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Purine nucleotide biosynthesis has been an enticing area for biochemists
and medicinal chemists since the pathways began to be elucidated half a
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century ago (1). The central roles of purine nucleotides in energy meta-
bolism, signal transduction, genetic information storage and translation have
resulted in a vast literature on these systems. The variety of chemical
transformations involved in the transmogrification of ammonia, amino acids,
and CO2 into the heterocyclic purines continues to lure mechanistic en-
zymologists to this area. Inosine 50-monophosphate dehydrogenase [IMP-
NAD oxidoreductase, Enzyme Classification (E. C.) 1.2.1.14; IMPDH]
catalyzes a metabolic branch point reaction in purine synthesis and has
been an area of intellectual convergence in biological and medicinal
chemistry. The intent of this chapter is to discuss the state of knowledge
of the mechanism of IMPDH in the context of the intimate relation of
mechanism to protein structure. For a recent minireview encompassing
much of the progress made in the last five years see ref. 2. The immense
contribution of medicinal chemistry to design of inhibitors and their clinical
utility is beyond the scope of this chapter (cf. refs. 3 and 4), but the
mechanistic insights provided by selected inhibitors are incorporated. We
hope that some of the outstanding questions regarding IMPDH structure and
function are highlighted herein.

Figure 1 illustrates that IMP is located at themetabolic branch point wherein
this purine becomes committed to either guanosine monophosphate (GMP) or
adenosine monophosphate (AMP) synthesis. IMP may originate from de novo
purine biosynthesis, be salvaged from AMP catabolism, or be formed from
hypoxanthine and 5-phosphoribosyl-1-pyrophosphate (PRPP).
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Figure 1. Purine nucleotide biosynthetic pathways: PRPP, 5-phosphoribosyl-1 pyrophos-
phate; XMP, xanthosine 5-monophosphate.
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A schematic of the IMPDH reaction is shown below, and the chemical
structural changes are illustrated in Figure 2.

IMPþNADþH2O�!K
þ
XMPþNADHþHþ

The IMPDH-catalyzed synthesis of XMP is the rate-limiting step in the
biosynthesis of guanine nucleotides in many organisms (1, 5). Despite this
pivotal metabolic location, allosteric regulation of IMPDH has not been
substantiated. Modest inhibition by the end products of purine biosynthesis,
AMP and GMP, has often been observed but the in vivo contribution of these
interactions is typically unclear (6). In mammals, which typically have two
IMPDH isozymes, regulation at the level of gene expression has been
characterized (7, 8). Mice that are homozygotic knockouts for the gene that
encodes the type 2 isozyme die in early embryonic stages, despite the

Figure 2. IMPDH-catalyzed reaction.
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presumptive expression of a functional type 1 isozyme and purine salvage
enzymes (7). Thus, there appears to bean important role of the type2 isozyme
in mammalian development. IMPDH expression in mammals is controlled
by the central metabolic regulator p53, which is themost commonlymutated
protein in human cancers (9, 10). The enhanced expression of the type 2
isozyme in leukemias and other proliferating human cells has long been
recognized (11). Recent work suggests that the expression of both isozymes
increases under these conditions (8, 12). Diverse pharmacological applica-
tions for IMPDH inhibitors stem from the reliance of proliferating lympho-
cytes, and some parasites, on IMPDH activity.

I. Overview of IMPDH

Prominent features of IMPDH include the following:

1. The IMPDH monomer is composed of a core �400-residue (ab)8
barrel where the IMPDH reaction occurs. The protein from most
organisms has an evolutionarily conserved �120-residue domain of
unknown function that is appended to the a2–b3 junction of the barrel.
The subunits form a homotetramer. Loops between a/b segments
contain catalytically important residues; these loops are often crystal-
lographically disordered, which apparently reflects significant con-
formational alterations associated with catalysis.

2. The kineticmechanism has random substrate additionwith a preferred
path of IMP being the first substrate to bind. A conformational change
appears to follow IMP binding. Product release is ordered, with XMP
the last to dissociate. This is in contrast to most dehydrogenases in
which the NAD(H) binds first and its counterpart exits last. XMP
release rather than a chemical reaction is rate limiting.

3. The chemical mechanism proceeds through a covalent adduct be-
tween the 2-posititon of the IMP purine ring and the sulfur of an
active-site cysteine. Hydride transfer from the covalent enzyme–IMP
species to NAD yields a thioimidate (denoted E-XMP*) that is then
hydrolyzed. Thismechanism has similarities to that of glyceraldehyde
3-phosphate dehydrogenase (13). Following hydride transfer and
NADH release, a mobile loop structure, called the “flap,” moves into
the vacant NADH site and its residues activate water for E-XMP*
hydrolysis.
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4. A monovalent cation such as Kþ is required for maximal dehydroge-
nase activity and appears to be related to conformational stabilization
at the NAD site. However, its detailed roles remain elusive.

IMPDH has been purified and characterized from a plethora of organisms
beginning with the studies of Magasanik and co-workers in Aerobacter
aerogenes (14). This chapter focuses on examples of IMPDH that have been
characterized in substantial enzymatic and structural detail, with particular
emphasis on those for which three-dimensional crystal structures are avail-
able. Functional properties of these representatives are listed in Table 1. It is
notable that the Km values for IMP are comparable among the IMPDH from
various organisms, typically near 10�5M. In contrast, theKm forNADvaries
more than 50-fold, with larger values for the bacterial enzymes. All known
IMPDHs require a monovalent cation such as Kþ for maximal activity, and
the still uncertain role(s) of this cation is discussed below. Table 1 also
includes inhibition constants for selected compounds that havebeen of utility
in elucidating the structure or mechanism. The therapeutic precursors of
these inhibitors are illustrated in Figure 3. Mizoribine and ribavirin are
metabolized to the monophosphate IMP analogs. Tiazofurin is converted in
vivo to theNADanalog tiazofurin adenine dinucleotide (TAD); some studies
have used the nuclease-resistant b-methylene-bisphosphonate TAD analog
(b-TAD). Mycophenolic acid (MPA) is itself the active form.

A. PROTEIN STRUCTURES

IMPDH from eucarya, bacteria, and archaea is typically composed of
�500 amino acids. Notably, the IMPDH from Borrelia burgdorferi (the
causative agent of Lyme disease) lacks an appended domain and is �100
residues smaller thanmost other IMPDH(vide infra). IMPDH is fairly highly
conserved in sequence throughout nature; for example, the two human
IMPDH isozymes have 84% sequence identity through their entire 514
amino acids, and the hamster and human type 2 enzymes vary in only 6
residues; eucaryotic and microbial IMPDHs typically share�30% identity.
A phylogenetic analysis indicated a deep branching of bacterial and eucar-
yotic IMPDH (29).

IMPDH proteins generally form tetramers, but the protein isolated from
most species has been noted to aggregate (a property that has frustrated
spectroscopic studies). Crystal packing shows that the tetramers can stack on
top of one another and this may be related to the gross aggregation that limits
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solubility. The role of the Kþ is not to maintain an active tetrameric state, at
least for the human type 2, B. burgdorferi, Escherichia coli, or Tritricho-
monas foetus enzymes; for example, the human enzyme remains tetrameric
in the presence of the noninteracting (CH3)4N

þ ion (16, 30).
Crystal structures have been reported for IMPDH from hamster (type 2),

human (types 1 and 2), bovine parasite T. foetus, and bacteria B. burg-
dorferi and Streptococcus pyogenes (19, 20, 23, 28, 31–35). The variety of
ligands in the structures enhances the functional information that can be
gleaned from them. Selected information from the crystal structures is
listed in Table 2.

NS
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Figure 3. Structures of chemotherapeutic agents that have had influence on structural and
mechanistic studies of IMPDH. Ribavirin and mizoribine are active as the nucleoside monopho-
sphates that bind at the IMP site (25, 26). Tiazofurin is activated to the NAD analog tiazofurin
adenine dinucleotide (27). Mycophenolic acid binds at the nicotinamide portion of the NAD
site (28).
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The structure of the IMP complex of S. pyogenes IMPDH protein has the
highest available resolution of 1.9 A

�
(23) and is illustrated in Figure 4A.

Figure 4B shows the structure of the human type 2 isozyme covalently
modified by the affinity label 6-chloropurine riboside 50-monophosphate
(6-Cl-IMP) and complexed with the NAD analog selenazole adenine dinu-
cleotide (SAD) (31). The different overall shape in the figure reflects the
larger regions of disorder in the human enzyme structure.

The sequences of these IMPDH, and the well-studied E. coli enzyme, are
illustrated in Figure 5. The substantial segments of the proteins that are
disordered in the crystal structures are denoted by the crossed-out residues.
The relationship between the evident protein flexibility and catalytic activity
is an ongoing area of investigation.

The protein consists of a core �400-residue (b/a)8 barrel that is
structurally highly conserved and is responsible for the IMPDH activity.
A subdomain or flanking domain is inserted between the a2–b3 elements
of the barrel in all but the B. burgdorferi enzyme; hence the cognate
residue numbers in the B. burgdorferi protein are smaller by �90 after
residue 96 (see Figure 5). The core domain has dimensions of approxi-
mately 40� 40� 50A

�
. The (b/a)8 barrel fold is common to many

proteins, for example, triose phosphate isomerase (TIM), pyruvate kinase,
and GMP reductase (37). This is an apparently rigid scaffold upon
which functional elements are grafted between secondary structural
elements. Flexible segments, which are poorly defined in many of the
IMPDH structures, connect the barrel components and have been called
“loops” and flaps. Particularly important are the loop containing the
catalytic cysteine, which connects the b6–a6 segments of the barrel
(residues 326–342 in the human enzymes), and the larger flap between
the b8–a8 barrel segment (residues 400–450 in the human enzymes).
Figure 6A shows an overlay of a single subunit from the structures of the
hamster, human type 2, S. pyogenes, B. burgdorferi, and T. foetus proteins.
The comparison illustrates the spatial location of these sequence elements
(which are boxed in Figure 5) as well as the structural variability seen in
crystals.

The active-site cysteine is contained in loop 6, which is a mobile section
of the protein periphery connecting b6 and a6 secondary structural ele-
ments. The loop is relatively conserved in length, but the sequence
conservation is less strict. In contrast, the analogous loop in TIM, which
is perhaps the most extensively studied active-site loop, is highly con-
served in length and sequence (38). In the T. foetus apo enzyme andE�XMP

INOSINE 50-MONOPHOSPHATE DEHYDROGENASE 9
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complex structures, the disordered region encompassed the glycine-rich
loop (residues 313–330), including the active-site cysteine 319 (33). In the
newer T. foetus structures, loop residues 313–330 are ordered (19, 20). It
appears that T. foetus active-site loop conformation is stabilized only when
the active site is occupied, since it cannot be visualized in the apo enzyme
(36). T. foetus Gly315 is substituted with a Pro in the B. burgdorferi
IMPDH, likely providing for an increased loop stability and better
visibility.

The “flap” comprises residues numbered �400–450 in most sequences
that are inserted between the b8–a8 barrel segments. The sequence of
this flap is the least conserved region of the active site. Even in the 1.9 -A

�

resolution structure of the S. pyogenes enzyme, the flap residues 396–419
showed low density, indicating disorder. Because the flap is presumed to
close over the active site during catalysis, it was surprising that in the
complex of the T. foetus enzyme with IMP and b-TAD the flap remains
largely disordered despite occupation of all of the binding sites (20). In
contrast, the entire flap was well visualized in the T. foetus E�MMP
complex by Gan et al. (35). The distal portion of the flap interacts with
the NADþ binding site, creating a previously unobserved closed active-site
conformation (see Figure 6A).Gan et al. proposed that themovement of the
flap in and out of the NAD site is the necessary conformational change
converting the enzyme from a dehydrogenase to a hydrolase.

A remarkable but unexplained phenomenon is the paucity of tryptophan
in IMPDH proteins from archaea, bacteria, and eucarya—most available
IMPDH sequences have no tryptophan or a single tryptophan residue. It
would seem unlikely that this deficit would be coincidental across evolution,
but no rationale is obvious. The fluorescence from the multiple tryptophans
naturally present in the T. foetus IMPDH has been fruitfully used by
Hedstrom and co-workers in their mechanistic studies (vide infra) (18).

Figure 4. Structures of IMPDH. (A) Stereo view of the S. pyogenes enzyme illustrating the
location of the subdomains at the periphery of the tetramer and the buried IMPbinding site [from
the 1.9A

�
crystal structure; Protein Data Bank (PDB) file 1zfj (23)]. The subdomains inserted

between the a2–b3 segment of the barrel protrude from the corners of the central core “box” and
IMP is shown in a space-filling representation. (B) Inter-subunit location of the dinucleotide
binding site of the human tetramer in the 6-Cl-IMP-modified enzyme complexed with
selenazole adenine dinucleotide; the subdomain is not shown (from PDB file 1b3o (31); SAD
and purine nucleotides are shown alternatively in stick models). Figure was made using the
program UCSF Chimera (36a). (See insert for color representation.)

3
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II. Medicinal Applications of IMPDH Inhibitors

Purine nucleotide biosynthetic enzymes have long been targets for the
development of chemotherapeutic agents (3). As a key enzyme in guanine
biosynthesis, the history of IMPDH is replete with searches for analogs of
potential clinical utility (5, 11, 25). For a review of cofactor mimics as
IMPDH inhibitors see refs. 4 and 39. The recognition that IMPDH type 2
expression is enhanced in growingmammalian cells, such as tumor cells and
proliferating lymphocytes, directed substantial attention to this enzyme as a
target for inhibitory cancer chemotherapeutic and immunosuppressive
agents (11). However, selective inhibition of IMPDH type 1 was recently
shown to suffice for endothelial cell growth arrest resulting in inhibition of
tumor angiogenesis (40). This observation contrasts with the predominant
view that development of selective IMPDH type 2 inhibitors will improve
their clinical utility. It is noteworthy that clinically efficacious drugs have
been found that interact with either the IMP site or the NAD site (25, 41).
Figure 3 illustrates some of the compounds that have had particular impact
on structural and mechanistic studies.

The structurally related compounds mizoribine, ribavirin, and tiazofurin
form different active metabolites: mizoribine and ribavirin are phosphory-
lated in vivo to 50-monophosphates that act as IMP analogs. Tiazofurin is
intracellularly converted to TAD, a NAD analog inhibitor (25). MPA is an
uncompetitive inhibitor that binds at the nicotinamide portion of the NAD
site. MPA traps the covalent enzyme–XMP* intermediate during turnover;
thus this key compound would not have been found in a typical screen for
compounds that simply bind with high affinity.

IMPDH inhibitors in clinical use include a pro-drug ofmycophenolic acid
(CellCept�) and mizoribine (bredinin) for immunosuppression in trans-
plantation (26). Ribavirin is used in combination therapy for hepatitis C
infections (42, 43). In cancer chemotherapy, attention has been devoted to the
thiazole C-nucleoside tiazofurin (44–47). Tiazofurin not only is toxic
to rapidly growing cells but also induces differentiation (48). In contrast,
the 6-mercaptopurine used in chemotherapy is converted by IMPDH to
6-thio-XMP in a step toward formation of the toxic 6-thio-guanosine
nucleotides that are incorporated into nucleic acids (3). IMPDH has also
been a target for development of anti protozoan agents and numerous studies
have investigated the structure and mechanism of IMPDH from the bovine
pathogen T. foetus (17–20, 49–53).

14 MAXIM PIMKIN AND GEORGE D. MARKHAM



A. IMP ANALOGS

IMP dehydrogenase has been a classic test system for nucleotide
analogs as alternate substrates and inhibitors (25, 54–58). Interest in IMP
analogs stems both from pharmacological importance of IMPDH and the
flavour-enhancing properties of IMP itself (59). IMPDH was investigated
in some of the early studies of affinity labeling by purine nucleotides using
6-chloro and 6-mercapto analogs of IMP (60, 61). These studies showed
that inactivation by the 6-chloro analog of IMP, 6-Cl-purine riboside
5-monophosphate (often called 6-Cl-IMP in the context of IMPDH),
resulted from reversible complex formation followed by modification of
a sulfhydryl group (17, 62, 63). The active-site location and functional
importance of this cysteine residue, later identified as cysteine 331 in
human type 2 IMPDH, have been amply documented (64). A variety of
IMP analogs have been tested as substrates and inhibitors of the human
type 2 enzyme (30).

Detailed kinetic studies of mizoribine monophosphate (MMP) inhibition
indicate that it acts as a transition state analog inhibitor (65). This behavior
was deduced from the proportionality of the inhibition constant of MMP to
the value of kcat/[Km(IMP)*Km(NAD)] for a series of mutants of the E. coli
enzyme and further supported by a recent crystal structure of T. foetus
E�MMP complex (35). MMP, the active-site Cys319, and a water molecule
form a tetrahedral geometry, characteristic of a transition state for the
hydrolysis of a covalent intermediate (Figure 7). The variation in affinity
of MMP for different IMPDH illustrates the potential for development of
species-selective inhibitors (Table 1). A purine ring expanded (“fat base”)
nucleoside imidazo[4, 5-e]diazapine, in which an additional methylene
group creates a seven-member ring in place of the six-member system of
XMP, is a potent slow-binding inhibitor of the E. coli and human enzymes;
the kinetics may reflect formation of a covalent adduct which is labile upon
protein denaturation (66).

B. NAD ANALOGS

The efforts to develop clinically useful NAD analogs with selectivity for
IMPDHhavebeen extensively reported (4, 67). Tiazofurin and its derivatives
suchas the seleniumanalog selenazofurinhavebeen leadcompounds (27, 45,
46, 68, 69) . Additionally, the natural productMPA binds at the nicotinamide
part of theNAD site (52, 70).MPA has recently been demonstrated to induce

INOSINE 50-MONOPHOSPHATE DEHYDROGENASE 15







the Kþ ion(s) activator. The E�XMP�NAD complex involved in substrate
inhibition by NAD is not included. It is reassuring that studies of IMPDH
from various sources (both organisms and laboratories) have generally
provided a consistent view of the mechanism; thus the presentation below
attempts to integrate the salient points of various studies while pointing out
their individuality. Key findings are the random binding order with prefer-
ence for IMP binding first, ordered product dissociation with XMP dissoci-
ating last, and the effective irreversibility of the overall reaction.

The results ofHeyde andMorrisonwith theA. aerogenes enzyme revealed
the random binding of IMP and Kþ, with NAD associating to enzyme�Kþ

complexes (83, 84). They proposed that binding of Kþ was linked to
formation of the NAD binding site, a concept that has become a consistent
theme over the decades. The authors presented a cogent discussion of
influence of the substrate concentrations employed on the apparent kinetic
mechanism because of differences in binding rates. At a saturating Kþ

concentration there is randombinding of IMPandNAD to theE�Kþ complex
because at the�0.1M concentration of Kþ needed for saturation the second-
order binding rate ofKþ ismuch faster than the binding rates for IMPorNAD
at their typical �10�4M concentrations. During steady-state turnover a
significant proportion of the enzyme is in complexes with the XMP product
since XMP release is partially rate limiting. This mechanism was supported
by the subsequent demonstration with IMPDH from other sources that
substrate inhibition by NAD is uncompetitive with respect to IMP and
reflects NAD binding to E�XMP or E-XMP* (53). Uncompetitive substrate
inhibition is not uncommon in reactions with ordered product release
(90, 91). Heyde and Morrison commented that if water forms a complex
with the enzyme and is present at a saturating concentration, it must add
before Kþ andNADor different steady-state patterns would be seen (83, 84).
The kinetic constants for the hydrolysis of 2-Cl-IMP by the human type 2
IMPDHare independent of bothKþ andNAD, consistentwith the addition of
water early in the pathway (30, 92). The kinetic data for the A. aerogenes
enzyme suggested compulsory dissociation of Mþ during each turnover
(83, 84). The observation that high concentrations of Mþ inhibit many
IMPDH, and ions that activate at lower concentrations often inhibit at lower
concentrations,may reflect that theMþmust dissociate to regenerate the free
enzyme in each catalytic cycle (16). However, equilibrium studies with the
A. aerogenes IMPDH showed that IMP binding was not altered by Kþ.
Equilibrium binding studies with the human type 2 protein showed that
IMP bound at a stoichiometry of four sites per tetramer and the affinity was

18 MAXIM PIMKIN AND GEORGE D. MARKHAM



only enhanced two-fold by Kþ (16). Significant NAD binding was not
detected for either the A. aerogenes or human type 2 protein, but NADH
was found to bind to the latter protein, and all substrates/products bind
individually to the T. foetus protein (18).

Apractical impediment in studies of the IMPDHmechanismhas been that
the reverse reaction is so slow that it is difficult to measure, even when the
NAD that might form is removed by a coupling enzyme system. Heyde and
Morrisonwere able to study isotope exchange at equilibrium by lowering the
pH to 7.0 from the value of 8.1 used for the forward reaction (83). Heyde and
Morrison reported that at pH 7.0 the equilibrium constant

Keq ¼ ½NADH�½XMP�½Hþ�
½NAD�½IMP�

is 14.5� 10�7M. At pH 7.0 the mechanism was not rapid equilibrium,
rather IMP and/or XMP dissociation were rate limiting. Whereas it is clear
that Hþ is a product of the reaction, it has often been neglected that the
purine ring of the product XMP ionizes to the anion at neutral pH, and thus
the reverse reaction may depend on [Hþ]2.

The steady-state kinetic data for IMPDH from numerous organisms
subsequently have been interpreted in terms of a predominant kinetic
pathway with ordered addition of IMP before NAD and release of NADH
before XMP. These studies generally relied upon product inhibition rather
than including dead-end inhibition studies, which limits the view of the
available pathways (93). The random pathway for the human and T. foetus
enzymes was discerned from deuterium kinetic isotope effect (KIE) mea-
surements (18, 87, 89).When the 2-hydrogenof IMP that is abstracted during
the reaction was replaced by deuterium, a significant primary 2H effect
on kcat/Km (DV/K) of both substrates was observed. The presence of a KIE on
kcat/Km requires that the substrate dissociate at a rate that is at least
comparable to that of the first irreversible isotope-sensitive step in the
forward reaction (90, 91). Thus, the observation of 2H KIE effects on
kcat/Km for both substrates unambiguously demonstrated that both IMP and
NAD can dissociate from the ternary E�IMP�NAD complex and that the first
irreversible step of the reaction succeeds hydride transfer. The larger DV/K
effect forNAD than IMP showed thatNADdissociatesmore rapidly from the
ternary E�IMP�NAD complex. Apparently, the affinity of NAD for the
unliganded enzyme is lowenough that under normal experimental conditions
IMP binds before NAD, thus providing the illusion of an ordered substrate

INOSINE 50-MONOPHOSPHATE DEHYDROGENASE 19





of 20, and reversal of this conformational change is rate limiting for IMP
dissociation. In contrast, the binding of the product XMP did not show
evidence of an isomerization, consistent with the failure of XMP to bring
order to loop 6 in the E�XMP crystal structure (18). The rate of XMP release
of 17 s�1 is eightfold greater than kcat, showing that an earlier step is rate
limiting.

NAD and NADH binding were also measured by changes in T. foetus
IMPDH protein fluorescence (18). Interestingly the NAD binding curve was
sigmoidal with a Hill coefficient of 2 suggesting cooperativity in binding.
NADanalogswith altered reductionpotentials (e.g., 3-acetylpyridine adenine
dinucleotide, APAD,E00 ¼�0.258V, compared with NAD,E00 ¼�0.320V)
gave similar kcat values, implying a common rate-determining step because
the intrinsic rates of hydride transfer shouldbemodulated by themagnitude of
the differences in reduction potential between the substrates and products.
This common rate-determining step might be E-XMP* hydrolysis or subse-
quent XMP dissociation. In support of a late rate-limiting step, the KIE from
[2-2H]IMP was unity for kcat with both NAD and APAD. A DV/K of 1.5 for
IMP but a clearly larger value of 2.2 for the dinucleotidewas found in the pre-
steady state, verifying that the latter is not as “sticky” as IMP.

An example of different spectroscopic techniques illuminating distinct
phenomenawas found in pre-steady-statemeasurementsmonitoring absorp-
tion or fluorescence of the reduced nicotinamide chromaphore. Absorption
changes showed that theKIE from [2-2H]IMPon the burst ofNAD formation
was only 1.4, severalfold too small to be the intrinsic KIE, and thus
nonchemical steps contribute to the rate. The amount of NADH formed in
the burst is only 0.5 per subunit, suggesting the hydride transfer step is
near equilibrium with an equilibrium constant of unity, a sign of a high-
performance catalyst (94, 95).Consistentwith this interpretation, the amount
of product formed in the burst increased to 0.8 per subunit with the more
readily reduced 3-acetylpyridine adenine dinucleotide. In contrast, fluores-
cence changes did not show isotope effects, and the observed rates were
slower than those seen in the absorption studies. Apparently NADH fluores-
cence is quenched on the enzyme and the rate of fluorescence change reflects
NADH dissociation. A step after NADH dissociation is rate limiting. Earlier
studies had shown that a covalent enzyme–substrate (or product) adduct was
detectable only in the presence of NAD (17). Rapid quenchmeasurements of
acid-precipitable radioactive material formed from [14C]IMP revealed that
during the steady-state turnover �50% of the total enzyme was present as
E-XMP* complexes (E-XMP*�NADH, E-XMP*) (18). The conglomerate
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results show that both NADH dissociation and E-XMP* hydrolysis are
partially rate limiting.

The T. foetus Cys319Ser mutant studies showed the insight that can be
obtained by careful multifaceted comparison of mutant and wild-type
enzymes. In the mutant, the two-step binding process for IMP remains; a
40-fold decrease in IMP affinity primarily results from reduction in the
forward rate of the isomerization step rather than changes in an initial binding
step. Because the mutant is essentially inactive (<6� 10�4 of wild type),
rates of IMP binding to E�NAD and NAD binding to E�IMP could be
measured. Perhaps surprisingly, the rates of IMP and NAD binding to the
binary complexes were comparable to the rate of the bimolecular binding
step to the free enzyme in both cases, suggesting unimpeded access to their
binding sites rather than cloaking of one site by binding of the other substrate.
Rates of dissociation from the ternary complex were 65-fold slower for IMP
and approximately 1.5-fold faster forNADcompared to the respectivebinary
complexes.

2. Escherichia coli IMPDH

The functional properties of the E. coli enzyme have also been character-
ized in detail, although a crystal structure has not been reported (21, 65). This
enzyme has a 30-fold higher kcat than the human enzyme and hasmeasurable
activity in the absence of aMþ activator,making it a particularly good system
for the studyof slower reactions.The rate of product release limits turnover as
in the case of other IMPDH.Hedstrom and co-workers (21, 65) point out that
the higher catalytic ability compared to other IMPDHs results from increased
proficiency inmultiple steps, including hydride transfer, NADH release, and
E-XMP* hydrolysis, an integrated optimization that one might expect from
natural evolution (94, 95). Pre-steady-state studies of the NADH formation
revealed that the rate of fluorescence changewas smaller than that the rate of
absorption increase, as seen with the T. foetus enzyme. The authors (21, 65)
suggested that the fluorescence of bound NADH is quenched by stacking
with the purine of XMP.

Mutants of the E. coli enzyme were constructed at each of 11 evolution-
arily conserved aspartate and glutamate residues before any IMPDH crystal
structures were available (65). The acidic residues at the IMP and NAD
binding sites were both identified. The effects of alanine substitution onKm,
kcat, and Kþ activation as well as inhibition by mizoribine-monophosphate
and TAD were characterized (65). Six of the mutations had no significant
functional effect. The Asp338Ala mutant (corresponding to human Asp364;
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SAD, linking the two substrates. In accord with this coupling, the wild-type
enzyme-catalyzed rate of hydride transfer from 20-deoxy-IMP decreased by
>5-fold; furthermore, in the 20-deoxy-IMP reaction both absorbance and
fluorescence changes showed the same rates, suggesting that the nicotinamide
and purine rings are no longer oriented to quench NADH fluorescence in the
bound complex. The Asp248Ala substitution selectively impaired NAD
binding, consistent with the crystallographically observed role of the corres-
ponding residue inhumanIMPDH(Asp274) inbinding the ribosehydroxylsof
the selenazole riboside moiety in the SAD complex (31).

Mutations of three acidic residues were found to affect Kþ activation:
Asp13, Asp50, and Glu469. The Asp13Ala (humanAsp34) and Glu460Aala
(human Glu500) proteins are activated by Mg2þ and Ca2þ in lieu of Kþ, a
very unusual feature for a cation-activated protein; the Asp50Ala (human
Asp71) mutant was inhibited by these divalent cations (21). These results
provided impetus for the proposal that more than one Kþ interacts with the
protein.

3. Human IMPDH

Mass spectrometric analysis of a radiolabeled peptide formed during
turnover of [8-14C]IMPby the type 2 enzyme revealed that several percent of
the enzymewaspresent in a covalent complexwith properties consistentwith
a linkage between C-2 of IMP and cysteine 331, now known to be the
oxidized intermediate denoted E-XMP* (97). The amount of E-XMP*
increased more than 30-fold in the presence of MPA, consistent with MPA
trapping the reaction intermediate. Fleming et al. showed that the formation
of the MPA-inhibited complex from the product XMP was slow with a half
time of 178min (70). The observed rate demonstrates that there is a slow step
in formation of the E-XMP*�MPA complex; this step could be either
formation of the putative tetrahedral enzyme–XMP intermediate, its dehy-
dration to E-XMP*, or an isomerization that leads to the final E-XMP*�MPA
complex.

Kinetic isotope effect studiesof thehuman type2enzyme revealed that the
rate-limiting step is not altered by substrate deuteration or by D2O and thus
does not involve either hydride transfer from IMP or proton transfer (87, 89).
HoweverV/K values for both substrates were affected by deuteration of IMP
andbyD2O, showing that both types of transfers occur in steps before the first
irreversible step of the reaction. Wang and Hedstrom found that kcat for the
human type 2 enzyme was similar for a series of NAD analogs despite
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variations in their intrinsic reduction potential, also indicating that hydride
transfer was not rate limiting (87). The net reverse reaction did not occur to a
measurable extent, consistent with the studies of the A. aerogenes enzyme
(83). However, NADH did reduce thio-NAD in the presence of IMP,
demonstrating reversible hydride transfer. NADH could trap all of the
E-XMP* formed in the reaction of thio-NAD and IMP showing that product
release is necessarily ordered, with NADH dissociating before E-XMP*
hydrolysis (if release was random some XMP would escape from E-XMP*
rather that being trapped, even in the presence of a saturating NADH
concentration).

B. LIGAND BINDING

1. IMP Binding Site

The tautomeric structure of IMP and XMP is of importance in discrimi-
nation of these nucleotides from physiologically abundant monophosphates
such asAMPandGMP.Crystallographic studies indicate that IMP,XMP, and
the covalent E-XMP* are bound as the 6-keto, N1–H forms, which are the
predominant forms in solution (98, 99).XMP ionizes atN3 to give the 6-keto,
2-enolate form,with a pKof 5.7. It is unknownwhether IMPDHcatalyzes the
ionization of the product.

The hamster IMPDH structure (PDB file 1jr1) revealed the covalent
E-XMP* adduct with cysteine 331 and its environs, as illustrated in
Figure 10A. The interacting residues are conserved in most IMPDH se-
quences. Many of the enzyme–ligand interactions arise from the protein
backbone. The nucleoside in the various IMP, XMP, and E-XMP* crystal
structures (Table 2) has an anti configuration about theglycosidic bondwhich
leaves the 2-position accessible for reaction; the conformation is similar to
that determined for IMP with the human type 2 enzyme using transferred-
nuclear Overhauser effect (NOE) nuclear magnetic resonance (NMR)
methods (88). This congruence has not always been obtained in studies of
protein–nucleotide complexes by NMR and crystallographic methods (cf.
ref. 100). The anti conformation is preferred by IMP in solution, and binding
this conformer maximizes the association rate. The sugar conformation is
variable among complexes betweenC20 andC30 endo or exo, in keepingwith
the relatively small energy differential among sugar-puckering conformers.

An extensive mutagenesis study of human type 2 IMPDH (101) focused
on changes in kcat and Km. Mutations in the IMP binding site (Gly326Ala,
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Asp364Ala, Cys331Ala) resulted in <0.1% activity. Gly326 is located in a
turn in the base of the IMP site whereas the other two residues form more
obvious contacts (Figure 10A). Mutations of other residues that partake in
binding IMP (Met70Ala, Tyr111Ala, and Lys409Ala) yielded low-activity
proteins with increased Km values. A Ser329Ala mutation increased the Km

for both IMP and NAD without altering kcat. Mutations of residues near the
purine in E-XMP* (Thr333 whose side chain OH is hydrogen bonded to
the side chain of Gln441) yielded 56 to 200-fold decreases in kcat with a
selective increase in the Km of NAD. Thr333 and Gln441 were proposed to
catalyze the hydrolysis of E-XMP* (101), although based on typical pKa

values no chemical mechanism is obvious.
In cases where the protein–IMP interactions involve the peptide

backbone, the use of modified substrates can be more informative than
proteinmutagenesis. IMP derivatives lacking the ability to interact at the N1,
N3, O6, or N7 positionswere found to be inhibitors rather than substrates but
had affinities comparable to IMP itself (30). The lack of substrate activity
might be due to inability to delocalize negative charge that accrues at least
transiently during bonding changes in the reaction, perturbations that are
more important for transition state stabilization rather than initial recognition
(30).

Remarkably, the purine nucleotide in the structure of the human type 2
isozyme with the covalent 6-Cl-IMP adduct (1b3o) occupies the same
position as the nucleotide in the hamster structure, although the covalent
linkage to cysteine 331 is at C6 rather than at C2 (31). Comparison of the
human and hamster structures indicates that the core (b/a)8 barrel provides a
relatively constant configuration whether or not the NAD or Kþ sites are
occupied, whereas the connecting loops and flaps reorganize (Figure 6B).
Thus, the plasticity of the protein loop residues 325–340 (mammalian
numbering) is sufficient to mold around the altered substrate site. In the
human structure, loop residues replace some of the flap contacts with the
barrel seen in the hamster structure. The active-site flap residues 400–450
remain largely disordered. The structure of the human type 2 IMPDH
complex with the IMP analog ribavirin monophosphate has been described
in which the flap residues 420–437 reorient to occupy the NAD binding site
(cited in ref. 80).

A unique feature of the T. foetus enzyme (1ak5) is the presence of Arg 382
at the binding site for the phosphoryl group in the E�XMP complex; this
position is occupied by uncharged residues in the other enzymes. This novelty
was suggested as a target site for design of selective inhibitors (33); however,
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subsequently the structure of the T. foetus enzyme complex with IMP and
b-CH2-TAD (1lrt) found this arginine side chain to point away from the active
site, casting doubt on its relevance for ligand interactions (20). Structures of
ribavirin–monophosphate complexes with the T. foetus enzyme have been
described (1me7, 1me8); however, the basis for differences in affinity among
species was not deduced from these structures (19).

2. NAD Binding Site

The conformation of the bound dinucleotide has been deduced from a
combination of transferredNOENMRmeasurements withNADH (102) and
the crystal structures of SAD (31) and b-CH2-TAD complexes (20). Since
NAD/NADH only bind productively when the substrate site is occupied, the
NMR studies investigated the NADH conformation with human type 2
enzyme in the presence of saturating amounts of XMP, whereas crystal
structures used the same proteinmodified by 6-Cl-IMP for the SAD complex
(1b3o), and the T. foetus subdomain deletion protein was used with IMP for
the b-CH2-TAD complex (1lrp). The dinucletotide binds in an extended
conformation with both glycosidic torsional angles in the anti configuration.
The NMR data for the nicotinamide ring showed proximity of the carbox-
amide NH2 protons to the pro-R hydrogen at the N4 position, leaving the
reactive pro-S proton accessible for transfer. The stereochemical course of
the reaction catalyzed byvarious IMPDHyields hydride transfer to theB side
of the nicotinamide ring, that is addition of the pro-S proton (89, 103, 104).
This stereochemistry is consistent with the empirical finding that dehydro-
genase reactions for which the equilibrium lies far toward NADH formation
utilize the B side of the nicotinamide ring (105). The carboxamide oxygen is
positioned syn to the reactive H, as expected from observations for other
enzymes and model studies that show that the carboxamide orientation is
related to the stereospecificity of hydride transfer (106). In SADandTAD the
anti configuration of selenazole (thiazole) riboside preserves the close
intramolecular Se(S) contact with O40 of the ribose, an electrostatic interac-
tion that restricts the conformation of SAD in solution and provides an
entropically favorable anchor point for binding to IMPDH (67). This
configuration is not compatible with the conformation of NAD bound to
other dehydrogenases and contributes to the relatively low affinity of TAD
for those enzymes (107).

In the hamster enzyme structure, the aromatic ring of MPA lies over the
purine ringofE�XMP* in amimic of thepositionof thenicotinamide ofNAD
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(28). The hydroxyl group of MPA occupied a position that authors proposed
to normally bind the substrate water molecule, implying that MPA is a
bisubstrate inhibitor.

The human enzyme structure (1b3o), illustrated in Figure 10B, showed
that the adenosine portion of the SAD binding site is composed of residues
from two subunits, whereas intersubunit contacts at the adenosine moiety of
TAD were not seen in the T. foetus complex. Likewise, in the T. foetus
E�XMP�NAD structure, NAD does not contact residues from another
monomer (36). The selenazole (thiazole) is stacked against the purine ring
of the substrate (analog) in a position that if occupied by a nicotinamide
would allow hydride transfer to occur with the established B-side stereo-
chemistry. Differences between the NAD binding sites of the human type
1 and type 2 IMPDH occur near the adenosine moiety, which stacks between
the imidazole of histidine 253 and the aromatic ring of phenylalanine 282 and
also makes a contact with threonine 45. In the human type 1 enzyme, the
residues at these positions are arginine, tyrosine, and isoleucine, respectively.
The cognate residues in the T. foetus enzyme (1lrt) are tryptophan 269,
arginine 241, and isoleucine 27, the last of which does not interact with the
ligand. The adenosine portion of the dinucleotide appears to provide a target
for development of compounds selective for one or another IMPDH (47).

In the human type 2 enzyme structure, a hydrogen bond is present
between the 20-hydroxyl of the IMP analog and the carboxamide of the
nicotinamide, suggesting a role in positioning for catalysis. Although
20-deoxy-IMP has 55% of the kcat of IMP, the rate-limiting step for the
analog reaction is not known, which diminishes the utility of the observa-
tion (30). Hence, the large decrease in the rate of hydride transfer with
20-deoxy-IMP and the E. coli enzyme is probably more directly incisive.
Alaninemutations created in theNAD site of the human type 2 enzyme have
also been characterized (101).

IV. Chemical Mechanism

This section addresses catalysis of the covalent changes that occur in the
reaction in the context of the structural, kinetic, and equilibrium data
described above. A plausible mechanism is illustrated in Figure 8B. This
scheme includes putative tetrahedral intermediates E-IMP and E-XMP and
does not explicitly illustrate noncovalent (Michaelis) complexes. The aro-
maticity of the purine is disrupted in the tetrahedral species, and these might
be high in energy compared to the conjugated E-XMP*. Key catalytic
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features include the stacking of the purine and nicotinamide rings to allow
hydride transfer and acid–base catalysis of the formation and hydrolysis of
the covalent enzyme intermediates.

Halo-purine nucleotides have been particularly informative probes of
IMPDH. The pH dependence of the inactivation rate of theE. coli IMPDH at
subsaturating 6-Cl-IMP concentration revealed a pK value of 8.4 for a group
that must be deprotonated for inactivation; this group was attributed to the
reactive sulfhydryl (62, 63). A similar study with the human enzyme at
saturating 6-Cl-IMPgave a pKof 7.5 in the E�6-Cl-IMP complex (30). These
pKa values are in a typical range for cysteine thiols in peptides, and thus there
does not appear to be an extraordinary activation of the nucleophile (108).

The hydrolysis of the 2-fluoro and 2-chloro analogs of IMP to XMP and
the halide ion are reactions in which neitherKm nor Vmax is affected by NAD
or monovalent cation (30, 64, 92). Figure 8B illustrates how these reactions
might fit into the sequence for the normal IMPDH reaction. The cation
independence of these rates supports the notion that themonovalent cation is
primarily involved in the NAD-dependent segment of the dehydrogenase
reaction (30, 55, 61, 96). The kcat values of the dehalogenation of 2-F- and
2-Cl-IMP by human type 2 IMPDH were approximately the same and only
about fivefold slower than the kcat for the IMPDH reaction. Thus, the rate-
limiting step occurs before any step that is common to the IMPDH reaction
(e.g., hydrolysis of the E-XMP* intermediate or XMP dissociation). The
same rates of product formation from substrates with C–F and C–Cl bonds,
which have substantially different intrinsic strengths, indicate that bond
cleavage is unlikely to be rate limiting. D2O did not alter the kcat or kcat/Km

for 2-Cl-IMP, indicating that proton transfers are relatively fast in this
reaction (30). Strangely, the pH–rate profiles for the hydrolysis of 2-Cl-IMP
did not reveal dependence on any group that needed to be deprotonated, only
a groupwith a pKof 9.9 thatmust be protonated, which is similar to a pK seen
in the normal IMPDH reaction (30). This observation suggests that
the hydrolysis of 2-halopurines might not require formation of the covalent
E-XMP* adduct but rather water directly displaces the halide from the more
electrophilic C2 position. The possibility that the 2-halo-IMP reactions
follow a distinct mechanism without covalent adduct with enzyme has yet
to be resolved.

The pH–rate studies of the physiological IMPDH reaction with the
human enzyme showed that both acidic and basic groups are required for
maximal activity at both saturating and nonsaturating substrate levels.
None of the pK values correspond to the free substrates, and thus they arise
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from the enzyme or enzyme–substate complexes. The acidic group is
attributed to the nucleophilic cysteine, whose pK is variously estimated as
7.2 from kcat and 6.9 from kcat/Km (NAD). A basic group with a pK of 9.4 is
seen for kcat/Km of NAD and 9.8 from kcat. The molecular nature of
this basic group is uncertain. The interpretation of the pH variations for
the kcat/Km of IMP is complicated because IMP binding is not in rapid
equilibrium; thus the observed pK values (8.1 and 7.3) could be perturbed
from their intrinsic values; furthermore, because the pK values are sepa-
rated by less than one unit, they are in fact not distinguishable (90). Thus, it
is not clear whether the pK of the cysteine should be assigned to 8.1 in the
free enzyme and decreases in the presence of substrates or is approximately
constant with a value of �7.2. In either case, the basic group that
contributes to the early stages of the reaction, which include IMP binding,
has a much lower pK than that seen later in the reaction. Again, the
molecular assignment of this ionization is unclear. TheD2O kinetic isotope
effects for the kcat/Km of both IMP andNAD [1.4 and 2.0, respectively (89)]
show that proton transfers are kinetically important early in the sequence.
The absence of a KIE from D2O on the turnover rate (kcat) suggests that
kcat is not limited by a step involving proton transfer and is thus unlikely to
include deprotonation of water for hydrolysis of E-XMP*. In sum, the
molecular constituents of the basic groups remain enigmatic.

V. Protein Conformational Flexibility
and Mechanism of Water Activation

The relationship of protein dynamics to enzyme function is currently a
topic of widespread interest (109). The structural, functional, and kinetic
aspects of protein loop and domain movements have been discussed
(38, 110–114, 116–119), including in our recent work (120). Movement of
IMPDH protein segments is used both to sequester the intermediate and to
recruit groups from the flap into the active site. The largemovement observed
for the subdomain reorientation as shown inFigure 6Cplays an unknown role
in protein function, one that is not necessarily related directly to IMPDH
catalytic activity. Structural studies of many proteins have shown that
rearrangements of loops that constitute active-site lids may be rigid-body
reorientations around flexible hinges or local changes in the conformation of
the polypeptide chain (119). In some cases the motion appears to be
independent of the protein ligation state while in other instances the rates
aremodulated by the binding of ligands, but generalizations are not yet clear.
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Crystal structures show substantial alterations among structural elements
in different complexes, as illustrated in Figure 6. Perhapsmost amazing is the
movement of the loop containing the active-site cysteine by as much as 7A

�

in enzymecomplexeswith 6-Cl-IMP (1jcn, 1b3o, 1nfb) so that the nucleotide
in the E�IMP, E-XMP*, and 6-Cl-IMP modified proteins is in the same
position although the linkage between the protein and the purine varies
between C2 and C6 (Figure 6B).

The existence of different conformations observed in various crystalline
complexes is supported by limited proteolysis data that showed changes in
loop susceptibility in solution. A study of the potential conformational alte-
rations associated with ligand binding to the human type 2 IMPDH revealed
that residues in the flap region (from residues 411 to 441) became protected
from various proteases in the presence of IMP or XMP (121). NADH
provided less protection and NAD did not protect at all, in accord with
other binding data (16). Interestingly, the 6-Cl-IMP inactivated enzymewas
not protected from proteolysis, consistent with the alternative conformation
of the flap seen in the crystal structure (PDB files 1jcn, 1b3o, 1nfb; see also
Figure 6B). The conformational study also found no significant alteration in
the far-ultraviolet (UV) circular dichroism spectrum in the presence of
ligands, indicating that major rearrangements of secondary structure did
not occur.

A calorimetric study of human IMPDH reported that the first three IMP
bound with the same affinity but the fourth IMP bound up to eightfold more
weakly, reflecting negative cooperativity (122). TheDG values for successive
IMP reflected different combinations of DH and DS, indicating that at least
subtle differences were present in the physical binding processes and were
masked through enthalpy–entropy compensation. Negative cooperativity for
IMP has not been reported in kinetic or other binding studies, perhaps in part
due to the ranges of substrate concentrations employed. The independence of
the binding enthalpy on the type of buffer indicated that no protons were
released in conjunction with complex formation, suggesting that the negative
cooperativity did not arise from changes in the charge of the system. IMP
binding showed a large and temperature-dependent heat capacity change
[�1.8 kcal/mol (IMP bound) at 25�C] indicative of a conformational change
on binding (123, 124). The authors proffered an explanation that the ligand-
free enzyme exists inmultiple conformational forms,which is consistent with
the difficulties in crystallizing the ligand-free protein. The calorimetric results
for MPA binding to the E�IMP complex were evaluated in terms of a protein
conformational distribution that persists in the binary complex.
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suggesting that the flapmaintains its helical structurewhile itmoves in andout
of theNAD site. In addition to the hydrogen-bonding pattern characteristic of
IMP binding, several new hydrogen bonds were identified in the T. foetus
E�MMP structure, which may resemble the E-XMP* transition state. The
conserved Arg418–Tyr419 dyad, located in the flap, forms hydrogen bonds
with awatermoleculewhich is poised to attackC2of boundXMP*, consistent
with a role of the dyad in water activation in the hydrolysis step. Thus,
movement of the flap appears necessary for water activation and has been
postulated to convert the enzyme from the open (dehydrogenase) conforma-
tion to the closed (hydrolase) conformation. Substrate inhibition by NAD
results from formation of a dead-endE-XMP*�NADcomplex, preventing the
enzyme from assuming the hydrolase conformation (35, 125).

Important mechanistic insights were obtained by characterization of
T. foetus Arg418 substitution variants. Substitution of Arg418 with Ala
decreased steady-state enzymic activity (kcat) 500-fold but the presteady
burst of NADH production in the first enzyme turnover was unaffected, nor
was the rate of NADH release (35, 125). Thus, Arg418 substitution does not
affect the hydride transfer step and specifically impairs the E-XMP*
hydrolysis. A similar (though much less pronounced) result was obtained
for a Tyr419Phe substitution (125), but the lack of change in pH dependence
of the hydrolysis reaction in this mutant suggested that Arg418, and not
Tyr419, is directly implicated in water activation (126). Arg418 and Tyr419
also stabilize the closed flap conformation (125). Arg418 forms a hydrogen
bond to Asp261 of the dinucleotide site (35). A substitution of Arg418 with
Lys did not impair E-XMP* hydrolysis but it destabilized the closed
conformation, resulting in a strong enzyme inhibition by NAD and NADH.
Incontrast, anArg418Gln substitution stabilized the closedconformationbut
the mutant was defective in E-XMP* hydrolysis, suggesting that the closed
conformation per se is not sufficient for hydrolysis (126). Thus,Arg418 is the
only residue that is directly implicated in water activation for the hydrolysis
step of IMPDH reaction, and the other functionally significant flap residues
mainly participate in flap stabilizationandmovement.The resultingmodelof
IMPDH conformational transitions is presented in Figure 9.

Kinetic experiments indicate that deprotonation of Arg418 both stabi-
lizes the closed conformation and creates a base that activates water for
hydrolysis. The pKa of Arg418 is �8 in the closed conformation and �10
in the open conformation. However, Arg residues usually have pKa values of
�13 and it remains unclear what perturbs the pKa of Arg418 in the IMPDH
structure (126). Interestingly, guanidine derivatives have been shown to
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rescue the Arg418Ala mutation of T. foetus enzyme (127). This effect has
been attributed to an acceleration of the E-XMP* hydrolysis and not to a
stabilization of the closed conformation. A solvent D2O effect is observed at
low guanidine concentrations, indicating that proton abstraction from water
is rate limiting (127).

VI. Species-Specific Drug Selectivity

Theorigin of the species-selective affinity ofMPA(seeTable 1) has been a
subject of several investigations (86, 128, 129). The T. foetus IMPDH has a
450-fold lower affinity for MPA than does the human enzyme but differs in
only two amino acids in the MPA binding site. This corresponds to the
changes in the Arg322Lys and Gln441Glu (human sequence numbering; the
corresponding T. foetus residues are 310 and 431, respectively). The intro-
duction of the arginine and glutamate in the framework of the T. foetus
enzyme enhanced the affinity ofMPAby20-fold.Amultiple inhibition study
of the wild-type human type 2 and T. foetus enzymes, and a T. foetus
(Lys310Arg)(Glu431Gln) mutant, used a combination of components of
TAD, that is tiazofurin and ADP. The results showed the presence of
substantial binding synergy for the T. foetus enzyme but not for the human
enzyme. Apparently, the T. foetus enzyme uses some of the energy available
from binding of ligands at the nicotinamide site (i.e., MPA or tiazofurin) to
modify the protein conformation and thus enhance affinity at the adenosine
site (129). The detailed nature of this conformational alteration had eluded
crystallographic determination even in light of the structure of the complex
with IMP and b-CH2-TAD (20) until the recent crystal structure of T. foetus
E�MMP complex indicated that the flap folds into the NAD site and makes
contact with the same residues that bind NAD and MPA, as shown in
Figure 11 (35). MPA and the flap thus compete for the nicotinamide subsite.
The binding of MPA stabilizes the open-flap conformation, enhancing ADP
affinity at the adenosine subsite.

Random mutagenesis was used to search for MPA-resistant forms of the
human enzyme (128). Four mutations lying both near to and far from the
active site were found. The authors noted that because the MPA inhibits by
trapping of the E-XMP* intermediate, any mutation that decreases the
accumulation of E-XMP* can result in reduced inhibition without directly
modifying the MPA binding site (128). Indeed, evolution of IMPDH toward
resistance to MPA may either change the MPA binding site topology or
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stabilize the closed enzyme conformation which will prevent MPA binding.
Since MPA induces the open conformation and MMP induces the closed
conformation, evolutionof the enzyme toward resistance to these compounds
should proceed in opposite directions. Indeed, an MPA-resistant Ala251Thr
substitution variant of Candida albicans IMPDH is 4-fold less sensitive to
MPA but is 40-fold more sensitive to MMP (130). The Ala251Thr substitu-
tion did not affect kcat but decreasedKmvalues for both substrates,making the
mutant enzyme more catalytically efficient. The mutation also rendered the
enzyme resistant to NAD substrate inhibition. Therefore, the A251T substi-
tution seems to stabilize the closed conformation,which has opposing effects
on enzyme susceptibilities to MPA and MMP (130).

Saccharomyces cerevisiae encodes three functional IMPDHs: IMD2,
IMD3, and IMD4. Any one of these genes supports growth in the
absence of guanine, but only IMD2 imparts MPA resistance, despite
>90% sequence identity (131). This resistance phenotype is both due to an
intrinsic resistance of IMD2 to MPA inhibition and its MPA-dependent
transcriptional induction (132, 133). Generation of a set of chimeric IMD2–
IMD3 genes allowed identification of Ala253Ser as a critical amino acid
substitution that is responsible for a large fraction ofMPAresistance in IMD2
(134). A change in the electrophoretic mobility of S. serevisiae IMPDHwas
detected following MPA binding; this property allowed identification of the
invivoMPA-inhibited enzyme (133). The competition betweenMPAand the
flap for the NAD site governs bothMPA andMMP sensitivity and the rate of
E-XMP* hydrolysis. In the human enzyme the open (dehydrogenase)
conformation is favored, which results in MMP resistance, MPA sensitivity,
and low kcat. Bacterial enzymes favor the closed enzyme conformation,
resulting in MPA resistance, MMP sensitivity, and fast turnover (2, 35).

VII. Monovalent Cation Activation

The requirement of IMP dehydrogenases for activation by monovalent
cations such asKþwas recognized byMagasanik (14) and recently reviewed
(135). IMPDH from each species studied has been found to have maximal
activity in the presence of millimolar concentration of Kþ, the presumed
physiological activator (16, 20–23, 83, 84, 136–138). However, both the
tolerance for Kþ surrogates and the Mþ free activities of the enzymes vary
considerably. The basal activity of the E. coli enzyme is�5% of its maximal
value whereas the human type 2 enzyme has<1% of the maximal activity in
the absence of added Mþ. The millimolar affinities for Mþ have precluded
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ascribed to awater molecule in the S. pyogenes structure (water #179 in 1zfj)
might actually be a cation, possibly NH4

þ from crystallization buffer
(19, 20).

The apparently conserved role of a cation at site 1may be stabilization of a
particular loop 6 conformation related to hydride transfer, rather than direct
participation in the reaction. The absence of a cation in the human complex
with 6-Cl-IMP-modified enzyme may be due to reorientation of the loop,
which would malform the cation binding site; however, the cofactor site is
evidently preserved since the 6-Cl-IMP-inactivated enzyme binds the NAD
analog SAD.

A different Kþ binding site (site 2) was found near b-CH2-TAD in the
crystal structure of theT. foetus enzyme ternary complexwith IMP (20). This
site is at the dimer interface and comprises ligands from the side-chain
hydroxyl of serine 22, both oxygens of the carboxylate of aspartate 264*, and
the main-chain carbonyls of glycine 20, asparagine 460, and phenylanine
266*. Ion binding at this site could modify NAD binding or reactivity. The
residues that provide side chains as ligands are not conserved among
IMPDH; thus this site appears unlikely to be the one responsible for the
unifying phenomenon of Kþ activation.

Two Kþ binding sites were observed in the subunit interface of T. foetus
E�MMP structure (35). Site 1 is analogous to the one observed in the hamster
IMPDH structure and site 2 is identical to the T. foetus E�b-CH2-TAD Kþ

binding site.
A kinetic study of theE. coli enzyme reported competitive inhibitionwith

respect to both Kþ and NAD by Liþ, Naþ, Mg2þ, and Ca2þ, supporting
interaction between the Mþ site and NAD site (21). In an Asp50Ala mutant,
Mg2þ inhibition became noncompetitivewith respect to Kþ and competitive
with both IMPandNAD; in contrast to thewild-type enzyme, thismutantwas
inactive in the absence of Kþ (21). The change in inhibition pattern might be
due to conformational alterations in the mutant or alternatively to the
presence of another cation binding site. The presence of a second site was
proposed by Kerr et al. since the residue analogous to aspartate 50 in the
hamster enzyme lies >15A

�
from the Kþ in the crystal structure (21). Mþ

activation of the Glu469Ala mutant was positively cooperative, which also
suggests more than one mode of interaction.

The comparable kinetic isotope effects from [2-2H]IMP with Naþ, Kþ,
NH4

þ and Rbþ as activators of the human type 2 IMPDH (1.9- to 2.4-fold
on Vmax/Km of IMP, 2.7- to 3.5-fold for Vmax/Km of NAD) suggest that the
cations do not directly participate in the hydride transfer step of the reaction.
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However, until studies ensure that the same steps in the mechanism are rate
limiting in the reactions with the various ions, the isotope effects provide
limited insight into the mechanism of Mþ activation (89). The Kþ indepen-
dence of the pK for 6-Cl-IMP inactivation of the human type 2 IMPDH
indicates that the Mþ does not dramatically alter the acidity of the cysteine–
SH nucleophile, which is surprising given the coordination of the Kþ at site 1
to the carbonyl of this cysteine. The comparable pK values for the group that
must be protonated for both the IMPDHreaction and the 2-Cl-IMPhydrolysis
(9.4–9.9) suggest that theMþ does not determine the ionizationof thismoiety.
There are no indications that the Mþ has a role in the acid–base chemistry of
IMPDH-catalyzed reactions. It appears that a role of the Mþ in activating the
nucleophilic water has been excluded.

The theme emerges that Mþ accelerates the hydride transfer step of the
reaction with apparently minor, if any, roles in binding of the substrate,
determining the nucleophilicity of the reactive cysteine sulfhydryl or in the
hydrolysis of the covalent E-XMP* intermediate. Perhaps the Mþ organizes
the active site to place NAD in a particularly reactive conformation. Mþ

activation by adjustment of protein conformation has been described for
S-adenosylmethionine synthetase, dialkylglycine decarboxylase, pyruvate
kinase, tryptophan synthase, and tyrosine phenol lyase andmaybe a common
mode of action (140–144).

VIII. Subdomain

The subdomain (Bateman domain) of IMPDH has no assigned in vivo
function despite its nearly ubiquitous presence in the enzyme structure. The
subdomain consists of�120 residues that are inserted between helix a2 and
sheet b3 and is unique to IMPDH among proteins with the (b/a)8 barrel fold.
The topology of the subdomain is best defined in the S. pyogenes structure
(23) and is shown in Figure 12B. The dimensions are� 20� 20� 30A

�
and it

protrudes from the edges of the tetramer. In the structure of the human type 2
protein, the domain is rotated around hinges at residues 111–113 and
225–227 by nearly 120� relative to the orientation in the hamster structure
(see Figure 6C). The functional significance of the rotation is unclear. The
subdomain has two repeats of a sequence motif known as a “CBS domain”
from its initial recognition in the amino acidmetabolic enzyme cystathionine
b-synthase (145). CBSdomains have been found in awidevariety of proteins
of apparently unrelated biological function, including protein kinases, ion
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channels, and enzymes, and generally occur in tandempairs (for a review see
ref. 146). A pair of CBS domains is also referred to as a Bateman domain.
Each CBSmotif shows approximate twofold structural symmetry in a sheet–
helix–sheet–sheet–helix secondary structure (see www.sanger.ac.uk/Users/
agb/CBS/CBS.html). Several structures of Bateman domains from different
organisms and proteins have been published to date (23, 115, 147–150).

The apparent irrelevance of the subdomain to IMPDH enzymic activity
was illustrated by a deletion that resulted in a direct connection of residues
100 and 227 in the T. foetus protein, a mutilation which caused only a 30%
decrease in kcat and no Km alterations; the crystal structure showed that the
core structure of the protein was unaffected (20). Similarly, replacement of
the flanking domain with a tetrapeptide linker did not impair the in vitro
catalytic activity of human type 2 IMPDH (151). An unequivocal demon-
stration of the physiological importance of the subdomain occurred in the
year 2002 when two studies reported human patient families with autosomal
dominant retinitis pigmentosa RP10 (adRP) that had alterations in residues
within the subdomain of the type 1 isozyme (152, 153). These positions are
marked by ** in Figure 5 and their spatial location on the IMPDH type 1
structure is illustrated in Figure 12A. AdRP is a genetically heterogeneous
disease (see http://www.sph.uth.tmc.edu/RetNet; see ref. 154 for a review)
resulting from an apoptotic loss of photoreceptors. The pathogenesis of
IMPDH-associated adRP is not understood, but it is unlikely to result from a
loss of IMPDH function since mice that are homozygous for IMPDH type 1
deletion develop only a mild retinopathy (155). Kennan and co-workers
reported an Arg224Pro mutation (152), and an Asp226Asn change was
discovered by Bowne et al. (153). The second group also found a Val268Ile
change in another family but its relationship to the RP10 form of retinitis
pigmentosa was less clear (153). Asp226 is conserved among all IMPDH
proteins while Arg224 shows conservation among eukaryotic enzymes (see
Figure 5). These amino acid substitutions did not alter IMPDH activity in
vitro.Althougha decreasedprotein solubility associatedwith adRPmutations
was initially reported (155), another study concluded that adRPmutations are
unlikely to affect protein folding and stability (156). Subsequent studies
(157, 158) identified additional IMPDH type 1 amino acid substitutions,
located in both the CBS subdomain and the core domain, that are associated
with adRP and Leber congenital amaurosis: Arg231Pro, His372Pro,
Thr116Met, Arg105Trp, Asn198Lys, and His296Arg (see Figure 12A).
In agreement with previous findings, no mutation-associated changes in in
vitro IMPDH activity were identified (157). Thus, the preponderance of
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evidence indicates the existence of a physiological function of the subdomain
that may not be closely tied to IMPDH enzymic activity.

Hedstrom and co-workers demonstrated that IMPDH proteins from
E. coli, T. foetus, and both human isoforms bind single-stranded nucleic
acids with nanomolar affinity (159). This binding was sequence nonspecific
and did not inhibit the dehydrogenase activity, suggesting that nucleic acids do
not interact with the active site. A subdomain deletion variant of the T. foetus
enzyme had increased Kd for nucleic acids, indicating that nucleic acids bind
to IMPDH via interaction with the subdomain (159). Interestingly, the adRP-
linked D226N and R224P mutations rendered IMPDH defective in nucleic
acid binding in vitro and in vivo, which suggested that binding of single-
stranded nucleic acids may be used as a functional assay for the adRP
pathogenicity of IMPDH type 1 mutations (156). A physiological role for
the nucleic acid binding by the IMPDH subdomain has not been demonstrat-
ed. Scott et al. postulated allosteric regulation of IMPDH by ATP binding to
the subdomain (160).Addition ofATP induced a fourfold increase in thewild-
type human IMPDH activity, and this effect was not seen in the adRP-linked
IMPDHR224P mutant. However, others have been unable to reproduce this
work (156), and the literature suggests that it is not correct (85). A phosphor-
ylation site of unclear function has also been identified in the subdomain of
human IMPDH type 1 (161). Bacterial expression of the subdomain of the
human enzyme yielded a folded protein as judged by circular dichroism (CD)
spectra, which may exist as a monomer or dimer (151). No function was
deduced from these studies, although an enhanced tendency of the sub-
domain-free core domain to form insoluble aggregates was noted (151).

Thewidespread occurrence of Bateman domains in a variety of unrelated
proteins raises the questionofwhether a single role is fulfilled by allBateman
domains or if it is a common structural scaffold for a variety of functions. For
instance, AMP-dependent protein kinase (AMPK) senses the energy–charge
ratio by responding to the cellular ATP and AMP concentrations
(160, 162, 163). A recent crystallographic study demonstrated that ATP and
AMP alternate in binding to a Bateman domain located in the AMPK g
subunit (115, 148), thereby regulating kinase activity. Similarly, a crystal
structure of ClC-5 chloride channel provided evidence for ATP and ADP
binding by theCBSpair, but the physiological significance of this interaction
remains unclear (149). In contrast, the Bateman domain of cystathionine
b-synthase is involved in enzyme activation by S-adenosylmethionine (164)
while the Bateman domain of the OpuA transporter from Lactococcus lactis
has been postulated to act as a sensor for intracellular ionic strength (165). In
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addition, there is accumulating evidence that at least someBateman domains
may act as dimerization interfaces (150, 165, 166). It thus seems that the
functions and binding partners of the Bateman domains may vary consider-
ably between different proteins.

IX. Conclusions

The past five decades of work have provided a wealth of structural and
mechanistic information on IMPDH and the parallel development of inhibi-
tors of demonstrated clinical utility. In the last five years, a new concept of the
enzyme structural dynamics in the catalytic cycle has been developed which
incorporates midcycle enzyme transition from the dehydrogenase to the
hydrolase conformation and water activation. Substantial light has been shed
on the structural determinants of the species-specific drug selectivity and
enzyme catalytic efficiency. Nevertheless, the substantive details of how the
enzyme does its job remain unclear. The rates of the movements of protein
loops and flaps in the reaction are largely unknown and their structures at
various stages of turnover are far from completely defined. The chemical
mechanism of catalysis still lacks definition of how the substrate water is
activated and what perturbes the pKa of the water-activating base residue.
Furthermore, the exactmechanism ofmetal ion activation of IMPDH remains
unknown. Perhaps most strikingly, the physiological role of an entire con-
serveddomain, itself thesizeof somesmallenzymes, remainscryptic. IMPDH
continues to be a fruitful ground for mechanistic and physiological research.
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