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1. Introduction and scope

George Weber was among the first to recognize that extensive metabolic changes must underlie
the unbridled proliferation of cancer cells 1. His molecular correlation hypothesis postulated
that a defined set of key “pace-maker” enzymes are stringently linked to neoplastic
transformation and progression, and that inhibition of these enzymes would provide an
effective strategy for chemotherapy. Weber's subsequent discovery that inosine 5’-
monophosphate dehydrogenase (IMPDH) is amplified in tumors and rapidly proliferating
tissues provided the foundation for drug design targeting this enzyme 2. Though yet to achieve
much success in the cancer arena, IMPDH inhibitors are now widely used in
immunosuppressive and antiviral chemotherapy, and IMPDH may also be a target for
antimicrobial drugs.

Clinical relevance aside, IMPDH is a fascinating enzyme. It traverses several conformations
while catalyzing two different chemical transformations, utilizing unusual chemical strategies
to promote each reaction. Monovalent cations such as K* activate IMPDH, possibly by acting
as a molecular lubricant to facilitate these conformational changes. The biology of IMPDH
also displays some surprising twists. IMPDH binds nucleic acids and is associated with
polyribosomes 3-6, though the physiological role of this interaction also has not yet been
elucidated. Perhaps most intriguing is the discovery that mutations in IMPDH are associated
with hereditary retinal disease 7~2. These mutations cluster to a subdomain that is not required
for enzymatic activity, and the function of this subdomain is currently under debate.

This article will review recent work on the biochemistry of IMPDH, integrating structure,
function and inhibition. Earlier reviews on this topic include references 19-12, Several more
focused reviews have addressed IMPDH as a drug target for immunosuppressive 13, cancer
14,15 ‘antiviral 16 and antimicrobial chemotherapy 17, specific classes of IMPDH inhibitors
18 advances in structure and mechanism 19 and the role of IMPDH in retinal disease 20:21, The
reader is also directed to a collection of papers from the 2000 meeting, Inosine monophosphate
dehydrogenase: a major therapeutic target22.

2. The biology of IMPDH

IMPDH controls the gateway to guanine nucleotides, making it an “enzyme of consequence”
for virtually every organism. IMP is the product of de novo purine nucleotide biosynthesis and
the precursor to both adenine and guanine nucleotides (Scheme 1). The IMPDH-catalyzed
conversion of IMP to XMP is the first committed and rate-limiting step in guanine nucleotide
biosynthesis. XMP is subsequently converted to GMP by the action of GMP synthetase
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(GMPS). With the exception of protozoan parasites such as Giardia lamblia and Trichomonas
vaginalis 23:24, the IMPDH/GMPS pathway appears to be present in every organism.
Moreover, many organisms contain multiple genes encoding IMPDH. Guanine nucleotides
can also be produced in salvage pathways through the action of phosphoribosyltransferases
and/or nucleoside phosphotransferases/kinases (Scheme 1). The relative flux through the de
novo and salvage pathways determines the susceptibility of an organism or tissue to IMPDH
inhibitors.

Rapidly growing cells have a high demand for guanine nucleotides that generally cannot be
sustained by salvage pathways, which explains the importance of IMPDH in cancer and viral
infection. In addition, IMPDH is a rate-determining factor in the regulation of proliferation by
p53 25, Constitutive IMPDH expression prevents growth suppression while inhibition of
IMPDH mimics over-expression of p53. Two IMPDH inhibitors, MPA and benzamide
riboside, display cytostatic but not cytotoxic activity against the panel of 60 cancer cell lines
in the National Cancer Institute screen (http://dtp.nci.nih.gov). Other investigations have found
that IMPDH inhibitors induce differentiation and apoptosis in a variety of cell lines. The de
novo guanine nucleotide biosynthesis pathways are also especially important in lymphocyte
proliferation 26, angiogenesis 27 and axon guidance 28.

The depletion of guanine nucleotides is believed to account for the action of IMPDH inhibitors.
Guanine nucleotides serve as precursors for RNA and DNA, the energy source for translation,
the co-factor for G-proteins, precursors for glycosylation, the precursor for tetrahydrobiopterin
synthesis as well as important allosteric regulators and signaling molecules 6. Inhibition of
IMPDH both depletes guanine nucleotides and increases adenine nucleotide pools. In
mammalian cells, both phosphoribosyl pyrophosphate (PRPP) synthetase and ribonucleotide
reductase are stimulated by guanine nucleotides and inhibited by adenine nucleotides 2°. PRPP
is used in the biosynthesis of purine nucleotides via both the de novo and salvage pathways,
and is also required in pyrimidine biosynthesis, so the imbalance between adenine and guanine
nucleotides has wide-ranging repercussions. Such mis-regulation of metabolic pathways may
be more consequential than the simple lack of guanine nucleotides.

2.1 Human IMPDH

Humans and other mammals have two IMPDH genes, encoding hIMPDH1 and hiIMPDH2
30, Though hIMPDH1 predominates in the retina, spleen and resting peripheral blood
mononuclear cells, most tissues express both isozymes to varying extents 3133, hIMPDH1
knockout mice display only a mild retinopathy 34, but hIMPDH2 null mice die during
embryogenesis 3°. In general, hIMPDH1 is expressed constitutively at low levels, while
hIMPDHZ2 is amplified during proliferation and transformation, though several exceptions to
this rule exist. Depletion of the guanine nucleotide pool by IMPDH inhibitors increases
transcription of IMPDH in at least some cell types 36. Of particular interest given the use of
IMPDH inhibitors as immunosuppressive chemotherapy, both hIMPDH1 and hIMPDH2
mRNAs are amplified when lymphocytes are stimulated 31:32:37 hIMPDH?2 is widely believed
to be the major target for cancer chemotherapy, with the presumption that chemotherapy would
be improved with specific inhibitors. This view was recently challenged by the observation
that inhibition of hIMPDH1 is sufficient to block angiogenesis 2.

The “canonical” hiIMPDH1 and hIMPDH2 both contain 514 residues, are 84% identical and
almost indistinguishable in their kinetic properties (Table S1 in the supplemental material).
hIMPDHZ1 also exists in two longer versions generated by alternative splicing (described in
more detail in section 8)32:38, Several polymorphisms of hIMPDH1 have been identified. The
H296R, D301N, G324D and G519R mutations do not appear to affect protein function while
the R105W, T116M, N198K, R224P, D226N, V268l and H372Pro mutations are associated
with retinal degeneration 2139, hIMPDH2 appears to be less diverse; only the L263F
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polymorphism has been identified to date; this mutation decreases the value of k.4 by a factor
of 10 40, Importantly, functional characterization has largely relied on recombinant proteins
produced in E. coli, so the effects of post-translational modifications have largely been ignored.
Perhaps more seriously, the use of recombinant proteins has limited characterization to
homotetramers, while the sequence similarity and co-expression of hIMPDH1 and hIMPDH2
suggests that type 1/type 2 heterotetramers will be present in many cells. Since the NAD site
is at the subunit interface and these residues do differ between isozymes, the functional
properties of such heterotetramers could be significantly different than either homotetramer;
this issue has not yet been addressed experimentally. Further elucidation of the roles of
hIMPDH1 and hIMPDH2 awaits the development of isozyme-specific inhibitors.

Some tantalizing complexities are found in the regulation of hIMPDH1/2 (note that many of
these observations do not differentiate between isozymes). Surprisingly, enzymatic activity
does not appear to be controlled by allosteric effectors. The depletion of guanine nucleotides
causes the aggregation of hIMPDH1/2 41:42: these aggregates disassemble when the guanine
nucleotide pools are restored. Insulin and oleate cause the translocation of hIMPDH1/2 to lipid
vesicles 43; the functional consequences of this interaction are not known. Insulin also induces
the phosphorylation of IMPDH1/2, though again the functional consequences of this
modification are not understood 43. Protein kinase B/Akt may be responsible for this
phosphorylation. An independent set of yeast two hybrid experiments show that hIMPDH2
interacts with the protein kinase B/Akt via its plekstrin homology domain; the resulting
phosphorylation reduces activity 44. The site of this phosphorylation was not identified and
neither hIMPDH1 nor hIMPDH2 contain consensus sites for protein kinase B phosphorylation.

2.2. IMPDH as an antimicrobial drug target

Rapid proliferation is also a characteristic of microbial infections, so IMPDH is an attractive
target for antimicrobial chemotherapy. Mammalian and microbial IMPDHs display significant
structural and functional differences, which suggest that it should be possible to develop
selective inhibitors 4°. However, the utility of IMPDH as a target for antimicrobial agents is
complicated by the salvage pathways (Scheme 1). Whereas mammals can only evade a block
at IMPDH by salvaging guanine and/or guanosine, many pathogens can also salvage xanthine.
Indeed, deletion of IMPDH has no effect on the virulence of several bacteria #6-49, Therefore
it is important to demonstrate that microbial growth and/or virulence depends upon IMPDH.
Unfortunately, rigorous target validation is often limited by the inability to genetically
manipulate the organism in question as well as by the lack of selective inhibitors. Nevertheless,
IMPDH is emerging as a promising target in several systems. The IMPDH inhibitors MPA
and/or mizoribine inhibit the growth of Tritrichomonas foetus50, Candida albicans51,
Cryptosporidium parvum52, Leishmania donovani53, Trypanosoma brucei54,
Staphylococcus aureus55, Eimeria tenella56 and Plasmodium falciparum57. As described in
section 7.5, parasite-selective IMPDH inhibitors have recently been reported 8.

The propensity to develop drug resistance is an important consideration in antibiotic
chemotherapy. Invitro, many organisms develop resistance to IMPDH inhibitors by amplifying
the IMPDH gene 23:54:59, Drug resistant mutations in IMPDH are also observed 21:59:60 The
cattle parasite T. foetus becomes resistant to IMPDH inhibitors by rearranging its purine salvage
pathways to rely on xanthine instead of hypoxanthine 2°. How rapidly pathogens develop
resistance to IMPDH inhibitors in the clinic remains to be seen.

3. Purification and characterization

The IMPDH reaction was first reported in 1957 in extracts of Aerobacter aerogenes 61. IMPDH
has been isolated from mammalian 62-66, bacterial 67-69, parasite %6:70 and plant sources "1
72 though the subsequent discovery that many of these organisms express multiple isozymes
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calls the composition of these preparations into question. The best-characterized IMPDHSs are
produced as recombinant proteins in E. coli, and include the enzymes from T. foetus 73:74, C.
parvum75 and hIMPDH2 76-80_|n addition, the following recombinant IMPDHs have been
expressed: hIMPDH1 38:79:80 Chinese hamster type 2 76, E. coli81, Streptococcus pyogenes
82, Pneumocystis carinii83, Borrelia burgdorferi84, C. albicans51, L. donovani 85,
Toxoplasma gondii 86, P. falciparum87 and Pyrococcus horikoshii (PDB accession number
2cu0).

IMPDH monomers generally contain 400-500 residues depending on the presence of a
subdomain that is not required for enzymatic activity. The tetramer is stable and monomers
are not observed, though higher order aggregates have been reported 41:42,69.88,89 |MPDHs
are readily purified using affinity chromatography 9. An IMP-resin alone can be sufficient to
obtain pure enzyme if expression is high. Cibacron Blue affinity and/or cation exchange
chromatography are also effective purification steps. The enzyme can be denatured with urea
or guanidine hydrochloride and renatured with retention of activity 68:91, Activity is optimal
at pH 8. All IMPDHs are activated by K*, and thiol compounds are required to prevent
oxidation of the catalytic Cys for optimal activity 61. Reagents such as iodoacetamide and
methylmethanethiosulphonate inactivate IMPDH. IMP protects against inactivation, which
provided the first evidence that a Cys residue might be present in the active site 7192,
Surprisingly given the position of IMPDH at the junction of guanine nucleotide metabolism,
no allosteric regulators have been identified for IMPDH (reports that ATP is an allosteric
regulator have not been confirmed %:83:79). Though negative cooperativity has been detected
in isothermal titration calorimetry measurements of IMP binding 93, the kinetic data are
consistent with independent active sites.

4. The structure of IMPDH

Thirty x-ray crystal structures of IMPDH have been reported to date, of which twenty-five are
deposited in the Protein Data Base (Table S2 in the supplemental material). Most IMPDH
monomers contain two domains: the catalytic domain, which is a (B/a)g barrel, and the
subdomain containing two CBS domains (named for the homologous domains in cystathionine
beta synthase; also known as Bateman domains) (Figure 1). The subdomain is not required for
activity 9495 and a few IMPDHs, including those from B. burgdorferi and C. parvum, do not
contain the CBS subdomain. The tetramer has square planar geometry, with the sides of the
barrels at the subunit interfaces (Figure 1). The CBS subdomains protrude from the corners of
the tetramer. The junction between the catalytic domain and the subdomain is flexible and the
relative orientation can vary by as much as 120 degrees in different crystal structures (Figure
1A) %, The CBS subdomain is disordered in many structures, and removal of the subdomain
by mutagenesis facilitates crystallization.

4.1. The catalytic domain

Like other (B/a)g barrel proteins, the active site is found in the loops on the C-terminal ends of
the B sheets. The loop containing the catalytic Cys319 (T. foetus IMPDH numbering will be
used throughout unless otherwise noted), the C-terminal segment and the flap all display
varying degrees of flexibility and disorder depending upon the complex (Table S2). This
structural mobility is critical for enzymatic activity. The C-terminal segment is coupled to the
Cys319 loop via a monovalent cation. How the movement of the flap coordinates with the
Cys319 loop and C-terminal segment is not understood. As discussed in section 6, the various
crystal x-ray crystal structures suggest that IMPDH may have a different conformation for each
step of the catalytic cycle.

The catalytic Cys319 is found on the loop between 6 and a6; this loop has several different
conformations and/or is disordered in many crystal structures. The Cys319 loop has essentially
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identical conformations in the E-XMP*, EeMZP and E°RVP complexes of T. foetus, Chinese
hamster and human type 2 IMPDHs. A monovalent cation binding site is formed in these
complexes, consisting of three carbonyl oxygens from the Cys319 loop and three carbonyl
oxygens from a helix in the C-terminal segment (Figure 2A). A similar conformation is also
observed in the S. pyogenes E<IMP complex, although the C-terminal helix is in a somewhat
different position, and a putative water molecule is found in the monovalent cation site (Figure
2B). It is possible that this water molecule is actually an NH4* (from the crystallization buffer)
or another monovalent cation. Na* causes a contraction of the binding site, with adjustments
of both the Cys319 loop and C-terminal segment (Figure 2C), in keeping with the smaller
coordination sphere of this metal.

The Cys319 loop has alternative conformations and/or is disordered in EsIMP, EsIMP<TAD
and EsXMP complexes. The Cys319 loop can move like a door on a hinge (Figure 3A)%7. It
can also deform in a more dramatic manner as evidenced by the adduct with 6-CI-IMP, where
the Cys319 attacks the C6-position of the purine ring instead of the 2-position as in the normal
reaction (Figure 3B) 9. The nucleotide occupies the same position and has the same orientation
as substrates/products, but the short helix unwinds, allowing the Cys to reach C6 of the purine
ring. The monovalent cation site is disrupted and the C-terminal segment disordered in both
of these complexes.

The large segment between 8 and a8 forms the flap that covers the active site. Like the Cys319
loop, this flap has varying amounts of disorder depending on the ligands. Most dramatically,
the distal portion of the flap moves in and out of the active site during the catalytic cycle; the
open conformation is required for the dehydrogenase reaction while the closed conformation
is used in the hydrolysis step 1.

4.2. The conservation of the active site

Key functional and structural residues are generally highly conserved, but these residues
display somewhat surprising divergence in the case of IMPDH. The key catalytic residue
Cys319 is indeed completely conserved, as are most of the residues that interact with IMP
(Figure 4A). These residues include Ser317 and Tyr405, which form hydrogen bonds to the
ribose phosphate via their hydroxyl groups, and Gly360 and Gly381, which interact with the
phosphate via main chain NHs. Arg382 displays some divergence, but it also forms a hydrogen
bond with the phosphate via the main chain NH, so changes at this position need not perturb
this interaction. Asp358 forms hydrogen bonds to the ribose hydroxyls of IMP, and is
completely conserved. Glu408, Gly409 and Glu431 interact with the purine ring of IMP via
main chain hydrogen bonds. While Glu408 is often replaced with Met, Gly409 and Glu431 are
completely conserved.

In contrast, and despite multiple functional constraints, the NAD site and the flap are highly
divergent (Figure 4B). The carboxyl group of a conserved Asp261 forms hydrogen bonds with
the ribose hydroxyls of the nicotinamide portion of NAD. The only other conserved interactions
are hydrogen bonds with Gly312 and Gly314 with the carboxamide of NAD. The carboxamide
can also make an alternative hydrogen bond with the side chain of Arg322, but GIn and Gly
are also found at this position, so this interaction is not conserved. The hydroxyls of Ser262
and Ser263 interact with the phosphates of NAD. Neither of these residues are conserved, and,
though position 262 usually contains a residue such as Thr or Cys that preserves the interaction,
position 263 is often an Ala. The residues that interact with the adenine ring are varied to the
extent that they are frequently difficult to identify in sequence alignments (Figure 4B). The
flap is similarly variable, with only key catalytic residues Arg418 and Tyr419 completely
conserved. The presence of insertions and deletions can also make it difficult to align these
two residues. It has been proposed that this divergence is a response to the presence of naturally
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occurring IMPDH inhibitors 9. Not surprisingly, species-selective inhibitors interact with the
NAD site.

4.3 CBS domains

CBS domains are found in a diverse set of proteins including CIC-chloride channels, amino
acid transporters and protein kinases in addition to IMPDH and cystathionine beta synthase
99, Mutations within CBS domains lead to a variety of hereditary diseases 109, CBS domains
act as adenosine nucleotide binding modules in several proteins 1017106 The CBS domains of
IMPDH may also function in this manner 192, though several laboratories have failed to verify
this observation :63:79:107 Notably, despite their structural similarity, the CBS domains of
IMPDH share little sequence identity with the other proteins 198, so it would not be surprising
if their function has diverged.

The CBS subdomain coordinately regulates the adenine and guanine nucleotide pool in E.
coli 107+109, Both inosine and adenosine cause growth arrest in bacteria that express a
subdomain-deleted variant of IMPDH. Growth arrest is accompanied by a dramatic increase
in the adenosine nucleotide pool. One deleterious effect of the amplification of the adenine
nucleotide pools appears to be the allosteric inhibition of PRPP synthetase. Growth arrest is
also suppressed by mutations in the enzymes that convert inosine to AMP (ADSS, ADSL and
inosine-guanosine kinase; Scheme 1). The mechanism behind these intriguing observations
has not yet been elucidated.

IMPDH binds nucleic acids 34, and this function is perturbed by deletion and/or mutagenesis
of the CBS subdomain 4:5:9. IMPDH associates with polyribosomes in tissue culture cells and
the subdomain mediates this interaction, suggesting that IMPDH has a moonlighting function
in translation regulation 4-8. Perhaps this function also underlies the regulation of the purine
nucleotide pool in bacteria.

5. Substrate specificity

The substrate specificity of IMPDH is fairly typical for nucleotide-utilizing enzymes.
Substitutions at the phosphate group are well tolerated: inosine 5’-phosphorothioate, 5'-
mercapto-5'deoxyinosine-5’-S-phosphate, and 5’-amino-5'-deoxyinosine-5’-N-phosphate are
converted to the analogous xanthosine nucleotides with catalytic efficiencies comparable to
IMP 110, 2"-Deoxy-IMP and ara-IMP are also good substrates 6%:78:111,112 \yhich is rather
surprising given that the 2'-OH makes hydrogen bonds to the conserved Asp364 (Figure 4).
The 2’-OH also forms a hydrogen bond with the carboxamide nitrogen of NAD*/TAD in some
complexes, though the distance between these atoms exceeds 3.5 A in others 92,9,
Modifications of the hypoxanthine ring are also tolerated: 6-thio-IMP and 8-aza-IMP are also
good substrates 113, IMPDH hydrolyzes 2-CI-IMP and 2-F-IMP in the absence of NAD 8
112,114 "again with kinetic parameters similar to those of the normal IMPDH reaction.

IMPDH can also use a variety of dinucleotide substrates: acetylpyridine adenine dinucleotide
(APAD), thionicotinamide adenine dinucleotide (TNAD™), 3-pyridinealdehyde adenine
dinucleotide, nicotinamide hypoxanthine dinucleotide (NAH) and nicotinamide guanine
dinucleotide (NAG) 79:75:77,79 The values of kg are similar to that of NAD*, indicating that
hydride transfer is not rate-limiting. The values of K, are generally higher than that of
NAD*, which probably reflects a decrease in affinity. APAD* and TNAD* are particularly
useful NAD™ analogs. The redox potentials of NAD*, TNAD* and APAD* are -0.320 V, -0.285
V and -0.258 V, respectively, so that the equilibrium of the hydride transfer reaction shifts
toward products with these NAD™ analogs. Neither APAD* nor TNAD™ displays significant
substrate inhibition, again probably due to the absence of interactions with the carboxamide
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group. The release of APADH is much faster than NADH, frequently simplifying kinetic
analysis.

6. Mechanism

IMPDH catalyzes two very different chemical transformations: (1) a dehydrogenase reaction
to form NADH and the covalent intermediate E-XMP* and (2) a hydrolysis reaction which
converts E-XMP* into XMP (Scheme 2). How can a single active site accommodate two very
different transition states? Aldehyde dehydrogenase catalyzes a similar two step
transformation; in this case, the nicotinamide portion of NADH swings out to allow water to
access the active site 115, A much more profound rearrangement occurs during the IMPDH
reaction: NADH departs from the enzyme and a mobile flap moves into the vacant dinucleotide
site, carrying the conserved Arg418-Tyr419 dyad into the active site. Thus IMPDH has two
mutually exclusive conformations, an open conformation for the redox reaction and a closed
conformation for the hydrolysis of E-XMP* 19,

Hydride transfer is fast in all IMPDHs examined to date, so E-XMP* accumulates during the
catalytic cycle and can be trapped with acid 3. Both the chemical and kinetic competence of
E-XMP* have been established. E-XMP* decomposes to XMP and also reacts with NADH to
form IMP and NAD*74:77. More interestingly, mycophenolic acid (MPA) traps E-XMP* and
a crystal structure of the E-XMP**MPA complex has been solved 76:116:117 '|n 3 particularly
elegant experiment, Fleming and colleagues have shown that E-XMP*«MPA also forms when
IMPDH is incubated with XMP and MPA, though this reaction is very slow (kKgps = 6.5 %
1075 s versus kgat = ~0.4 571 for hIMPDH2 116), E-XMP*+MPA can be distinguished from
free enzyme on SDS-PAGE, which provides a means to monitor drug effectiveness in vivo
118.

6.1 Conformational transitions during the IMPDH reaction

The IMPDH reaction may require different protein conformations for each step of the catalytic
cycle. Ten x-ray crystal structures of T. foetus IMPDH have been solved, so discussion will

focus on this enzyme (Table S2). The flap and the Cys319 loop have different conformations
and/or different degrees of disorder in each complex (Figure 5)1°. While the idea that multiple
conformational transitions are required during the IMPDH is very appealing, it is important to
recognize that the differences between crystal structures may have more prosaic origins. The
oxidation of Cys319, crystallization conditions or simply the presence of inhibitors may induce
conformations that are not catalytically relevant. With such caveat asides, it appears that the

active site of IMPDH is largely disordered in the absence of substrates, becomes ordered as

substrates bind, and that ordering extends to docking of the C-terminal helix when K* binds.

No true apoenzyme structure is available for T. foetus IMPDH; the closest mimic is the
E+SO472 complex, where the Cys319 loop, flap and C-terminal segment are largely disordered
(Figure 5A) 8. In contrast, the Cys319 loop is completely ordered in the SO472 complex of B.
burgdorferi IMPDH. This difference may reflect different dynamical properties of the Cys319
loop arising from sequence variations. A true apoenzyme structure has been solved for
hIMPDHZ2, and even more extensive disorder is observed in this complex, suggesting that the
S0.72 orders the phosphate binding portion of the Cys319 loop 119,

The Cys319 loop becomes ordered when IMP binds, as do several residues of the flap (Figure
5B)120, However, this conformation of the Cys319 loop is not compatible with monovalent

cation binding, so the C-terminal segment remains disordered. Here the oxidation of Cys319
is particularly problematic, because steric conflict with IMP may cause distortion of the Cys319
loop. The Cys319 loop has a structure compatible with K* binding in the S. pyogenes E«IMP
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structure, though in this case the position of the purine ring is slightly skewed from other
complexes 82,

Another conformation of the Cys319 loop is observed in the EsIMP<TAD complex, which is
believed to mimic EsIMPsNAD™ (Figure 5C)%. This difference is most easily noted by
observing the positions of Thr321 and Arg322. Thr321 points away from the Cys319, while
Arg322 interacts with TAD. K* binding cannot be accommodated by this conformation, which
suggests that the K* may bind, and the C-terminal helix may dock, after hydride transfer is
complete.

Yet another conformation is observed in the EeRVP<MPA and EsMZP complexes, which are
believed to mimic the E-XMP*gpen and E-XMP* (o5 cCOMplexes, respectively (Figure 5D and
E). In both cases, the replacement of the purine ring with a smaller heterocycle permits the
Cys319 loop to attain a conformation that can bind monovalent cation, which in turn allow
docking of the C-terminal helix. Na* is bound in the EeRVPsMPA complex, which causes a
contraction of the Cys319 loop and C-terminal segment relative to that of K* site in the EsMZP
complex; Thr321 points away from Cys319 (also note that Cys319 is oxidized in this complex)
121 Na* does activate T. foetus IMPDH, so it seems likely that this is a catalytically relevant
conformation.

The conformation of the Cys319 loop in EseMZP closely mimics that observed in the E-
XMP*«MPA complex of Chinese hamster IMPDH 76:122_ Thr321 is positioned to interact with
both Cys319, so that Thr321 may play an important role in activating this key catalytic residue.
The nucleotide is almost completely buried in the enzyme, suggesting that a conformational
change is required for release of the final product, and indeed the EeXMP complex does contain
large amounts of disorder 8.

6.2. Kinetic mechanism

Early investigations of IMPDH's from various sources concluded that the kinetic mechanism
proceeded via an ordered bi-bi mechanism where IMP was the first substrate bound and XMP
was the last product released. Unfortunately, these conclusions were based on product
inhibition experiments that are not valid if an intermediate such as E-XMP* accumulates. Dead-
end inhibitor and equilibrium isotope exchange experiments from the Morrison laboratory
suggested that IMPDH followed a random mechanism, which is closer to the truth 123:124 With
the discovery of the E-XMP* intermediate, the measurement of isotope effects and the use of
presteady Kinetics, it is now evident that substrates bind randomly, hydride transfer is rapid
and NADH release precedes the hydrolysis of E-XMP* 74:77,125,126 (Scheme 3). High
concentrations of NAD* trap E-XMP*, causing substrate inhibition, confirming the ordered
release of products. The values of K;j for NAD™ range from 0.6-3 mM, which suggests that a
significant fraction of E-XMP*sNAD™ will exist under physiological conditions. Perhaps the
formation of E-XMP*«NAD™ provides another mechanism of regulating guanine nucleotide
biosynthesis 6.

A combination of pre-steady state, steady state, isotope effect and pulse chase experiments
have delineated the kinetic mechanism for IMPDH from T. foetus 74:127. In brief, changes in
intrinsic protein fluorescence monitor substrate/product binding, changes in absorbance at 340
nm measures production of both free and enzyme-bound NADH. Changes in NADH
fluorescence monitor free NADH because purines are strong fluorescence quenchers, so no
fluorescence is observed in the E-XMP*«NADH complex. Lastly, incorporation of
radioactivity into the protein from 14C-IMP monitors E-XMP*. These experiments permit the
rate constants to be determined for each step of the reaction 127,
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6.2.1. Kinetic evidence for conformational changes in the IMPDH reaction—As
expected from structural investigations, several conformational changes are evident in the
kinetic mechanism. IMP binding is a two step process in the T. foetus enzyme 74, Titration
calorimetry and proteolysis experiments suggest that IMP binding also induces a
conformational change in hIMPDH2 93:128_ Thus the IMP-induced conformational change
appears to be a general feature of the IMPDH reaction.

Another conformational change occurs when NAD* binds. When E<IMP is mixed with
NAD*, a burst of NADH is produced, demonstrating that the dehydrogenase reaction is fast.
However, when 2-2H-IMP is used, an isotope effect of only 1.4 is observed on the burst of
NADH. This observation suggests that a conformational change is also partially rate-limiting
in the dehydrogenase reaction, which further suggests that the association of NAD* involves
a conformational change.

Kinetic evidence for the open/closed conformational change of the flap comes from multiple
inhibitor experiments. The nucleoside inhibitor tiazofurin binds in the nicotinamide portion of
the dinucleotide site while ADP binds in the adenosine portion. Tiazofurin and ADP are
strongly synergistic inhibitors of T. foetus IMPDH 127:129 indicating that a conformational
change occurs upon the binding of one inhibitor that increases the affinity of the second
inhibitor. If the closed conformation predominates, then tiazofurin will shift the equilibrium
to the open conformation, allowing ADP to bind more tightly (Figure 6; note that the order of
inhibitor binding is arbitrary).

6.2.2. Measuring the open/closed flap equilibrium with a multiple inhibitor
experiment—The equilibrium for this conformational change (K.) can be estimated using
multiple inhibitor experiments with the assumption that the conformational change is rapid.
The interaction constant a is the factor that describes the decrease in the value of K for one
inhibitor in the presence of saturating concentrations of the second inhibitor. The value of a
also approximates the fraction of enzyme in the open conformation (Fopen). This concept is
best illustrated with an example: assume Fopen = 0.02. The presence of saturating tiazofurin
shifts the enzyme completely into the open conformation, i.e., Fopen = 1, causing ADP to bind
50 times more tightly, so that o = 0.02 = Fqpen. Thus this multiple inhibitor experiment also
provides an estimate the value of K. For T. foetus IMPDH, o = 0.007 and K. =150 127. Note
that if a mutation causes an increase in Fopen, @ corresponding decrease will be observed in the
K; of all inhibitors that bind in the dinucleotide site, providing an independent measure of the
effect of a mutation on the conformational equilibrium (in the case where the residue does not
directly interact with the inhibitor). The value of K; calculated based on K. is in good agreement
with the experimentally determined values, validating the method 127,

6.2.3. Kinetic mechanisms of hIMPDH2 and C. parvum IMPDH—The kinetic
mechanisms of hIMPDH2 and C. parvum IMPDH follow the same general outline as T.
foetus IMPDH, indicating that this mechanism is a common feature of IMPDHSs 126, Figure 7
displays a “kinetic alignment” of steps that contribute to k.4 for T. foetus IMPDH, C.
parvum IMPDH and hIMPDHZ2. The value of K, varies widely, as expected given the structural
divergence of the flap and the dinucleotide site (Figure 4). hIMPDH?2 is predominantly in the
open conformation, while the C. parvum enzyme has a small preference for the closed
conformation (K. = 4). Since the flap and NAD* compete for the dinucleotide site, the affinity
of NAD* must be balanced against that of the flap; otherwise nonproductive complexes will
accumulate. When the fraction of enzyme in the open conformation is taken into account, the
“intrinsic binding affinity” of compounds that bind in the NAD site can be considerably greater
than the observed binding affinity (Table 1). This principle is illustrated by T. foetus IMPDH,
where the observed affinity of NAD™" is 6.8 mM but the intrinsic affinity is 0.07 mM. Also as
expected from the structural divergence, the intrinsic binding energy of NAD* distributes
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differentially across the dinucleotide binding sites. Most of the affinity for TAD derives from
interactions at the nicotinamide subsite in human IMPDH type 2 and C. parvum IMPDH while
interactions with the adenosine subsite are more important in T. foetus IMPDH. These
differences may derive from interactions with the adenine ring, which is sandwiched between
His253 and Phe282 in human IMPDH type 2, Asn144 and Asn171 in C. parvum IMPDH and
Arg241 and Trp269 in T. foetus IMPDH. Remarkably, the values of ko are similar even
though the dynamics of open and closed conformations are very different, suggesting that the
movement of the flap simply sets the stage for the hydrolysis reaction.

With the exception of K¢, the kinetic mechanisms of CpIMPDH and TfIMPDH are essentially
identical, in keeping with the structural similarity of the IMP and nicotinamide sites. In contrast,
both chemical transformations are slower in hIMPDH2. The change in equilibrium between
the EeIMP-NAD™ and E-XMP**NADH complexes suggests that the transition state for the
hydride transfer reaction has also changed. As discussed below, the substitution of Glu431
with GIn may account for the decreased catalytic power of hIMPDH2.

6.3. Chemical mechanism

IMPDH utilizes a plethora of catalytic strategies to solve the many challenges of the chemical
transformations. IMP is bound with the glycosidic bond in the anti conformation, which places
C2 away from the sugar ring, facilitating the attack of Cys319 130, The reactivity of the 2-
position of the purine ring is enhanced by hydrogen-bonds between the purine ring and the
main chain at residues Glu408, Gly409 and Glu431 (Figure 4). The dehydrogenase reaction
may proceed via a tetrahedral intermediate as shown (Scheme 2), though no experimental
evidence exists on this point. Hydride is expelled to the pro-S face of NAD* 125,131,132 ang
E-XMP* is formed. The hydrolysis of E-XMP* has also several unusual features. As noted
above, NADH dissociates and the flap moves into the vacant dinucleotide site. This
conformational change brings the conserved Arg418-Tyr419 dyad into the space previously
occupied by the nicotinamide ring. Hydrolysis of E-XMP* requires this closed conformation
122 Arg418 appears to act as a general base to activate water, as discussed in Section 6.4. As
above, the hydrolysis reaction may involve an actual tetrahedral intermediate. It is quite
possible that the immediate product of the hydrolysis reaction is a different tautomer of XMP
than the one that predominates in solution.

Cys319 is unusually nucleophillic, yet its pK, appears to be unperturbed as measured by the
pH dependence of 6-CI-IMP inactivation (pK, = 8.4)%2. Cysteine proteases and other enzymes
with a catalytic Cys residue use a neighboring His to activate the thiol, but no such His is
present in IMPDH. Instead, Thr321 appears to perform this function; mutation of Thr321
decreases the rate of both hydride transfer and hydrolysis by a factor of ~20 133, Thr residues
have recently been proposed to activate Cys residues in other enzymes 134, It's worth noting
that the interaction between Thr321 an Cys319 is lost during the reaction with 6-CI-IMP (Figure
2C), so perhaps this experiment does not measure the relevant pKj.

6.4. Arg418 acts as a general base catalyst

All hydrolases have some mechanism to activate water, but this mechanism has been very
difficult to identify in IMPDH. Surprising insights into this question were revealed by the x-
ray crystal structure of EsMZP 122, The affinity of MZP decreases in parallel with decreases
in enzymatic activity for a series of IMPDH mutations, indicating that this compound is
transition state analog (Figure 8; see Chart 1 for the structure of mizoribine) 13°, and the EsMZP
structure does indeed display the tetrahedral disposition of nucleophile and leaving group
expected in the transition-state 122, Modeling purine ring in place of the imidazole of MZP,
Cys319 is above C2, as expected of the leaving group and a likely catalytic water is observed
below C2 (Figure 8).
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Perplexingly, none of the residues usually associated with general base catalysis are positioned
to activate the catalytic water. Instead, the water interacts with Thr321, Arg418 and Tyr419
(pKa =20, 12.5, and 10, respectively) 127:133 Sypstitution of these residues decreases the value
of keat (Table 2). Loss of a general base catalyst is expected to decrease the value of ke by a
factor of 102-103 (assuming the hydrolysis step is rate-limiting); only the substitutions of
Arg418 meet this criterion. Moreover, whereas mutations of Arg418 and Tyr419 decrease only
the hydrolysis reaction, the mutation of Thr321 has equivalent effects on both the
dehydrogenase and hydrolase reactions.

Arg418 also plays a role in stabilizing the closed conformation; therefore the effect of
substitutions on the equilibrium between the open and closed conformations (K.) must also be
evaluated. As expected, mutations of Arg418 shift K. toward the open conformation (Table
2). However, this shift is not sufficient to explain the decrease in the value of k¢4t. Interestingly,
the Arg418GiIn variant still favors the closed conformation even though Gln does not have a
positive charge 133, In contrast, the Arg418Lys variant favors the open conformation, showing
that a positive charge is not sufficient to induce the closed conformation. The value of a
becomes smaller at high pH, further suggesting that neutral Arg418 favors the closed
conformation. These observations are consistent with the hypothesis that Arg418 acts as a base
to activate water.

Further support for this hypothesis comes from the observation that guanidine derivatives can
rescue the Arg418Ala mutation 136, Rescue does not restore the equilibrium between open and
closed conformations. The rate of the rescue reaction increases with pH, as expected if the
guanidine base is the active species, and a solvent deuterium isotope effect is observed. These
observations suggest that the guanidine agents accelerate the hydrolysis of E-XMP* by
functioning as a base to activate water. The rate constant for the rescue reaction correlates with
the pKa of the rescue agent with a Bronsted coefficient of ~1, suggesting the proton has almost
completely transferred to Arg418 in the transition state (Figure 9).

6.5. Two pathways to activate water

While these experimental observations strongly suggest that Arg418 may act as the general
base in the hydrolysis reaction, none are conclusive. Further support for this mechanism came
from combined molecular mechanics/quantum mechanics simulations 137. When the starting
condition is a neutral Arg418, the lowest energy path to products involves Arg418 abstracting
a proton from water. Proton transfer is rate-limiting and almost complete in the transition state
(Figure 10). This simulation is in remarkable agreement with experimental observations: a
solvent isotope effect of 1.5 is observed in the wild-type reaction, consistent with rate-limiting
proton transfer. The activity of the Arg418Ala variant can be rescued with guanidine
derivatives and Bronsted analysis of the rescue reaction suggests that proton transfer is nearly
complete in the transition state. The calculated barrier for the reaction is much lower than that
observed experimentally. However, this can easily be explained by the starting condition of
neutral Arg418; if the pKa of Arg418 is ~12 as is “normal”, the calculated barrier would be in
good agreement with the experimental value.

When the starting condition was a positively charged Arg418, a surprising result was obtained:
water was activated by a proton relay, with Thr321 abstracting a proton from water while its
own proton was transferred to Glu431 (Figure 11) 137, As in the case of the Arg418 pathway,
proton transfer is rate-limiting. The barrier for this reaction was much higher than that observed
when Arg418 acted as a general base. Nevertheless, the simulation was in good agreement with
experimental values. The barrier was similar to that observed in the Arg418Ala and Arg418Gin
variants. Moreover, large solvent isotope effects are observed in the reactions of the the
Arg418Alaand Arg418GIn mutants, consistent with two protons moving in the transition state.
More importantly, together these two simulations make a testable prediction: the Thr321
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pathway should dominate at low pH when Arg418 is protonated, while the Arg418 pathway
should dominate at high pH. Therefore substitution of Glu431 with GIn should shift the pH
rate profile to the right. This shift is indeed observed experimentally 137. Note that Glu431 is
a GIn in hIMPDH2 and all eukaryotic IMPDHSs. This substitution may account for the lower
catalytic activity of these enzymes.

These observations indicate that T. foetus IMPDH has two mechanisms to activate water, which
is unprecedented to the best of the author's knowledge. Why should this be so? Perhaps the
Thr321 pathway is a vestige of evolution 137. The most closely related enzyme, GMP reductase
(GMPR), catalyzes a related redox reaction that converts GMP to IMP (Scheme 1). GMPR
also contains the conserved Cys, Thr and Glu, but does not contain a structural analog to the
flap with the conserved Arg418-Tyr419. Likewise, the ancestral IMPDH/GMPR probably
contained the Cys, Thr and Glu, but not Arg418-Tyr419. The ancestral enzyme may have
utilized the Thr321 pathway exclusively, and the Arg418-Tyr419 pathway may be a modern
improvement. Interestingly, Glu431 is substituted with Gln in eukaryotic IMPDHSs, showing
that the Thr321 pathway is expendable.

6.6. Arg as a base in other enzymes

The idea that an Arg residue can act as a general base to activate water may be surprising to
biochemists trained to think exclusively of Arg as a positively charged residue. Importantly,
IMPDH is not alone in utilizing an Arg residue in this manner; pectate/pectin lyases, fumarate
reductase, L-aspartate oxidase, lacticin 481 synthetase, myosin and photosystem |1 all appear
to use Arg as a base 138-142 Although these enzymes have several different folds and distinct
evolutionary origins, a common structural motif is frequently present where the critical Arg
residue is adjacent to a carboxylate group and often near a Tyr 138, Arg must be deprotonated
to act as a base, so either the pK, must be abnormally low or only a small fraction of the enzyme
is in the active ionization state. Since a guanidine is only a strong base when the guanidinium
cation can be stabilized by hydrogen bonds with water, enough deprotonated Arg may be
generated by the relatively low polarity of an enzyme active site to permit efficient catalysis.
As shown in Figure 12, Arg418 has significantly fewer hydrogen bonding opportunities than
an Arg residue in the substrate binding pocket of trypsin; this lower polarity could generate a
sufficient fraction of deprotonated Arg418 to account for catalysis.

6.7. Monovalent cation activation of IMPDH

All IMPDHs are activated ~100-fold by K* and similar monovalent cations. Surprisingly, the
specificity of K* activation varies considerably among IMPDHs from different sources 19, lons
with similar size to K*, e.g., NH4* and Rb*, always activate, but smaller ions such as Na*
activate some IMPDHSs, inhibit some and have no effect on others (Table 3). For example,
K*, NH,*, Na*, TI* and Rb* activate human IMPDH type 2, while Li* has no effect 143, In
contrast, both E. coli and B. burgdorferi IMPDHs are activated by K*, NH4* and Cs™ but
inhibited by Na* and Li*84. Na* has no effect on C. parvum IMPDH 144, K* has no apparent
effect on the stability of the IMPDH tetramer, though it may prevent the formation of higher
order aggregates 84:88,143,

Two K* sites have been identified in x-ray crystal structures of IMPDHs. Site 1 is observed in
only a handful of x-ray crystal structures, i.e., E-XMP*«MPA, E*RVP, EsRVPsMPA and
EeMZP 76:121,122 Here, K* interacts with six main-chain carbonyls, three in the Cys319 loop
(Gly314, Gly316 and Cys319) and three in the C-terminal segment from the adjacent subunit
(Glu485', Gly486' and Gly487’) (Figure 2). The Cys319 loop is frequently disordered, or found
in a conformation that is incompatible with K* binding, suggesting that the K* is not present
throughout the catalytic cycle. A second K* site is observed in T. foetus IMPDH 95,121 ajso
at the interface between two monomers, involving three mainchain carbonyls (Gly20, Asn460
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and Phe266’), the side chain hydroxyl of Ser22 and both oxygens of the side chain carboxy! of
Asp264'. These residues are not conserved and this site is not observed in crystal structures of
IMPDHs from other organisms.

A growing body of work, primarily motivated by efforts to understand channel selectivity,
suggests that the specificity of a monovalent cation binding site is controlled by structural
rigidity: nonspecific sites are plastic, and can adapt to the varying ligand preferences of
different cations 145146, These observations suggest that the Cys319 loop and C-terminal helix
will be more rigid in K*-specific IMPDHs. This expectation is borne out in the crystal
structures. The Cys319 loop is well ordered in the K*-specific B. burgdorferi and S.
pyogenes enzymes, but disordered in the analogous complexes of the nonspecfiic T. foetus
enzyme. The structure of Na*-bound form of T. foetus IMPDH further corroborates these ideas
(Figure 2C): the Cys 319 loop contracts and the C-terminal helix deforms, so that only 5
carbonyl oxygens interact with the Na*. Inspection of the sequences of the Cys319 loop and
C-terminal helix futher suggest that these structural elements are indeed more flexible in the
non-specific T. foetus IMPDH than in the K*-specific C. parvum enzyme: the Cys319 loop
and C-terminal segment contain more Gly residues while the C-terminal helix is less stable
(Table 3). The presence of Pro at position 315 is particularly striking; this substitution seems
likely to prevent this adaptation of the Cys319 loop to smaller monovalent cations.

Stabilization of the Cys319 loop and C-terminal segment provides a ready explanation for
K* activation. However, this typical allosteric mechanism is not consistent with other
observations. First, other structures find the Cys319 loop in conformations that cannot
accommodate K* binding; if these structures reflect intermediates on the catalytic pathway,
then K* must have a transient association with the enzyme 19. Further, the Cys319 loop is
distorted and the C-terminal segment is disordered in the structure of 6-CI-IMP inactivated
enzyme, yet K* does not protect against inactivation by 6-CI-IMP 78:147 K* does not change
the affinity of IMP. Interestingly, water and salt are believed to act as molecular lubricants to
increase enzyme activity in organic solvents 148, Perhaps K* activates IMPDH by similarly
facilitating the interchange of conformations.

7. Inhibitors of IMPDH

IMPDH inhibitors are used in immunosuppressive chemotherapy (MPA, mizoribine) and
antiviral chemotherapy (ribavirin) (Chart 1). In addition, tiazofurin (TiazoleR) was granted
orphan drug for treatment of chronic myelogenous leukemia, though neurotoxicity limits
widespread use of this drug and it is not currently marketed. The efficacy of a given drug in a
specific application appears to be determined by its metabolic stability and specificity. The
potential of IMPDH in antimicrobial chemotherapy is beginning to be exploited with recent
reports of parasite selective inhibitors.

7.1. Mechanisms of reversible inhibition

As described in 6.1, the kinetic mechanism of IMPDH involves random addition of IMP and
NAD™ (Scheme 3). IMP analogs behave as competitive inhibitors versus IMP and
noncompetitive versus NAD™, as usual for this type of mechanism. However, compounds that
bind in the NAD* site seldom display competitive inhibition with respect to NAD™*. This
behavior is a consequence of the accumulation of E-XMP*. Uncompetitive inhibition versus
both IMP and NAD™* will be observed if a compound has a strong preference for E-XMP*, that
is, if Kis>>Ki;j (Scheme 3). A compound that binds to both E«IMP and E-XMP* will be a
noncompetitive/mixed inhibitor with respect to both IMP and NAD™*. Competitive inhibition
versus NAD* will only be observed if a compound has a strong preference for EsIMP
(Kii>Kjs). This situation is rarely observed.
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Most inhibitor development programs have focused on hIMPDH?2 since this isozyme is
amplified in both proliferating T-cells and cancer. hIMPDH1 and hIMPDH2 are 84% identical,
so the development of isozyme selective inhibitors is challenging. A couple of laboratories
have reported success in this area, but confirmation has not been forthcoming. Unfortunately,
little is known about how these inhibitors interact with hIMPDH2. While it is likely that most
inhibitors trap E-XMP* as observed with MPA, this has not been confirmed in most cases.
Biochemical characterization has been generally limited to determination of 1Csg, and so does
not provide insight into the mechanism of inhibition. When more detailed characterization is
reported, the inhibitor concentrations frequently approximate the enzyme concentrations, thus
invalidating steady-state analysis of mechanism.

Another complication in inhibitor evaluation arises from the relatively low values of k., for
the human enzymes (Table S1). Typical assays contain an enzyme concentration of 40 nM;
therefore, an inhibitor concentration of at least 20 nM will be required for 50% inhibition.
Nevertheless, values of ICsg less than 20 nM are frequently reported. The most likely
explanation for such discrepancies is inaccuracy in the concentration of active enzyme, though
itis also possible that a single inhibitor can affect more than one active site. The usual methods
to determine inhibition mechanism require that inhibitor concentrations are in excess of enzyme
concentration, but this too is frequently violated. These considerations should be remembered
when assessing inhibitor structure-activity relationships (SAR). However, it is also important
to recognize that additional information from cell proliferation and pharmacodynamics studies
also inform the development of novel IMPDH inhibitors and several companies have reported
promising compounds despite the limitations of the enzyme activity assays.

7.2. Mycophenolic acid (MPA)

Although penicillin is widely recognized as the first antibiotic, MPA was actually purified first;
it was originally isolated from spoiled corn and shown to inhibit the growth of Bacillus
anthracis in 1893 (149 is an excellent review on the discovery and properties of MPA). MPA
is a potent inhibitor of mammalian IMPDHSs, and so was never used as an antibiotic. MPA
displays antiviral and anticancer activity in cell culture models 1°0:151, However, the efficacy
of MPA in vivo appears to be limited by glucuronidation of the phenolic oxygen, which
inactivates the drug 1°0. Cancer cells appear to have a higher capacity for glucuronidation than
normal cells, which may explain why MPA has been ineffective as an anticancer agent. MPA
eventually reached the clinic as an immunosuppressive drug for the prevention of transplant
rejection in the form of sodium mycophenolate (Myfortic™, Novartis) and a pro-drug,
mycophenolate mofetil (CellCept™, Roche), approximately 100 years after its discovery.
MPA has also been used in the treatment of psoriasis. More recently, interest in MPA as an
anticancer drug has revived with the observation that it has antiangiogenic activity 27. MPA
also induces differentiation and/or apoptosis of several cancer cell lines, including breast 1°2,
prostate 153:154 'melanoma 155, leukemia 156:157 and neuroblastoma 198:159,

Multiple inhibitor experiments first demonstrated that MPA competes with tiazofurin for the
nicotinamide subsite 12°, Modeling studies show that MPA and nicotinamide portion of
NAD* have similar volumes and electronic properties 160. MPA traps the E-XMP*
intermediate 116:117 and x-ray crystal structure of Chinese hamster type 2 E-XMP*sMPA
complex shows that MPA stacks against the purine ring in a similar manner to the nicotinamide
ring of NAD™ (Figure 1376).

The strong preference for E-XMP* makes MPA an uncompetitive inhibitor with respect to
both IMP and NAD* for most IMPDHs 10:56,75,79,84,86,98 gy;ch inhibitors have a significant
advantage in vivo because inhibition increases as substrate accumulates. This behavior
contrasts with that of competitive inhibitors, which become less effective as substrate
concentrations rise. This strong and selective affinity of MPA for E-XMP* can be used to drive
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the reaction backward, forming E-XMP*MPA from XMP with Chinese hamster IMPDH type
2 116 The discrimination between E-XMP* and other enzyme forms is not as great for bacterial
IMPDHs, so, at low NAD™ concentrations, MPA can also bind to EsIMP, which explains why
MPA is occasionally described as a noncompetitive inhibitor. Only the noncovalent complex
E*XMP+<MPA appears to form with T. foetus IMPDH, although the oxidation of the active site
Cys319 during crystallization may have prevented observation of E-XMP* 120, Given that
MPA has >103-fold higher affinity to E-XMP* than free enzyme for mammalian IMPDHs, it
is worth noting that MPA would probably never have been identified in a screen for compounds
that bind to IMPDH.

7.2.1. MPA selectivity—Though MPA is a specific inhibitor of IMPDHs, it is approximately
103-fold more potent against the mammalian enzymes than bacterial ones (Table S1).
Mammalian IMPDHs are also slower than bacterial enzymes (see Table S1), suggesting that
there is an underlying mechanistic link between catalysis and inhibitor affinity. This link can
be explained by the competition between the flap and MPA for the vacant dinucleotide site.
Since the closed conformation is required for the hydrolysis of E-XMP*, hydrolysis will be
faster in enzymes where the closed conformation is favored. The closed conformation also
protects the enzyme from MPA, so these enzymes will also be resistant to MPA.

Likewise, the species-selectivity of MPA derives largely from the competition between MPA
and the flap rather than from differences in the residues that contact MPA. For example, the
value of K;; for MPA is 500-fold higher for T. foetus IMPDH than for human hiIMPDH?2,
corresponding to a difference in binding energy of AA G of 3.7 kcal/mol. However, while the
human enzyme is mainly in the open conformation, T. foetus IMPDH favors the closed
conformation (K¢ =150, AA G = 3 kcal/mol), so most of the selectivity comes from the
difference in the equilibrium between the open and closed states.

This conclusion is confirmed by mutagenesis experiments. Two residues are different in the
MPA binding site: human hIMPDH2 contains Arg322 and GIn441, while the corresponding
residues are Lys310 and Glu431 in T. foetus IMPDH (Figure 13). T. foetus IMPDH does
become 23-times more sensitive to MPA when these residues are “humanized”, but only ~1
kcal/mol can be attributed to binding interactions. The remaining 0.8 kcal/mol derives from
destabilization of the closed conformation. Despite this destabilization, the closed
conformation is still favored in the K310R/E4331Q variant.

7.2.2. MPA derivatives—Dose-limiting gastrointestinal toxicity and unfavorable
metabolism spurred the effort to develop more potent and/or effective MPA derivatives 151,
However, the scaffold has proven remarkably resistant to modification. Substitutions of the
phenolic hydroxyl, an obvious strategy to avoid glucuronidation, abrogate activity, as do
changes in the terminal carboxylic acid 161166 Only the most modest changes are allowed in
the isoprene tail, lactone, methoxy and methyl groups. The structure of the E-XMP*«MPA
complex revealed the basis for this restricted SAR 76. The phenolic oxygen and the lactone
carbonyl form a hydrogen bonding network that also involves Gly326, Thr333 and GIn441
and the terminal carboxylate interacts with Ser276 (hIMPDH2 numbering; the analogous
residues are Gly314, Thr321 and Glu431 in T. foetus IMPDH), while the spatial constraints of
the active site explain the low tolerance of the other positions.

The discovery that MPA bound in the nicotinamide subsite suggested that more potent and
selective IMPDH inhibitors might be obtained by designing MPA derivatives that extend into
the adenosine binding site. Pankiewicz and colleagues have synthesized a series of such
mycophenolic adenine nucleotides, known as “MAD” compounds 167-169 \while the initial
MAD compounds were not as potent as MPA, they were resistant to glucuronidation,
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suggesting that they will have improved pharmacological properties. Recent MAD derivatives
approach MPA in affinity (Chart 2) 168,

The efficacy of multi-drug cocktails in cancer treatment and the success of such mixtures in

suppressing drug resistance have spawned efforts to create dual function inhibitors. Histone

deacetylase (HDAC) inhibitors, like IMPDH inhibitors, induce differentiation and apoptosis
of tumor cells, although via a different mechanism 170, Thus the combination of IMPDH and
HDAC inhibition is a tantalizing new strategy for anticancer drug development. MAHA, the
hydroxamic acid analog of MPA, is the prototype for dual function inhibitors targeting both

IMPDH and histone deacetylase (HDAC). MAHA has equivalent activity against hIMPDH2
and inhibits HDAC with an ICsq = 5 uM, presumably chelating the Zn*2 via the hydroxamic
acid moiety 171,

7.3. Synthetic non-nucleoside inhibitors of human IMPDH

Given the unforgiving SAR of MPA, the discovery and optimization of synthetic inhibitors
has proceeded with surprising ease (reviewed in 13). Some common motifs are apparent in the
inhibitor structures, but SAR does not always translate from one framework to another. This
observation suggests that the binding site is plastic, in keeping with disordered in the various
crystal structures. To date, no structures of enzyme-inhibitor complexes are available in the
PDB, and only the structure of E-XMP*emerimepodib has been described 12.

7.3.1. Phenyl-oxazole urea inhibitors—The phenyl-oxazole urea scaffold was
discovered in a structure-based drug design effort at VVertex Pharmaceuticals (Chart 3)12. Like
MPA, these compounds trap E-XMP*; the phenyl-oxazole stacks against the purine as
observed with the lactone of MPA 12, with the oxazole forming a hydrogen bonding network
with Gly326 and Thr333 similar to that with MPA and the methoxy group occupying the same
pocket as the methyl group of MPA (Figure 14). These interactions are critical for potency
172 The urea linkage forms hydrogen bonds to the Asp274, so that the remainder of the
molecule extends past the methoxy substituent of MPA rather than the isoprenoid tail, entering
a different groove than NAD/NADH. Merimepodib (VX-497; K; of 7 nM) has
immunosuppressive activity 173. This compound also showed promise as an antiviral agent
and has entered clinical trials for the treatment of hepatitis C 174,

AVN944 (VX-944) is also potent inhibitor of human IMPDHSs (K; = 6-10 nM; curiously, it is
described as a noncompetitive inhibitor in two publications, though it almost certainly traps
E-XMP* as does merimepodib; Chart 3). AVN944 induced caspase-independent apoptosis in
multiple myeloma cell lines (unlike most drugs) 17°. AVN944 also displayed antiproliferative
activity against both androgen-dependent and androgen-independent prostate cancer cell lines.
The compound induced cellcycle arrest in S phase, differentiation and apoptosis via both
caspase-dependent and caspase-independent pathways 176, AVN944 is in clinical trials in
combination with gemcitabine for the treatment of pancreatic cancer.

Potent inhibitors could also be achieved by replacing the oxazole ring with a cyano group
(VX-148, K; = 14 and 6 nM for hIMPDH1 and hIMPDH2, respectively) 177. Unfortunately,
the structure of an enzyme complex with VVX-148 has not been reported, so how the cyano
group replaces the interactions of the oxazole ring is not known. VVX-148 displays promising
immunosuppressive activity 177,

Many other potent inhibitors of human hIMPDH2 have been reported, though none have
reached clinical trials. Metabolism of the aniline groups of merimepodib is a point of concern,
so strategies have been developed to find isosteres of the urea linker. Several heterocyclic rings
have proven useful in this regard 178:179, BMS developed 2-aminooxazoles, yielding potent
inhibitors such as Compound 1 (Chart 4) that also display immunosuppressive activity in
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arthritis model 189, Cyano-guanidine and indole groups are also useful replacements
(Compounds 2 and 3)181,182 hile triazines (Compound 4)183 and diamide (Compound 5)
184 Jinkers yielded good inhibitors that were ineffective in T cell proliferation assays.
Compound 5 is reported to be an uncompetitive inhibitor with respect to NAD* (K;jj = 23 nM)
184 put this experiment was performed under tight-binding conditions, whereas the analysis
used assumes that inhibitor concentrations are in excess of enzyme concentration. Therefore
the actual value of K; is lower and the uncompetitive mechanism, though likely, remains to be
confirmed.

Amide linkers could also replace the urea group, although in this case equivalent potency was
not achieved and again immunosuppressive activity was not observed (Compound 6) 18>, Note
that because the enzyme assays used in this work contained 40 nM hIMPDHZ2, the lowest value
of 1Cxq that should be observed is 20 nM. Therefore, the report of 1Cgq values of 5 nM or less,
as with the case of quinolone based linkers (Compound 7)186:187 'must be viewed with
suspicion. Intriguingly, compound 7 was reported to have 30-fold higher affinity for NIMPDH2
than hIMPDHZ1, but this must also be called into question given the uncertainties in the enzyme
assay. The quinazolinethione framework provides another alternative to the urea linker, as
exemplified by compound 8179, Further elaboration of this structure (e.g., compound 9) did
not substantially improve either potency or biological immunosuppressive activity 188,
Unfortunately, no x-ray crystal structures have been reported for these compounds, so whether
these frameworks interact with Asp274 as designed has not been confirmed.

As noted above, MPA and merimepodib display common binding interactions: both the lactone
of MPA and the oxazole of merimepodib form hydrogen bonds with Gly326 and Thr333 while
the adjacent aromatic rings stack against the purine ring of E-XMP* and the methoxy group
binds in a pocket. 3-(Oxazolyl-5-yl) indoles were designed to provide similar interactions, and
potent inhibitors such as compound 10 have been reported by the BMS group (Chart 5) 189,

With the exception of VX-148, replacement of the oxazole ring has not been as successful.
Cyanoindole and pyridylindole frameworks have so far yielded weaker inhibitors (e.g.,
compounds 11 and 12, Chart 5) with weak immunosuppressive activity 190:191, The SAR of
these inhibitors differs significantly from their oxazole and urea analogs, which suggests that
these inhibitors may have a different binding mode. Unfortunately, neither the mechanisms of
inhibition nor protein crystal structures of enzyme-inhibitor complexes have been reported, so
whether these inhibitors trap E-XMP* as supposed is not known.

7.3.2. Novel frameworks—High throughput screening has yielded several novel
frameworks which presumably stack against the purine ring of E-XMP* (Chart 6). Zeneca
reported the first compounds discovered in this way: pyridazines. However, attempts to
improve the lead compound (13) could only improve potency by approximately a factor of 2
(compound 14)192. The BMS group improved weak acridone and isoquinoline lead compounds
(Compounds 15 and 17) with the modification of linkers and additional aromatic and
hydrophobic groups (Chart 6)193:194, The resulting inhibitors have nanomolar affinities
(compounds 16 and 18; although, as noted above, the values of ICgy cannot be less than 20
nM). Compound 16 was reported to be a reversible uncompetitive inhibitor with Kj; = 20 nM
186 byt these experiments were also performed under tight-binding conditions and are therefore
unreliable.

7.3.3.1,5-Diazabicyclo[3.1.0]lhexane-2,4-diones—Compounds such as 19 are reported
to be specific inhibitors of hIMPDH2, and not of hIMPDH1 (Chart 7) 195, Curiously, these
compounds were reported to be competitive inhibitors with respect to IMP, though the data
were not very convincing; given that the IMP binding site is conserved, the structural basis of
this selectivity is not clear. The SAR around these compounds is also puzzling: the mechanism
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of very similar diones can vary from competitive versus IMP to competitive versus NAD*
196. The high values of K;, which require high concentrations of compound for inhibition,
coupled with the broad nmr peaks 197, suggests that the active component may be a polymer
or aggregate. These compounds display antineoplastic activity, which is reversed upon addition
of guanosine, as commonly observed for IMPDH activity 198, However, this cytotoxicity is
often more potent than IMPDH inhibition 1%, The categorization of these compounds as
IMPDH inhibitors awaits further confirmation.

7.4. Other Non-nucleoside Natural Product Inhibitors

The allure of IMPDH as a cancer target has lead several laboratories to search for natural
product inhibitors by screening directly for enzyme inhibition rather than cytotoxicity (Chart
8). The compounds uncovered in these efforts have had no clinical impact as yet. Several
compounds appear to nonspecifically modify the catalytic Cys. Sesquiterpene lactones such
as helenalin seem likely to function in this manner 199, as do the bastadins 29°. Isolation of an
IMPDH inhibitor (20) from tunicate extracts yielded a disulfide containing alkaloid with an
ICs0 = 0.015 pg/ml; inhibition was relieved by dithiothreitol, suggesting that this compound
formed a disulfide with the catalytic Cys 21, Halicyclamine A of IMPDH was originally
discovered in a screen for hIMPDH2 inhibitors 292 and was recently re-discovered in a screen
for anti-tuberculosis activity 293, However, the anti-tuberculosis activity does not result from
inhibition of IMPDH 203, Daphnane-type diterpene esters such as 3-hydrogenkwadaphnin (3-
HG) (Chart 8) are also reported to inhibit IMPDH204:205, This compound displays potent
antileukemic activity and appears to decrease IMPDH activity in cells. Guanosine protects
against cytotoxic effects, which is usually diagnostic for drugs that target IMPDH. Curiously,
3-HG does not inhibit IMPDH activity in crude lysates, suggesting that it is not an inhibitor of
IMPDH 204, Another screen for hIMPDH?2 inhibitors in 5000 fungal strains identified two
compounds in one extract, 2264A and 2264B 296, 2264A has an 1Csy = 70 1M, but looks to be
a nonspecific alkylator. The structure of 2264B is more promising, though the 1C5¢ = 12 uM
is also high. Both compounds inhibit lymphocyte proliferation.

Two natural product screening efforts have identified unsaturated fatty acids as inhibitors of
mammalian hIMPDH2s. Pellynic acid (IC5p = 1 uM) was isolated from extracts of marine
sponge 207, Linoleic acid (C18:2) was identified as the IMPDH inhibitor in a basidiomycete
extract, and lead to the subsequent discovery that eicosadenoic acid is a competitive inhibitor
versus IMPDH with K; = 3 uM 208, The concentrations of fatty acid in these experiments are
well above the critical micelle concentration, which suggests that the actual inhibitor in these
experiments is a micelle or aggregate.

7.5. Parasite-selective IMPDH inhibitors

Thus far, specific inhibitors have only been reported for Cryptosporidium IMPDH.
Cryptosporidium is a major cause of diarrhea and malnutrition and a potential bio-warfare
agent. The parasite has a very streamlined purine salvage pathway that requires IMPDH to
produce guanine nucleotides. Intriguingly, Cryptosporidium IMPDH was obtained from a
bacteria via lateral gene transfer ©2:209  and therefore differs greatly from the host enzyme 7°.
Ten selective inhibitors of Cryptosporidium IMPDH were discovered in a high throughput
screen designed to target the NAD*/NADH site (Chart 9)°8. These compounds were either
noncompetitive or uncompetitive inhibitors with respect to both IMP and NAD™, as expected
for compounds that bind in the dinucleotide site. Multiple inhibitor experiments show that all
of the compounds compete with tiazofurin for the nicotinamide subsite. Surprisingly, while
some of the inhibitors also antagonize ADP binding, others have a different binding mode. The
best inhibitors display antiparasitic activity in a cell culture model of infection 8.
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7.6. Reversible Nucleoside inhibitors

Many nucleotide monophosphates inhibit IMPDH with micromolar to millimolar affinities
(Chart 10). Most such compounds are competitive inhibitors with respect to IMP. The
exception is AMP, which binds preferentially to the adenosine portion of the dinucleotide site
(it is likely that AMP also has low affinity for the IMP site). Nucleosides are very poor
inhibitors. As noted above, IMPDH crystallizes with phosphate and sulfate occupying the site
of the 5’-phosphate of IMP, suggesting that these interactions are very important for binding.
Virtually every monophosphate will bind to IMPDH to some extent; indeed, IMP analogs
containing phenyl substituents at the 2 and 8 positions are nevertheless micromolar inhibitors
210,211 Thijs fact, coupled with the general enthusiasm for IMPDH as a potential drug target,
can lead to mis-assignment of mechanism of action. For example, triciribine phosphate has
been reported to be a millimolar IMPDH inhibitor 212, but with such low affinity, inhibition
of IMPDH seems unlikely to account for its potent antineoplastic activity; more recently,
cytotoxicity has been associated with the inhibition of serine/threonine Akt/PKB protein
kinases 213,

IMPDHs generally have similar affinity for GMP and IMP (Table S1). The physiological
concentrations of both IMP and GMP are ~60 uM 214, which enables GMP to act as a feedback
regulator. Other GMP analogs are also potent inhibitors. Oxanosine has antimicrobial and
antitumor activity (Chart 10)215; this activity is reversed by guanosine, suggesting that
oxanosine acts by inhibiting guanine nucleotide biosynthesis. Oxanosine monophosphate
inhibits IMPDH with K; = 1 uM, but not GMPS 216, Oxanosine was originally isolated from
Actinomycetes, but more recently has been shown to be a product of nitrosative deamination
of guanosine, and thus may be responsible for the mutagenic effects of HNO,217.
Deoxyoxanosine-modified nucleic acids crosslink proteins 104, which suggests that oxanosine-
MP will react with IMPDH to covalently modify the enzyme (Scheme 4).

Several nucleosides display biological effects that have been attributed to inhibition of IMPDH,
though in vitro confirmation is not always available. For example, 3-deazaguanosine has
antiviral activity and inhibits guanine nucleotide biosynthesis in Erlich ascites tumor cells
presumably by forming the monophosphate 218, Similarly, 1-amino-guanosine, inhibits both
cell growth and production of guanine nucleotides (Chart 10) 219 (note that the report that 1-
aminoguanosine is a potent inhibitor of IMPDH in reference 220 is incorrect).

7.6.1. Mizoribine—Muizoribine (Bredinin™) is another natural product inhibitor of IMPDH
that is currently used as an immunosuppressive agent in Japan 221, Mizoribine is an imidazole
nucleoside; it is activated to the 5'-monophosphate (MZP) by adenosine kinase. MZP is a potent
inhibitor of IMPDHs with values of K values ranging from 0.5 nM (E. coli) - 8 nM (hIMPDH1)
depending on the enzyme source (Table S1). MZP is also a potent inhibitor of GMPR (C.
Swales and L. Hedstrom, personal communication), as well as a weak inhibitor of GMP
synthase (K; = 10 uM) 221, Interestingly, AICARMP, the purine nucleotide precursor where
an amine replaces the O5, does not inhibit IMPDH. As noted above, the EsMZP complex
resembles the transition state for the hydrolysis reaction.

7.6.2. Ribavirin—Ribavirin is a synthetic nucleoside 222 and is sold under a variety of names
and formulations, including Copegus, Rebetol, Ribasphere, Vilona and Virazole. Like
mizoribine, it is activated to the 5’-monophosphate (RVP) by adenosine kinase, but its
subsequent interactions are more promiscuous 223, RVP is a potent inhibitor of IMPDHSs (Table
S1), binding in the IMP site. Inhibition of IMPDH may be sufficient to account for antiviral
activity 224, However, ribavirin undergoes further transformation to the triphosphate, which
inhibits RNA capping enzymes 225, Ribavirin triphosphate can also inhibit polymerases 226
and is incorporated into RNA, where it induces lethal mutations 227, Ribavirin also acts as an
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immunomodulator, enhancing the T-cell response, though the molecular mechanism of this
effect is not understood 228, While the origin of the antiviral activity of ribavirin is currently
under debate, it seems likely that all of these mechanisms may contribute, though one or another
may dominate for a given virus 229230,

Surprisingly, although the hIMPDH?2 prefers the open conformation and the T. foetus enzyme
prefers the closed, x-ray crystal structures of EsRVP find the hIMPDH2 in the closed
conformation? and the T. foetus enzyme in the open conformation 121, This result might be
chalked up to the capriciousness of protein crystallization, or might also be the consequence
of oxidation of the catalytic Cys319 in the T. foetus enzyme. In either case, these results point
to the danger of assuming that the crystal structure represents the lowest energy conformation
in solution. Ternary complexes of EsRVP and MPA (T. foetus IMPDH) and MAD (hIMPDH2)
have also been solved. Importantly, as in MZP, the absence of the C2 carbon allows the active
site loop to assume the same conformation as in the E-XMP* complex.

7.6.3. Tiazofurin—Tiazofurin and selenazofurin, its selenium analog, are also synthetic
nucleosides which display potent antiviral and antitumor activities (reviewed in 231). Tiazofurin
was approved for treatment of chronic myelogenous leukemia. Dose-limiting toxicity includes
headache, somnolence and nausea.

Despite their close resemblance to ribavirin, the active metabolites of tiazofurin and
selenazofurin are not the monophosphates. Instead, these compounds are converted into
adenine dinucleotides, TAD and SAD 232,233, TAD and SAD can bind to free enzyme, EsIMP
and E-XMP*, and so generally act as noncompetitive inhibitors with respect to both IMP and
NAD™ (note that uncompetitive inhibition can also be observed depending on assay
conditions). These dinucleotides are reasonably specific inhibitors of IMPDH, which is rather
surprising given their close resemblance to NAD*/NADH 234, This selectivity is attributed to
the unusual conformation of the thiazole nucleoside 235, Small molecule x-ray crystal structure
reveals that the conformation of the inhibitor is locked by an electrostatic interaction between
the sulfur of the thiazole ring and the furanose oxygen of the ribose moiety so that the C-
glycosidic torsion angle is 24 degrees 236, This conformation is recognized by IMPDH 9°, but
cannot be accommodated by other dehydrogenases 237. Similar interactions are proposed for
the selenium and furanose oxygen %6. SAD is approximately 8-20-times more potent inhibitor
of hIMPDH1 and hIMPDH2 than TAD (Table 4)229, In contrast, oxazofurin, the oxygen analog
of tiazofurin, does not display cytoxicity; oxygen-oxygen repulsion causes a C-glycosidic
torsion angle of 70 degrees, which is believed to account for the lack of inhibition 238,
Substitution of N with CH has little effect on the potency of TAD but decreases the potency
of SAD by approximately a factor of 20. The molecular basis of this SAR is not understood.
The furan analog is 100-fold less potent, again demonstrating the importance of the S-O and
Se-O interactions (Table 4).

The accumulation of TAD determines the efficacy of tiazofurin. Tiazofurin is first
phosphorylated to the monophosphate by adenosine kinase, nicotinamide riboside kinase and/
or 5’-nucleotidase 239:240  then converted to TAD by the action of NMN adenyltransferase
(also known as NAD-pyrophosphorylase; this enzyme does not process RVP). TAD is
degraded by a phosphodiesterase, so that the sensitivity of a given cell line to tiazofurin is
determined by the ratio of pyrophosphorylase to phosphodiesterase. Tiazofurin resistance can
result from decreases in uptake and/or NMN adenyltransferase as well as by increases in the
amount of phosphodiesterase. These observations prompted the development of non-
hydrolyzable analogs of TAD 241:242, Beta-methylene TAD inhibits hIMPDH2 with equivalent
potency to TAD, while the potency of beta-difluoromethylene-TAD is decreased by a factor
of 3. Intriguingly, beta-methylene-TAD displays decreases the guanine nucleotide pools of
P388 cells and displays cytoxicity 241, which indicates that this compound enters cells.
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Methylenebis(sulfonamide) derivatives were also designed to resist hydrolysis, but these
compounds were relatively poor inhibitors and failed to display antiproliferation activity 243,

7.6.4. Benzamide riboside—Benzamide riboside (BR) was originally synthesized as an
inhibitor of poly(ADP-ribose) polymerase (PARP) (Chart 10) 244. Though BR failed to inhibit
PARP, it did display a cytoxicity profile very similar to tiazofurin and selenazofurin, which
suggested that BR acted as an IMPDH inhibitor 24°. Like tiazofurin, BR is converted to a
dinucleotide, BAD, via phosphorylation followed by adenylation. BAD is a potent inhibitor
of IMPDH with K; ~100 nM, but a poor inhibitor of other dehydrogenases 246. Guanine
nucleotide pools are depleted when cells are treated with BR, further demonstrating that
IMPDH is the cellular target. However, BR induces more apoptosis than would be expected
from depletion of the guanine nucleotide pool 247:248, BR displays skeletal muscle toxicity in
preclinical trials, which limits its utility 24°. These observations suggest that BR may have
additional cellular targets.

7.6.5. “Fat base” nucleotide—The “fat base” nucleotide imidazo[4,5-e][1,4]diazapine is
another potential transition state analog of the IMPDH reaction (Scheme 5) 2%0, The fat base
nucleotide is a time-dependent inhibitor of IMPDH with K; values of 1 nM (hIMPDH2) - 50
nM (E. coli) depending on the enzyme source. IMP, but not NAD*, protects against inhibition.
The enzyme-inhibitor complex is stable to dialysis but activity is recovered when the enzyme
is denatured and refolded. Carbinolamines such as the fat base exist primarily in the hydrated
form in aqueous solution, but are in rapid equilibrium with the dehydro form. Therefore it is
likely that the dehydro form reacts with Cys331 to form an adduct which resembles the
transition state. Similar strategies have been used in the inhibition of cysteine proteases by
aldehydes and adenosine deaminase by coformycin 251, No cytoxocity has been reported for
the fat base nucleoside, which probably reflects a failure in uptake and/or phosphorylation.

7.7. Mechanism-based inactivators

IMPDH contains a catalytic Cys319 residue, which is an unusual feature for a nucleotide
metabolic enzyme, shared only by GMPR. The catalytic Cys is both a bane and a blessing: as
noted above, nonspecific alkylation can complicate screening efforts. However, the catalytic
Cys can also provide specificity. Several analogs of IMP have been designed to form covalent
adducts with this residue, including 6-CI-IMP, EICARMP, 2-Cl-methyl-IMP, 6-thio-IMP and
2-vinyl-IMP, 2-F-vinyl-IMP (Chart 11) 92:113,252-256 A\|| of these compounds are time-
dependent irreversible inactivators of IMPDH. 6-CI-IMP and EICARMP also inactive GMPR,
and it seems likely that the other compounds will also inactivate this enzyme.

7.7.1. 6-CI-IMP—The reaction of 6-CI-IMP is the best characterized of the covalent
inactivators (Chart 11)92:257_ |MP protects against inactivation, but neither NAD™ nor K+ affect
inactivation 147:258_ Modification of the catalytic Cys has been verified 73:258 and X-ray crystal
structures of the hIMPDH2 complex show that the nucleotide occupies the same position as
IMP, but the catalytic Cys has moved to attack the 6 position, deforming the active site loop
and disrupting the K site 9. This observation suggests that the plasticity of the loop may
control the rate of inactivation. The inactivation of IMPDH by 6-CI-IMP is much slower than
its reaction with EICARMP as described below, though as in the catalytic reaction, bacterial
enzymes react faster than mammalian (A. aerogenes, Kinact = 0.12 s, K = 260 puM, Kinact/Ki
=460 M1571252; hIMPDH2, Kinact = 3.5 x 103 51, K; = 78 uM, Kinact/Ki = 44 M1s1258).

7.7.2. EICAR—EICAR was designed as a mechanism-based inactivator of IMPDH (Chart
11) 259, EICAR displays both antileukemic and antiviral activity. It is activated to mono-, di-
and tri- phosphates and also to the dinucleotide, EAD 260, Guanosine protects against the action
of EICAR, suggesting that the antiviral and cytotoxic effects of EICAR indeed result from
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inhibition of IMPDH 259, EICARMP is a potent inhibitor of IMPDH (for E. coli IMPDH, K;
> 2 UM, Kinact/Ki = 2.3 x 10* M-1sL; for hIMPDH2, K; = 16 uM, Kinact = 2.7 X 102 51, Kipact/
Ki=1.7 x 103 M-1s"1)91 |MP protects against inactivation, but NAD™ has no effect. EICARMP
modifies the catalytic Cys319 as expected 1. EAD also inactivates IMPDH, although it is a
poor inactivator relative to EICARMP (for E. coli IMPDH, Kinact/Ki = 0.66 M-1s71, K »27
uM (W. Wang, N. Minakawa, A. Matsuda and L. Hedstrom, unpublished observations)).
Activity is not recovered upon denaturation and refolding, indicating that a covalent bond
forms. IMP, but not NAD*, protects against inactivation, suggesting that EAD acts as a
nonspecific alkylating agent. EICARMP is also a potent inactivator of GMPR (C. Swales and
L. Hedstrom, unpublished observations).

7.7.3. Other inactivators—2-Cl-methyl-IMP, 2-F-methyl-IMP and 2-vinyl-IMP are also
time-dependent inactivators of IMPDH that been shown to modify the catalytic Cys (Chart 11)
254 2-[2-(2)-Fluorovinyl]-IMP is a time dependent inactivator of comparable potency to
EICARMP (for E. coli IMPDH, K; = 1 uM and Kinact = 0.027 571, Kipact/Ki = 2.7 x 104
M-1s1), though modification of the catalytic Cys has not been explicitly demonstrated 256, 2-
Formyl-IMP is at least 300-times more potent than 2-hydroxymethyl-IMP; this compound may
form a thiohemiacetal with the catalytic Cys 254. 6-thio-IMP and 6-thio-GMP are also time-
dependent inactivators of IMPDH 113, Glutathione protects against inactivation, suggesting
that these compounds also modify the active site Cys, perhaps by forming a disulfide bond. As
expected, these compounds also inactivate GMPR 257, 8-(2-Cl-4-O,N-PhCH,S)-IMP is also
a time dependent inactivator of IMPDH and may also modify the catalytic Cys, though this
reaction has not been characterized 219,

8. Moonlighting functions: hIMPDH1 and retinal disease

The biological consequences of the IMPDH inhibitors are attributed to depletion of the guanine
nucleotide pools, but the presence of the CBS subdomain suggests that the cellular role of
IMPDH extends beyond its enzymatic activity. As described in 4.3, the CBS subdomain
coordinately regulates the adenine and guanine nucleotide pools and associates with
polyribosomes. IMPDH also associates with lipid vesicles and is phosphorylated 43, IMPDH
has been reported to associate with many proteins, including: protein kinase B 44; a translation
factor, a transcription factor and glutamate dehydrogenase 261; and proteins involved in
transcription regulation, splicing and rRNA processing in yeast 262-265_ Several observations
suggest that the function of the tumor suppressor p53 is linked to IMPDH 25266, At present
there is no model to account for these disparate observations. Perhaps the most curious
observation in this regard is that IMPDH binds single stranded nucleic acids with nanomolar
affinity, and this interaction is mediated by the subdomain 34, IMPDH associates with
polyribosomes, suggesting that this enzyme has a previously unappreciated role in translation
regulation .

The physiological importance of the interaction of IMPDH with polyribosomes is underscored
by the discovery that mutations in the CBS subdomain of hIMPDH1 account for 2-3% of
autosomal dominant retinitis pigmentosa (adRP) 7:8:267 At present, nine alleles of hIMPDH1
are associated with retinal disease. Arg224Pro, Asp226Asn and Arg231Pro clearly cause adRP
while Thri16Met, Val268lle, His372Pro are very likely to be pathogenic 7-9:268, The
Asp226Asn mutation alone accounts for 1% of adRP cases. Lys238Glu has been found in adRP
patients but not in controls 267, Two hIMPDH1 mutations, Arg105Trp and Asn198Lys, are
associated with Leber congenital amaurosis (LCA), amore severe hereditary blindness °. These
mutations do not affect enzymatic activity, as expected given their location in or near the CBS
subdomain (Figure 15) 5:9:34:38_ The tissue specificity of disease is somewhat surprising given
the widespread expression of hIMPDH1. hIMPDH1 predominates in the adult retina 42, and
mammalian photoreceptors contain novel hIMPDH1 mRNAs derived from alternative splicing
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which encode two variants of hIMPDH1, hIMPDH1(546) and hIMPDH1(595) (Figure 15
33,269) These novel isoforms may account for the tissue specificity of disease. Both retinal
isoforms contain a 32 residue C-terminal extension while hIMPDH1(595) has an additional
49 residues on the N-terminus. These extensions do not display significant similarity to other
proteins in a BLAST search. hIMPDHZ1(546) is the major isozyme in the human retina while
hIMPDHZ1(595) is the more abundant protein in the mouse 33. Like the subdomain, the N- and
C-terminal extensions are likely to confer novel functions on hIMPDH1. The enzymatic
activity of the retinal isoforms is indistinguishable from the canonical hIMPDH1 38, However,
the Asp226Asn mutation decreases the association of the retinal isoforms with poyribosomes
6. Importantly, retinal hIMPDH1 associates with polyribosomes translating rhodopsin mRNA
6, Virtually any perturbation of rhodopsin expression triggers apoptosis of photoreceptor cells,
S0 this observation provides an attractive mechanism for hIMDPH1-linked retinal disease.

How these moonlighting functions are affected by IMPDH inhibitors is a crucial question as
illustrated by thymidylate synthase, a key enzyme in pyrimidine biosynthesis. Thymidylate
synthase serves as its own translational regulator, binding to its cognate MRNA and repressing
translation 270, Substrates cause thymidylate synthase to release mMRNA and translation
resumes. Importantly, the efficacy of thymidylate synthase inhibitors in malaria treatment is
due to differences in this translational regulation 271, Inhibitors also release translational
repression in mammalian cells, producing more enzyme. However, neither substrates nor
inhibitors relieve translational repression in malaria parasites, so enzyme levels remain at basal
levels. Malaria parasites are more sensitive to the thymidylate synthase inhibitors because they
do not over-produce the enzyme in response to drug treatment. Although we do not yet
understand the moonlighting functions of IMPDH, the lessons of thymidylate synthase suggest
that these functions could be a critical determinant of the clinical efficacy of IMPDH inhibitors.
In the case of adRP, such IMPDH-targeted drugs could well ameliorate or exacerbate disease.

9. Conclusions

IMPDH combines a fascinating catalytic mechanism with profound biological significance.
While enzymes such as chymotrypsin may be adequately described (at least to a first
approximation) as rigid transition state templates, IMPDH undergoes an array of
conformational changes in the course of a complicated catalytic cycle that involves two
different chemical transformations. Monovalent cations may act to promote these
conformational changes. A novel strategy to activate water provides a clue to the evolutionary
origins of this “enzyme of consequence” for virtually every organism. IMPDH controls the
guanine nucleotide pool, which in turn controls proliferation and many other physiological
processes, making IMPDH an important target for immunosuppressive, cancer and antiviral
chemotherapy. Intense efforts to develop better inhibitors for these applications, as well as for
antimicrobial chemotherapy, continue. Lastly, uncharacterized moonlighting functions await
discovery.
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Figure 1. The structure of IMPDH

A. The CBS subdomain rotates relative to the barrel domain. IMP is shown in spacefill. The
CBS subdomain is completely ordered in the crystal structure of S. pyogenes IMPDH (blue,
1zfj); only part of the CBS subdomain is visible in the structures of Chinese hamster IMPDH
(magenta, 1jrl) and hIMPDH2 (green, 1b30). The flap is disordered in all structures, as are
portions of the N- and C-termini. B. The tetramer structure of S. pyogenes IMPDH showing
square planar geometry. SD, subdomain; C. Side view of B, showing dimer interactions. All
molecular graphics images were created using the UCSF Chimera package from the Resource
for Biocomputing, Visualization, and Informatics at the University of California, San Francisco
(supported by NIH P41 RR-01081) 275,
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C-terminal segment
green: E*MZP
blue: E<IMP-TAD

Figure 2. The conserved K™ site

A. T. foetus IMPDH. magenta, Cys319 loop; slate blue, flap; green, C-terminal segment in
E*MZP (1pvn); blue, C-terminal segment in EsIMP*TAD (the rest is disordered). Interactions
between K* (orange) and the carbonyl oxygens of Gly314, Gly316, Cys319, Glu485, Gly486
and Gly487 are shown. (') designates residues from the adjacent subunit. B. S. pyogenes E«IMP
(1ZFJ); the C-terminal segment is magenta, the Cys319 loop and its subunit are green and the
putative NH,4* is firebrick; one of the ligands is a water (red). The K* site of T. foetus EsMZP
(blue, 1PVN) is shown for comparison in both panels, K* in orange. C. Comparison of K* and
Na* binding in T. foetus IMPDH. K* site, blue (LPVN). Na* site, green. Na*, gold. (IME7).
Note how the Cys319 loop and C-terminal segment contract.
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Figure 3. Conformations of the Cys319 loop

The structure of T. foetus E¢\MZP (1pvn) is shown in blue with the K* in orange for comparison.
A. The Cys139 loop can move like a hinge. The structure of B. burgdorferi E«P; (LEEP) is
shown in green. Note that this conformation is incompatible with K* binding. B. The Cys319
loop can adopt other conformations. The structure of the 6-CI-IMP adduct of IMPDH2 (1jcn)
is shown in magenta. Note that both the flap (residues 402-439) and the K* site are disrupted.
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Figure 4. IMP and NAD sites

A. The IMP site of T. foetus IMPDH from the EsIMP<TAD complex (1lrt). Residues within 5
A of IMP are shown, with hydrogen bonds depicted in gold. IMP is shown in coral. Residues
are colored by percent conservation of most common residue: cyan, 9%; tan, 55%; magenta,
100%. The alignment includes sequences of 444 IMPDHs 137, B. The IMP and NAD sites of
T. foetus IMPDH from the EsIMPsTAD complex (1Irt) is shown in surface rendering while
the flap from the closed conformation (1pvn) is shown in ribbon. Residues 409, 431, 432 and
the side chains of 319 and 414 (T. foetus numbering) have been removed so that IMP can be
seen. Note that the flap binds in the same site as the dinucleotide. In contrast to the IMP site,
and despite these multiple functional constraints, both the flap and the dinucleotide site are
highly diverged. Panel B is modified from reference 126 with permission.
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Figure 5. Conformational transitions in the catalytic cycle of IMPDH

The following complexes of T. foetus IMPDH are shown: A. E<SO472 (PDB accession number
1ak5), model for apoenzyme 89, B. E«IMP (1me9) 120, C. EsIMP+TAD (1Irt), model for
E«IMPsNAD* %, D. EsRVP+Na* (LME8), model for E-XMP*gpen 121. F. EsMZP<K™ (1pvn),
model for E-XMP*¢j0seq122. G. EeXMP 89, Color key: monomer with active site, blue;
adjacent monomer, dark blue; Cys319 loop (residues 313-328), firebrick; flap (residues
412-432), dark magenta; IMP, coral; TAD, green; RVP, pink; MZP, pink; XMP, coral; K*,
orange sphere; Na*, gold sphere. Residues 262-268 have been omitted from panels D and G
to permit a view of Asp261. In addition, residues 14-27(adjacent monomer) were omitted in
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panels D, F and G for better visualization of the adenosine subsite. A second K*, unique to T.
foetus IMPDH, was also omitted from all panels.
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Figure 6. The multiple inhibitor experiment
If the closed conformation is favored, the first inhibitor (T = tiazofurin) shifts the equilibrium
to the open conformation, allowing the second inhibitor (ADP) to bind more tightly.
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— E + XMP

Figure 7. Kinetic alignment of IMPDHs from T. foetus (TfIMPDH), C. parvum (CpIMPDH) and
human (hIMPDH2)

The units for the rate constants are s™1. Reprinted from reference 126 with permission.
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Figure 8. The transition state analogy of MZP

A. Correlation of K;j and Keat/ Km*Ky. Kis GMP (0), Kis XMP (0), Ki MMP (e). Reprinted
from reference 135 with permission. B. E-XMP* modeled into the EsMZP structure (1pvn).
Reprinted from reference 122 with permission.
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Figure 9. Guanidine derivatives rescue Arg418Ala IMPDH 136

The Bronsted B values are 1.1+ 0.3; R=0.9, including the hydroxyurea and 0.7 + 0.3; R=0.85,
without hydroxyurea (not shown). Similar 8 values are obtained when the values of pK, are
normalized for the number of equivalent protons. Reprinted from reference 136 with
permission.
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Figure 10. Molecular dynamics simulation of the Arg Pathway

(A) The hydrolysis of E-XMP* with Arg418 acting as the general base catalyst. Red denotes
atoms treated with QM; blue denotes atoms treated with MM. (B) The free energy landscape
for the Arg418 pathway. R, reactant; TS, transition state; P, product. The x-axis denotes the
difference between the distances of the migrating proton between the hydrolytic water and the
NH group of Arg418, where 0.0 is the midpoint between the two acceptors; the y-axis specifies
the progress of nucleophillic attack, where 0.0 is the midpoint between the original position of
the nucleophillic oxygen and the final position. The transition state is the highest point in the
energy landscape. Here, the proton has moved past the midpoint and is now associated with
Arg418. In contrast, nucleophillic attack has yet to begin. (C) The transition state structure for
the Arg418 pathway. Reprinted from reference 137 with permission.
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Figure 11. Simulation of the Thr321 pathway

(A) The hydrolysis of E-XMP* with Thr321 acting as the general base catalyst. Color key as
described above. (B) The free energy landscape of the Thr321 pathway, with axes as described
above, except that the second proton acceptor is the OH of Thr321. As above, proton transfer
is virtually complete at the transition state, while nucleophillic attack has just reached the
reaction midpoint. (C) The corresponding transition state structure. (D) The correlation
between proton transfer from water to Thr321 and proton transfer from Thr321 and Glu431.
Atoms treated as described in Figure 1. The reaction coordinate for the proton transfer between
water and Thr321 was set as the distance traversed by the proton as it moves between the
oxygen of water to the oxygen of Thr321; the reaction coordinate for the proton transfer
between Thr321 and Glu431 was set as the distance traversed by the proton that moves between
the oxygen of Thr321 and the oxygen of Glu431. Reprinted from reference 137 with permission.
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Figure 12. Hydrogen bonding interactions of Arg residues

A. The putative general base Arg418 in IMPDH; B. A positively charged Arg in the substrate
binding site of trypsin. Note that the putative general base has fewer potential hydrogen bonding
interactions.
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Figure 13. The MPA binding site

(1jr1). Enzyme is shown in slate blue. XMP* is navy, MPA is dark magenta, potassium is
orange. The residues within 4.0 A of the XMP* and MPA are shown. Chinese hamster IMPDH
type 2 numbering is used (identical to human IMPDH type 2). Arg322 and GIn441 are
analogous to Lys130 and Glu, respectively, in T. foetus IMPDH. B. Interactions of MPA.
Modified from reference 76 with permission.
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Figure 14. The phenyl-oxazole urea binding site

A. The structure of E-XMP*emerimepodib is shown (coordinates courtesy of Marc Jacobs).
Residues within 4 A of the ligands are displayed. Merimepodib is depicted in coral, XMP* in
cyan. Gold lines indicate hydrogen bonds. Hydrogen bonds are shown in gold. B. Spacefill
depiction of the drug binding site. The surfaces of His253 and Phe282, which sandwich the
adenine ring of NAD*/NADH, are shown in green. C. Interactions of phenyl-oxazole urea.
Modified from reference 12 with permission.
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Figure 15. The adRP/LCA-causing mutations of IMPDH1

A. The positions of the disease associated mutations are depicted on a monomer of IMPDH
from S. pyogenes, which corresponds to the canonical IMPDH1(514) (1ZFJ); note that the CBS
domains are disordered in the structure of human IMPDH1 (1JCN), so that several of the
positions of mutation are not observed). Magenta denotes mutations that are clearly pathogenic;
red, likely pathogenic; green, possibly pathogenic 2. B. Schematic of the hIMPDH2 variants
produced by alternative splicing. Modified from reference 8 with permission.
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Scheme 1. Purine nucleotide biosynthesis

The commonly occurring guanine nucleotide biosynthetic and salvage reactions are shown, as
is the adenine nucleotide biosynthetic pathway. The IMPDH reaction is depicted in blue. R5P,
ribose 5’-monphosphate; NK, nucleoside kinase; HPRT, hypoxanthine phosphoribosyl
transferase; XPRT, xanthine phosphoribosyl transferase; GPRT, guanine phosphoribosyl
transferase; GMPR, guanosine 5’-monophosphate reductase; ADSS, adenylosuccinate
synthetase; ADSL, adenylosuccinate lyase.
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Scheme 2. Mechanism of the IMPDH reaction. T. foetus IMPDH numbering is shown
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Scheme 3. Kinetic mechanism of IMPDH and inhibition by NAD analogs

Inhibitory complexes are shown in blue. Since most assays are performed at saturating
concentrations of IMP, a NAD analog can bind to both E«IMP and E-XMP*, and therefore will
display noncompetitive inhibition.
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Scheme 4. Potential mechanism of inactivation of IMPDH by oxanosine monophosphate
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Scheme 5. Proposed mechanism for inhibition of IMPDH by fat base nucleotide
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Chart 3. Phenyl-oxazole urea inhibitors
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Chart 4. Modifications of the phenyl-oxazole urea linker. 1C5gs versus hIMPDH2 are shown. (?)
denotes 1C50 values that are below 50% of the enzyme concentration
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Chart 5. Indole derivatives. 1Cggs versus hIMPDH2 are shown. (?) denotes 1C50 values that are

below 50% of the enzyme concentration

Chem Rev. Author manuscript; available in PMC 2010 July 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Hedstrom Page 60

N7 N7
. NO
HN% 2 i}

IC5O =1900 nM |C5o = 760 nM
N
ICyp = 730 nM BMS- 566419
IC5O =17 nM
S <0
NH; X N (0]
Br H
17 18
|C5o =500 nM ICSO =5nM (?)

Chart 6. Novel frameworks. 1Csgs versus hIMPDH2 are shown. (?) denotes 1C50 values that are
below 50% of the enzyme concentration
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Chart 8. Natural product inhibitors of hIMPDH2
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Chart 9. Inhibitors selective for C. parvum IMPDH

a. antagonize ADP binding. b. bind in the nicotinamide subsite and do not interact with ADP.
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Table 3
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All IMPDHs are activated by K*, NH,* and Rb*, but the effects of Na* vary among IMPDHs from different organisms.
The sequences of the Cys319 loop (residues 312-331) and C-terminal helix (residues 480-487) are shown; residues
that interact with K* are shown in bold. The % helix is calculated for the corresponding peptide using AGADIR 274,

conditions: ionic strength = 0.1, 278 degrees K, pH 7. a. 84; b. 147; ¢, 143

Source Na* Cys 319 loop C-term helix %bhelix
C. parvum no effect GIGPGSICTTRIVAGVGVPQ TTSGLRESH 0.54
B. burgdorferi® inhibits GIGPGSICTTRIVAGVGVPQ SHSSLKESH 0.40
S. pyogenes unknown GIGPGSICTTRVVAGVGVPQ SGAGLIESH 0.24
E. coli® inhibits GIGPGSICTTRIVTGVGVPQ SGAGIQESH 0.30
human type 2° activates GNGSGSICITQEVLACGRPQ TSSAQVEGG 0.27
T. foetus activates GIGGGSICITREQKGIGRGQ SSVSIVEGG 0.16
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Table 4

TAD analogs. data from 220

a. Uncompetitive inhibition is observed with both IMP and NAD?*; the value of K; with IMP as the variable substrate
is shown. Note that experimental conditions were not described, so there is a concern that the the concentration of SAD

was not in excess of enzyme, so that the value of K; is an upper limit.

Compound | X | Y | hIMPDH1? | hIMPDH2?
K; pM K; pM
TAD S 0.7 0.43
SAD Se 0.03 0.02
TFAD S |CH 0.37 0.32
SFAD Se | CH 0.58 1.10
FFAD O |CH 38 56
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