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ABSTRACT: Mizoribine monophosphate (MZP) is the active metabolite of the immunosuppressive agent
mizoribine and a potent inhibitor of IMP dehydrogenase (IMPDH). This enzyme catalyzes the oxidation
of IMP to XMP with the concomitant reduction of NAD via a covalent intermediate at Cys319 (E-XMP*).
Surprisingly, mutational analysis indicates that MZP is a transition state analogue although its structure
does not resemble that of the expected transition state. Here we report the X-ray crystal structure of the
E‚MZP complex at 2.0 Å resolution that reveals a transition state-like structure and solves the mechanistic
puzzle of the IMPDH reaction. The protein assumes a new conformation where a flap folds into the NAD
site and MZP, Cys319, and a water molecule are arranged in a geometry resembling the transition state.
The water appears to be activated by interactions with a conserved Arg418-Tyr419 dyad. Mutagenesis
experiments confirm that this new closed conformation is required for the hydrolysis of E-XMP*, but not
for the reduction of NAD. The closed conformation provides a structural explanation for the differences
in drug selectivity and catalytic efficiency of IMPDH isozymes.

Inosine 5′-monophosphate dehydrogenase (IMPDH)1 con-
trols a critical junction in the metabolism of nucleic acid
precursors: the conversion of IMP to XMP with reduction
of NAD is the rate-limiting step in de novo guanine
nucleotide biosynthesis (1). Proliferation is strongly linked
to the size of the guanine nucleotide pool, which makes
IMPDH an attractive target for chemotherapy, and inhibitors
of IMPDH are used as immunosuppressive (2), anticancer
(3), and antiviral agents (4, 5). MZP is the active metabolite
of the immunosuppressive drug mizoribine and a potent
inhibitor of IMPDH (Ki ) 3.9 and 0.5 nM for human type
2 andEscherichia coliIMPDHs, respectively) (6-8) (Figure
1). As generally observed for transition state analogue

inhibitors (9), the affinity of MZP decreases in parallel with
activity for a series of IMPDH mutants (8). This behavior is
surprising because MZP does not have the structure expected
for the transition state of the IMPDH reaction (Figure 1).

The IMPDH reaction involves two very different chemical
transformations: hydride transfer and hydrolysis (Figure 1)
(10). The active site Cys attacks the 2 position of IMP, and
hydride is transferred to NAD, forming the covalent E-XMP*
intermediate. NADH dissociates, water attacks the 2 position
and E-XMP* hydrolyzes (11). The hydrolysis of E-XMP*
is rate-limiting and would be expected to proceed via a
tetrahedral intermediate/transition state analogous to the
hydrolysis of acylenzyme intermediates in protease reactions
(Figure 1). MZP clearly does not mimic this tetrahedral
geometry. In addition, enzymatic hydrolysis reactions gener-
ally require a mechanism to activate water; despite extensive
investigation, this mechanism has not yet been identified in
the IMPDH.

The active site of IMPDH is characterized by disorder that
suggests a dynamic structure is required for catalysis. The
enzyme is a homotetramer; each monomer contains anR/â
barrel catalytic domain and a∼100 residue subdomain of
unknown function (12, 13). Removal of the subdomain has
no effect on IMPDH activity (14, 15). The active site Cys319
is found on a small mobile loop that can assume various
conformations or be disordered depending on the ligand
present (the “active site loop”, residues 314-324 inT. foetus
IMPDH numbering) (16). A second mobile loop (the “flap”,
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residues 407-433) also displays varying amounts of disorder
depending on the ligand present (12, 13, 15, 17-19). The
proximal portion of the flap forms a lid over the active site
and becomes ordered when ligands bind in the IMP site and
the nicotinamide subsite. However, the distal portion of the
flap (residues 417-430) is disordered, and the adenosine
subsite is exposed to solvent in all of the published IMPDH
structures.

IMPDH is activated by K+, and this process may also be
dynamic (15, 20-22). The active site loop forms part of a
K+ binding site (site 1) (12, 23). However, this K+ has only
been observed in the E-XMP*‚MPA complex of Chinese
hamster IMPDH (12). The conformation of the active site
loop is not compatible with K+ binding in other IMPDH
complexes (13, 17-19), including the E‚IMP‚â-Me-TAD
complex of T. foetus IMPDH, which should mimic the
ternary complex prior to hydride transfer (15). These
observations suggest that site 1 is created when E-XMP*
forms, so that K+ binding stabilizes E-XMP*. A second K+

site is observed in the vicinity of the NAD site inT. foetus
IMPDH and appears to be present throughout the catalytic
cycle (15).

We report here the 2.0 Å resolution crystal structure2 of
the catalytic domain ofTritrichomonas foetusIMPDH in

complex with MZP. This structure confirms the transition
state analogy of MZP, reveals a novel mechanism for
activating water, and describes a dynamic conformational
change that controls drug selectivity and catalysis.

EXPERIMENTAL PROCEDURES

Materials. The phosphorylation of mizoribine by usual
methods was unsuccessful due to its unusual zwitterionic
structure of the base moiety. Therefore, MZP was synthesized
via a novel photochemical imidazole ring-cleavage reaction
as the key step (24).

Crystallization, Data Collection, and Structure Determi-
nation. The catalytic domain ofT. foetus IMPDH was
expressed and purified as previously described (15). Crystals
were grown at room temperature using the hanging drop
vapor-diffusion method. Crystals were obtained by mixing
equal volumes of the protein solution [2.0 mg ml-1 IMPDH
catalytic domain, 20 mM Tris-HCl (pH 7.5), 5% glycerol,
0.6 mM MZP, 1 mM DTT] and reservoir solution [10% PEG
10,000, 100 mM MES (pH 6.25), 120 mM KCl, 20%
glycerol, 1 mM DTT]. Data were collected from a single
crystal at 100 K on the CCD detector on beamline 14 BMC
at Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). X-ray wavelength was 1.00 Å. The data were
processed and scaled with DENZO and SCALEPACK (25).
The crystal belongs to the space groupP212121 (a ) 96.75
Å, b ) 112.57 Å,c ) 159.76 Å), and the asymmetric unit

2 The crystal structure described in this paper has been deposited in
Protein Data Bank with accession code 1MWF.

FIGURE 1: The mechanism of IMPDH reaction and the structures
of IMPDH inhibitors. (A) The chemical mechanism of IMPDH
reaction. The reaction is initiated by the attack of the catalytic Cys
on 2 position of IMP. A hydride is transferred to NAD to form
NADH and the covalent intermediate E-XMP*. NADH release
precedes the hydrolysis of E-XMP*. E-XMP* is hydrolyzed,
generating XMP and the free enzyme. A catalytic base is ex-
pected to activate the water to facilitate the hydrolysis. (B)
Structures of IMPDH inhibitors, mizoribine 5-monophosphate
(MZP), mycophenolic acid (MPA), andâ-methylene thiazole-4-
carboxamide adenine dinucleotide (â-Me-TAD). The atomic num-
bering of the base moiety of MZP is adopted as previously reported
(37).

Table 1: Statistics for Data Collection and Refinement

Data Collection
temperature 100 K
space group P212121

unit cell (Å)
a 96.75
b 112.57
c 159.76

R ) â ) γ (deg) 90.00
resolution (Å) 2.0
total no. of reflections 1775920
no. of unique reflections 113342 [I/σ(I) > 0]
overall〈I/σ(I)〉 >22
completeness of data (%; overall/
2.00-2.07 Å)

99.1/99.9

R-mergea (%; overall/
2.00-2.07 Å)

6.9/18.1

Refinement
resolution range (Å) 8.0-2.0
reflections used (working/free) 102001/11341
temperature factor model restrained group
R-factorb/R-free (%) 19.6/22.2
model used in refinement (tetramer)

total non-hydrogen atoms in protein 11084
no. of waters 970
no. of Mizoribine-5′-monophosphate 4
no. of potassium ion 8
no. of Tris 6

rms deviations from ideal geometryc

bond length (Å) 0.006
bond angles (deg) 1.28
dihedral angles (deg) 22.6
improper angles (deg) 0.76

a R-merge) Σ|Iobs - Iavg|/ΣIavg, over all symmetry-related observa-
tions. b R-factor) Σ|Fobs- Favg|/ΣFavg, over all reflections.c Engh and
Huber parameters were used in refinement.
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contains a tetramer. The structure was solved by molecular
replacement with AmoRe software in CCP4 (26) using
structure of the E‚IMP‚â-Me-TAD complex of the catalytic
domain of T. foetusIMPDH as the search model (PDB
accession code 1LRT) (15). The active site flap is disordered
in the search model. Rigid-body refinement was performed
directly with the tetramer search model and the reduced data,
generating a solution with an initialR-factor of 45.4%.

Structure Refinement.Subsequent structural refinement and
model-building were performed using program package CNS
1.0 (27) and O 7.0 (28). After simulated annealing refinement
with NCS restraints, the 2Fo-Fc density map andFo-Fc

difference map were generated. Clear and continuous electron
density was observed in the area of the active site loop, active
site flap and C-terminus of the enzyme in difference map.
Clear electron density was also observed in the IMP site
corresponding to MZP. MZP and the missing residues were
gradually added to fit the density in the subsequent conjugate-
gradient minimization and individualB-factor refinement.
Water molecules were added into the model at the late stage
of the refinement. Two water molecules at subunit interfaces
were finally modeled as potassium ions on the basis of their
strong density and geometry of the coordination to the protein

ligands. The final model contains 362 of 376 residues, one
molecule of MZP, and two molecules of potassium ion per
monomer. The entire tetramer structure also contains 970
water and 6 Tris molecules. Residues 100-227-228-229-
230 in the linker region of the catalytic domain, and 495-
503 in the C-terminus are missing. Analysis of the model
with PROCHECK (29) showed that 92.9% of the residues
are in most favorable regions and the remaining residues are
in additionally allowed regions. Data collection and refine-
ment statistics are summarized in Table 1.

Structure Alignment.We superimposed the CR atoms of
the homologous residues (residues Ser317, Asp358, Gly360,
Gly381, Arg382, Tyr405, Glu408, Gly409, and Glu431 for
T. foetusIMPDH; residues Ser329, Asp364, Gly366, Gly387,
Ser388, Tyr411, Met414, Gly415, and Gln441 for hamster
IMPDH) with program package O.

Construction, Expression, and Kinetic Characterization of
R418A Mutant.The T. foetusIMPDH mutant R418A was
constructed with site-directed mutagenesis using the Quik-
Change method (Stratagene, La Jolla, CA). The entire gene
was sequenced to ensure no undesired mutation occurred.
The R418A mutant was expressed and purified using the
methods developed for wild-type enzyme (30). IMPDH
activity was determined by monitoring the production of
NADH by absorbance at 340 nm. Reactions were performed
in 100 mM KCl, 50 mM Tris-Cl (pH 8.0), 1 mM DTT, and
3 mM EDTA at 25°C. MZP is a slow binding inhibitor of
IMPDH as previously observed for the human andE. coli
enzymes (7, 8). Progress curves were recorded from reac-
tions, including 24-120 nM MZP, 250µM IMP, and 800
µM NAD. Enzyme concentrations were 3.6 nM for wild type
and 5.0 nM for mutant, respectively. These data are included
in Supporting Information. The pre-steady-state experiments
were performed on an Applied Photophysics SX.17MV
stopped-flow spectrophotometer. The assays contained 2.4
µM enzyme, 0.1 mM IMP and 1 mM NAD.

RESULTS AND DISCUSSION

The E‚MZP Complex.MZP is a potent inhibitor ofT.
foetus IMPDH as observed with IMPDHs from other
organisms (Ki ) 0.15( 0.05 nM). To facilitate crystalliza-
tion, we used a variant ofT. foetusIMPDH that lacks the

FIGURE 2: The structure of the E‚MZP complex. Two monomers
of the catalytic domain tetramer ofT. foetusIMPDH are shown in
complex with MZP. Monomer A is yellow, monomer B is magenta,
the distal flap (residues 413-431) is cyan, MZP is green, and the
two potassium ions are red. The figures were generated with
Molscript (38) and rendered with POV-Ray.

FIGURE 3: Stereoview of the 2Fo-Fc electron density map of the bound MZP and the distal flap. Residues 413-431 are contoured at 1.4σ.
Note that the side chains of Arg418 and Tyr419 are in close proximity to the imidazole ring of MZP. C atoms are cyan, O red, and N blue.
Wat241 is omitted for clarity.
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subdomain. Deletion of the subdomain has no effect on the
Michaelis-Menten parameters of the enzyme (15), nor on
MZP inhibition (Ki ) 0.14 ( 0.04 nM).

The X-ray crystal structure of the E‚MZP complex was
solved with molecular replacement methods using theT.
foetusE‚IMP‚â-Me-TAD structure as a model (PDB acces-

FIGURE 4: The flap binds in the NAD site. (A) The E‚MZP complex. (B) The E‚IMP‚â-Me-TAD complex. (C) The interactions of the flap
in the E‚MZP complex. The following color scheme is used throughout. IMPDH is orange, the distal flap (residues 413-431) is cyan, MZP
and IMP are dark green, andâ-Me-TAD is magenta. Where protein side chains are shown, N atoms are blue, and O atoms red. Hydrogen
bonds are illustrated as dotted lines. In panel A, residues Ser263, Glu408, Asn415, and Glu430 are not labeled for clarity. This figure was
generated with Molscript (38) and rendered with Raster3D (39).

FIGURE 5: The interactions of MZP. (A) The stereoview of the coordination of MZP to Cys319, the Arg-Tyr dyad, and Wat241. Wat241
is poised between the conserved Arg418-Tyr419 dyad. The omit Fo-Fc density map for Wat241 is contoured at 3.0σ. Colors are assigned
as follows: C (yellow), N (blue), O (red), S (green), and P (magenta). (B) Schematic representation of the interactions between MZP and
IMPDH.
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sion code 1LRT) (15). Residues 413-431, which form the
distal portion of the active site flap, are largely disordered
in the IMPDH structures solved to date, and residues 413-
430 were not included in the starting model. As observed
in other IMPDH structures, the E‚MZP complex is a homo-
tetramer; each monomer is anR/â barrel containing a single
active site positioned near the subunit interface (Figure 2).
Interestingly, unlike previous structures ofT. foetusIMPDH
(13, 15), no disulfide bond is observed between Cys26 and
Cys459, which indicates that this disulfide bond is formed
during the crystallization of the other complexes.

Two K+ ions are observed at each subunit interface. Site
1 is analogous to the K+ site previously identified in the
E-XMP*‚MPA complex of hamster IMPDH, but has not
been observed in other IMPDH complexes (12, 31). The K+

at site 1 is coordinated to the main chain carbonyls of active
site loop residues Gly314, Gly316, Cys319 and Glu485′,
Gly486′ and Gly487′ from the adjacent monomer (the symbol
′ denotes a residue from adjacent monomer). Site 2 has
previously been observed in the E‚IMP‚â-Me-TAD complex
of T. foetusIMPDH (15). The K+ at site 2 is coordinated to
the main chain carbonyls of Gly20, Asn460, and Phe266′,
the side chain carboxylate of Asp264′, and the hydroxyl of
Ser22.

A NoVel Flap Conformation.Unlike previous structures,
the entire active site flap is well ordered in the E‚MZP
complex (Figures 2 and 3). The distal portion of the flap
folds into the NAD site, creating a new closed conformation
(Figure 4). Residues 416-419 form a shortR-helix, with a
conserved Arg418-Tyr419 dyad occupying the nicotinamide
subsite. Arg241, which stacks against the adenine group of
â-Me-TAD, forms hydrogen bonds with Asp420 and Gln425
in the closed conformation. Ser263 and Asp261, which
interact with the phosphate and ribose hydroxyls of the
tiazofurin portion ofâ-Me-TAD respectively, form a hy-
drogen bonding network involving Asn415, Arg418, and
Glu408 in the closed conformation (Figure 4). Residues
422-424, which are disordered in other complexes, are in
close contact with helixR8 (residues 442-462) and a proline
turn (residues 26 to 29) of the N-terminal loop from the
adjacent monomer in the E‚MZP complex. Interestingly, the
last two residues visible in the distal flap of the E‚IMP‚â-
Me-TAD complex, Asn415 and Trp416, have a helical
conformation similar to their structure in E‚MZP (Figure 4)
(15). This observation suggests that the distal flap maintains
a helical structure and swings in and out of the NAD site
like a door on a hinge.

The Transition State Analogy of E‚MZP. MZP is clearly
identified in the difference electron density map with
coefficient 2Fo-Fc, binding in the IMP site as expected for
a competitive inhibitor (Figure 5). Like IMP and E-XMP*,
MZP forms hydrogen bonds with Ser317, Asp358, Gly360,
Gly381, Arg382, Tyr405, Glu408, Gly409, and Glu431. In
addition, MZP forms a new hydrogen bonding network that
resembles the transition state for the hydrolysis of E-XMP*.
Cys319 is in the plane of the imidazole ring, while Wat241
is poised below the plane, so that the positions of Cys319
and Wat241 mimic the leaving group and attacking water
in the hydrolysis of E-XMP*. Wat241 forms hydrogen bonds
to both Arg418 and Tyr419, which suggests that this
conserved Arg-Tyr dyad activates water. Arg418 also forms
hydrogen bonds with Asp261, Tyr419, and O5 of MZP, while

Tyr419 makes an additional hydrogen bond to the carboxa-
mide oxygen of MZP.

We compared the E‚MZP structure with the E-XMP*‚
MPA complex of hamster IMPDH in order to assess if the
closed conformation could form in the presence of E-XMP*
(12). As shown in Figure 6A, the active sites and nucleotides
align with RMSD of 0.17 Å. MZP even adopts the same
C3′-endo ribosyl ring pucker as XMP*. This alignment shows
that E-XMP* fits easily into the closed conformation (Figure
6B). Hydrogen bonds can form between E-XMP* and both
Arg418 and Tyr419, and Wat241 is in position to attack the

FIGURE 6: The transition state analogy of E‚MZP. (A) Superim-
position of theT. foetusE‚MZP structure (yellow) and the hamster
E-XMP*‚MPA structure (cyan). The hamster numbering is shown
in parentheses. (B) Potential interactions of E-XMP* in the closed
conformation. Wat241 is positioned for nucleophilic attack of the
2 position of E-XMP*. The distances are indicated with dotted lines.
Cys331 covalently linked to XMP* has been omitted for clarity.
Colors are assigned as follows: N (blue), O (red), S (green), P
(magenta), and C (cyan in XMP* and yellow in residues).

FIGURE 7: The role of the distal flap and Arg418-Tyr419 dyad in
the IMPDH reaction. The pre-steady-state reaction of R418A. The
assay contained 2.4µM enzyme, 0.1 mM IMP, and 1 mM NAD.
The conditions were described in Experimental Procedures.
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C2 atom of E-XMP*. The thiolate of Cys319 is 2.2 Å from
the C2 atom of E-XMP*, as might be expected of the leaving
group during the hydrolysis reaction. These observations
further confirm the transition state analogy of the E‚MZP
complex.

The Mechanism of Water ActiVation.The E‚MZP structure
suggests that the Arg418-Tyr419 dyad activates water for
the hydrolysis of E-XMP*. Although the sequence of the
distal flap varies greatly among IMPDHs from different
sources, the Arg-Tyr dyad is strictly conserved, as expected
for crucial catalytic residues (32). Substitution of the
analogous conserved Arg with Ala inactivates IMPDH from
Streptococcus pyogenes, confirming that the Arg-Tyr dyad
has an important catalytic function (18). We constructed the
R418A mutant ofT. foetusIMPDH. As observed inS.
pyogenesIMPDH, this mutation decreases activity by 400-
fold. However, a burst of NADH production equal to 1
NADH/monomer is observed in the pre-steady state, indicat-
ing that the rate of NADH production in the first turnover is
not affected by the mutation (Figure 7). Hydride transfer is
complete within 500 ms, similar to the wild-type enzyme
(burst complete within 100 ms (30)). Thus, the substitution
of Arg418 does not affect the oxidation of IMP to E-XMP*
but must specifically impair the hydrolysis of E-XMP*. This
observation indicates that the closed conformation is required
for the hydrolysis reaction and provides further evidence that
the Arg418-Tyr419 dyad activates water.

Implications for Drug SelectiVity. MPA is a potent inhibitor
of mammalian IMPDHs but a poor inhibitor of microbial
enzymes (Figure 1B) (10). This selectivity arises partly from
differences in the structure of the nicotinamide subsite (33),
and partly from a previously uncharacterized conformational
change of the NAD site (34). MPA binds in the nicotinamide
end of the NAD site and traps the E-XMP* intermediate
(12, 35, 36) and thus MPA competes with the flap for the
NAD site. Intriguingly, MPA resistant IMPDHs generally
have higher values ofkcat than sensitive enzymes, suggesting
that an underlying mechanistic link exists between drug
selectivity and catalysis.

The new closed flap conformation provides a structural
mechanism linking catalysis with drug selectivity (Figure 8).
The enzyme assumes an open conformation for the dehy-
drogenase phase of the IMPDH reaction. NADH is released,
and the flap must move into the NAD site for hydrolysis to

occur. The higher the affinity of the flap for the NADH site,
the weaker MPA will bind. Thus, the closed flap conforma-
tion is the missing conformational change that accounts for
MPA selectivity. The more the closed conformation is
favored, the faster E-XMP* will be hydrolyzed and, since
the hydrolysis of E-XMP* is rate-limiting, the higher the
value of kcat will be. This explains why MPA resistant
IMPDHs also have higher values ofkcat and accounts for
the properties ofT. foetusIMPDH. Conversely, the lower
the affinity of the flap for the NADH site, the higher the
affinity of MPA and the lower the value ofkcat. These are
the properties of human IMPDH.

SUMMARY

The structure of the E‚MZP complex reveals a transition
state analogue complex and solves the mechanistic puzzle
of the IMPDH reaction. Water is activated by a conserved
Arg-Tyr dyad on a motile flap that moves in and out of the
NAD site, converting the enzyme from a dehydrogenase
(open conformation) to hydrolase (closed). Drugs such as
MPA compete with the flap for the NAD site, so that both
catalysis and drug selectivity are controlled by the dynamics
of the flap movement.

SUPPORTING INFORMATION AVAILABLE

The progress curves and data fitting used to determine the
value ofKi for the inhibition ofT. foetusIMPDH by MZP.
This material is available free of charge via the Internet at
http://pubs.acs.org.
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