main chain 32.6
Side chain 34.3
Solvent 334
Ligands 33.5

Values in parentheses are for the highest resolution shell.
*Rnerge = St i | 1hkl) — <I(hkl)>| | 3y, %; I(hkl), where I(hkl) is
the ith intensity measurement of reflection /k/, including
symmetry-related reflections, and </(hkl)> is its average.

were carried out with Coot (/7) and REFMACS (18). The final
models were refined to 2.60 A with Ry and Rye. values of 0.169
and 0.231, respectively. The final refinement statistics are given in
Table I. Molecular graphic figures were created using PyMOL (/9).
The coordinates have been deposited in the Protein Data Bank
(3AS)).

Results

Inhibitor activity and structural changes by

inhibitor binding

The chiral thiahomoisocitrate was synthesized accord-
ing to the previously reported method (/3) using
(2R,3R)-epoxysuccinic acid as a starting material.
The synthesized (2S,3.5)-thiahomoisocitrate was sub-
jected to reaction with TtHICDH. The reactions were
monitored by measuring the formation of NADH
from NAD™. As a result, this compound appeared to
act as a competitive inhibitor (K;= 13 uM). Comparing
this result with the K, value for HIC (7.5mM) (95),
(28,3S)-thiahomoisocitrate was shown to have a
strong inhibitory activity against TtHICDH.

We next carried out co-crystallization screening with
the enzyme, the inhibitor and NAD™ and obtained cry-
stals suitable for X-ray analysis. The X-ray structure of
the binary complex was solved by molecular replace-
ment phasing against data to 2.60 A. The overall struc-
ture of the complex is shown in Fig. 2A. The overall
tetramer assembly is almost same with the reported
native structure (9); however, the inhibitors was ob-
served as a decarboxylated product in each active site
of three subunits, and the significant conformational
change caused by binding to the inhibitor was found.

Superimposition of the native and the complex struc-
ture of TtHICDH is shown in Fig. 2B. One difference
is related to the open—close movement in the two do-
mains, that is, the complex structure adopts a closed
conformation, which is similar to the closed conform-
ation of the structure of IPMDH from T. ferrooxidans

Structure of HICDH in complex with thiahomoisocitrate

in complex with a substrate (//). The other is the
induced fitting around a loop-containing region com-
posed of residues 120—141, which shifted up to 2.8 A
towards the active site. The catalytic residue, Tyr 125,
on the loop (residues 121—128) forms a hydrogen bond
to the carboxymethylthio group of the product in the
active site, while the residue is flipped out of the sub-
strate binding site in the structure of apo-TtHICDH.
Comparing the Ramachandran plot of the apo-
TtHICDH structure and the complex structure, the
backbone torsion angles (the ¢ and ¥ angles) of Glu
122, Gly 123, Tyr 125, Val 126 and Glu 127 vary con-
siderably. In particular, the ¢, ¥ angles of Gly 123
change from the allowed region for non-glycine resi-
dues in the Ramachandran plot (¢ =72.4°, v =24.5°)
to the forbidden region for non-glycine residues
(b =166.0°, y=—137.8°) in response to ligand binding.
The results indicate that Gly 123 might play a signifi-
cant role during the conformational change.

Active site structure

The decarboxylated product resulting from the inhibi-
tor is located in the cleft between two domains as
shown in Fig. 2C. This indicates that the oxidation
of the inhibitor by NAD™ proceeds and the inhibition
is caused by a slow reaction after the decarboxylation.
Each inhibitor showed a similar conformation. Most
products from the inhibitor existed in the form of enol/
enolate rather than the keto form although the product
in only subunit A seemed to exist in both the enol/
enolate form and the keto form. However, the con-
formations of the residues in the active site cleft, Arg
85, Arg 88, Asn 96, Arg 98, Arg 118, Tyr 125, Lys 171/,
Asp 204°, Asp 228 and Asp 232 (the primes indicate a
neighbour subunit), were similar across the subunits.
The product forms a hydrogen bond with the side
chains of Arg 85, Arg 88, Arg 118, Tyr 125 and Lys
171'. In particular, Tyr 125 and Lys 171" are tightly
bound to the carboxymethylthio group of the product.
Arg 118 binds through a hydrogen bond to the
hydroxyl group of the product, and Arg 98 interacts
with the C2 carboxylate group of the product. Only
Arg 85 in subunit D, which forms a hydrogen bond
to Glu 127, shows the different conformation with
others, turning outside of the active site.

In the structure of apo-TtHICDH, the side chains of
Arg 85 and Tyr 125 are directed away from the active
site even though it has been suggested that Arg 85 is
involved in the recognition of the substrate and that
Tyr 125 functions as a catalytic residue (5, 9). In the
complex structure, these residues interact with the
product which is similar to an original product,
a-ketoadipate, indicating that they are involved in
the enzyme reaction.

NAD" binding

Although NAD™ and an essential magnesium ion were
added to the crystallization solution, they were not
found anywhere. Recently, we have reported the crys-
tal structure of IPMDH from T. thermophilus
(TtIPMDH) in a ternary complex with NAD™ and a
designed inhibitor, (2.5,35)-(-)-3-methylmercaptomalic
acid which is a sulphur substituted substrate analog as
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Fig. 2 Structure of the TtHICDH—inhibitor complex. (A) Schematic drawing of the tetramer of the complex. (B) Superimposition of the
TtHICDH binary complex (green) onto the apo-TtHICDH structure (red, PDB entry 1X0L). The region indicated by the arrow is the loop
between Thr 120 and Val 141. Tyr 125 is drawn as a stick. (C) Omit map covering the inhibitor in the active site of subunit B (contour level 20)

and schematic drawing of the product-binding site.

well as thiahomoisocitrate (20). The inhibitor also
existed as a decarboxylated product in the ternary
structure of TtIPMDH. However, NAD" was defin-
itely present in this structure. Similarly, complex struc-
tures of ICDH derived from various species showed a
cofactor (NADP' or NAD™) tightly bound to the
enzyme (20—22). Thus, it seems that TtHICDH binds
weakly to cofactors compared with other B-hydroxy
acid oxidative decarboxylases although K, for
NAD™ was not determined using HIC as substrate,
and there is a possibility that the metal or the cofactor

610

might remain in the active site if crystals can be ob-
tained under higher pH condition.

Given the amino acid sequence alignment of
HICDHs and IPMDHs from various sources, amino
acid residues that interact with the adenine-ribose por-
tion of NAD" in TtIPMDH (23) are all conserved
between HICDHs. However, TtHICDH lacks a resi-
due corresponding to Asp 78 that interacts with the
nicotinamide ribose moiety of NAD™ in TtIPMDH.
Ile 84 in TtHICDH corresponds to Glu 87 bound to
the nicotinamide ribose moiety of NADT in
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TtIPMDH. Therefore, TtHICDH might have a weaker
affinity for NAD™ than TtIPMDH.

Discussion

Inhibition mechanism by thiahomoisocitrate

We previously proposed the inhibitory mechanism of
thiahomoisocitrate as follows (/3): once the thia-
substrate analogue is accepted by HICDH, the enzyme
reaction proceeds partially. The stability of the inter-
mediary enolate (or enol) is increased by sulphur sub-
stitution, and the enolate intermediate might reside
within the active site due to the slow tautomerization
step. As we expected, the complex structure shows that
the decarboxylated product resides in the active site,
which reveals that the inhibition is caused by the slow
reaction after decarboxylation. Because most of inhibi-
tors in the crystal structure are observed in the form of
enol/enolate, it seems that the stable enol/enolate prod-
uct is predominantly involved in the inhibition.

Actually, the product exists in the enol/enolate
form rather than the keto form in the structure of
TtIPMDH in complex with the thia-analogue inhibi-
tor, and all the observed interactions between the prod-
uct and residues in the active site are likely to be
involved in the keto—enol tautomerization (20).

On the other hand, in the complex structure of
TtHICDH, the enzyme interacts not only with the hy-
droxyl group of the enol/enolate product, but also with
the two carboxylic groups of the product. In particu-
lar, the strong interaction of the carboxymethylthio
group of the product with Tyr 125 and Lys 171’ was
observed. These hydrogen-bonding interactions would
prevent the product from being released at the active
site of TtHICDH. Thus, the complex structure sug-
gests that multiple factors such as the effect of the
stable enol/enolate and the hydrogen bonding between
two carboxylic groups of the product and residues are
engaged in the inhibitory mechanism (Fig. 3).

Implication for substrate recognition mechanism
ICDH is very similar to HICDH in amino acid se-
quence and substrate among the family of B-hydroxy
acid oxidative decarboxylases. Many complex struc-
tures of ICDH containing the structure in complex with
both a cofactor and a substrate were reported. Thus,
we compared the binary complex of TtHICDH to the
quaternary complex of ICDH from EcICDH (72).
The superimposition of the active site of the binary
complex of TtHICDH on that of the quaternary com-
plex of EcCICDH shows that both active sites are quite

(Tyr125)
HEs/IHIA HB}H
) H H ")
OchS:I:C% HIcOH ~ 0.C._8 )002'
Y
B_JHO 1-co; NA;DH gy O €O
pBEt 1Y v

(Lys171") NAD*

Fig. 3 Inhibition mechanism of thiahomoisocitrate against HICDH.
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Structure of HICDH in complex with thiahomoisocitrate

similar (Fig. 4A). The residues interacting with isoci-
trate in EcICDH are well conserved also in TtHICDH
except for Ser 113 and Asn 115 in EcICDH, which
recognizes the carboxymethyl group of isocitrate. Ser
113 corresponds to Gly 82 in TtHICDH based on
amino acid sequence alignments, and Asn 115 corres-
ponds to Ile 84 in TtHICDH, which is highly con-
served among HICDHs from various species.
However, the side chain of Arg 85 in TtHICDH is
located at the position of Ser 113 in EcICDH.
Previous mutation analysis has indicated that Arg 85
is one of the most important residues for substrate
recognition in TtHICDH (5). Arg 85 should partici-
pate in the recognition of the carboxyethyl group of
HIC as the corresponding residue to Ser 113 in
EcICDH.

The substrate recognition mechanism of TtHICDH
is suggested as shown in Fig. 4B. Previously, the results
of mutational studies have suggested that Tyr 125 and
Lys 171" function as a general acid—general base pair
(9, 24). In fact, these residues are bound to the product
strongly and seem to prevent the product from being
released at the active site. Tyr 125 is likely to interact
with the C3 carboxylate of HIC in the HICDH reac-
tion, and Lys 171’ may be bound to the hydroxyl group
of HIC.

As described above, HICDH is known to show dif-
ferent substrate specificity depending on species.
TtHICDH has a broad specificity for the C3 side
chain of the substrate (5). Indeed, it recognizes isoci-
trate as a substrate, in contrast to HICDHs from
S. pombe and S. cerevisiae which predominantly rec-
ognize HIC (6). Intriguingly, there is no residue that is
involved in the recognition of the carboxyethyl group
of HIC except Arg 85. Structural studies for [IPMDH
and ICDH have revealed that amino acid residues in a
loop between B-strand 3 and o-helix 4 are involved in
the substrate specificity of the enzymes of the
B-hydroxy acid oxidative decarboxylase family (/3,
25, 26). In case of TtHICDH, Arg 85 is located in a
loop between B-strand 3 and a-helix 4. The amino acid
residues in the loop between B-strand 3 and a-helix 4
are quite different between TtHICDH and S. cerevisiae
HICDH (ScHICDH). A mutation of TtHICDH,
which is altered into the same sequence as that of
ScHICDH in the loop, induced change of the substrate
specificity and the mutant recognized HIC rather than
isocitrate (5). In the complex of TtHICDH, most of the
loop region (from Pro 78 to Tyr 86) is located outside
the active site, and only Arg 85 participates in the
active site, which causes a relatively wide space in the

Tyr 125
Lys 171" .
:B/LL'IL
ozcvsl Very Slow 02C~_-S
_HO™ “COy gH ©° CO;
Arg 118~ 4
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vicinity of the carboxyethyl group of the substrate in
TtHICDH. These factors could cause the broad speci-
ficity of TtHICDH.

In addition, HICDH from D. radiodurans
(DrHICDH) also has broad substrate recognition
(7, 27). The residues in the active site are highly

B Arg 118
wr125
70 Ages
0,C. H
Lys 171 B s Arg 85
HO
Aap 223\_ i H “coy
Mg
Asp 204", 1 NAD*
Asp 232 Arg 98

Fig. 4 Proposed substrate recognition mechanism. (A)
Superimposition of the TtHICDH binary complex active site
residues (cyan and green) onto the quaternary complex of
EcICDH residues (yellow, PDB entry 1AI2). Calcium ion (pink)
is coordinated to isocitrate. The corresponding residues for the
EcICDH complex are shown in parentheses. (B) Schematic
drawing of proposed recognition mechanism.

conserved between TtHICDH and DrHICDH.
Comparing these enzymes (group A) with HICDHs
that have a high substrate specificity such as S. pombe
or S. cerevisiae HICDH (group B), the amino acid resi-
dues responsible for the recognition of the malate moiety
are conserved, but the residues involved in the recogni-
tion of the C3 side chain of the substrate (the loop be-
tween PB-strand 3 and a-helix 4) are different. The region
that differs between groups A and B is shown in Fig. 5.

The amino acid residues corresponding to Ser 113
and Val 116 in EcICDH are conserved in group B. The
isoleucine residue corresponding to Asn 115 (EcICDH)
is conserved in both groups. Therefore, the isoleucine
residue (Ile 87 in TtHICDH) may play an important
role in HICDH reactions such as interaction with the
ethylene chain of HIC. In fact, the isoleucine residue is
located in the active site in the complex structure.
Interestingly, the valine residue conserved in group B
is replaced by an arginine residue in group A. In the
complex structure, Arg 85, corresponding to Val 116 in
EcICDH, appears to participate in the recognition of
the carboxyethyl group of HIC. Thus, the substitution
of the arginine residue would affect the substrate spe-
cificity for HICDH of group A. Although no other
structure has been reported except for TtHICDH, the
serine residue corresponding to Ser 113 in EcICDH
may take part in the recognition of the carboxyethyl
group of HIC in group B because the overall structures
of group B are expected to be similar to those of
TtHICDH and EcICDH.

Conclusions

The synthesized (25,35)-(-)-thiahomoisocitrate showed
a strong competitive inhibitory activity towards
TtHICDH. We determined the crystal structure of
TtHICDH in complex with the inhibitor as the first
example of a complex structure of HICDH. The struc-
ture showed a decarboxylated product in the active
site and the strong interaction of the product with
the residues, Tyr 125 and Lys 171’, in the active site.
These results indicate that the tautomerization step of
the inhibitor during the HICDH reaction is involved in
the inhibition. In addition, the structure showed a fully
closed conformation, where the region consisting of
residues 120—141 changed its structure significantly
compared with apo-TtHICDH. In particular, Tyr

2%

Ec|CDH

Group A [ TtHICDH
[ DrHICDH

Group B [ SpHICDH
[ ScHICDH

89-TIKEP iEvG—al | RSN ARR O oY TR v Y-134
B FoAdsPIBK\Eor g QL RGN YaNvRPRKEIRTR
YR AT SPEHaKIGEAEN | XL RESLL YANVRPYK IS
75- N o - A L R 112
Y| FGAVKSPILEKViEGYSSy | VAL RRENEL EAnvRPUKSTRPR:

Fig. 5 Multiple alignment of the amino acid sequences containing the loop between B-strand 3 and a-helix 4 in ECICDH and HICDHs from various
species. ECICDH, ICDH from E. coli; SpHICDH, HICDH from S. pombe; SCHICDH, HICDH from S. cerevisiae; TtHICDH, HICDH from
T. thermophilus; DrtHICDH, HICDH from D. radiodurans.Ser 113, Asn 115 and Val 116 in EcICDH are indicated by arrows.
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125 takes part in the active site while the residue is
directed away from the active site in the apo form.

Further, the substrate recognition mechanism of
TtHICDH was proposed based on a structural com-
parison with the quaternary complex of EcICDH.
Given the structural similarity, only Arg 85 would be
involved in the recognition of the C3 side chain of the
substrate, and a relatively wide space appears to exist
in the vicinity of the carboxyethyl group of the sub-
strate. This space may cause the broad specificity of
TtHICDH.

Since HICDH is involved in the wa-aminoadipate
pathway for L-lysine biosynthesis that is specific to
human and plant pathogenic fungi, our discovery of
the structure of a binary complex of TtHICDH should
be useful for the structure-assisted design of anti-
fungal agents as well as elucidation of enzyme reaction
mechanisms.
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