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Abstract
The IMPDH/GMPR family of (β/α)8 enzymes presents an excellent opportunity to investigate
how subtle changes in enzyme structure change reaction specificity. IMP dehydrogenase
(IMPDH) and GMP reductase (GMPR) bind the same ligands with similar affinities and share a
common set of catalytic residues. Both enzymes catalyze a hydride transfer reaction involving a
nicotinamide cofactor hydride, and both reactions proceed via the same covalent intermediate. In
the case of IMPDH, this intermediate reacts with water while in GMPR it reacts with ammonia. In
both cases, the two chemical transformations are separated by a conformational change. In
IMPDH, the conformational change involves a mobile protein flap while in GMPR the cofactor
moves. Thus reaction specificity is controlled by differences in dynamics, which in turn are
controlled by residues outside the active site. These findings have some intriguing implications for
the evolution of the IMPDH/GMPR family.
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Introduction
How structure determines function remains one of the central challenges in modern
biochemistry. This problem is brought sharply into focus with need to annotate genomic
sequences. However, the growing appreciation of how drastically reaction outcomes can
change with subtle structural modifications gives rise to the gnawing suspicion that most
such assignments rest on rickety foundations.

The (β/α)8 barrel, also known as the TIM barrel, is the most common and versatile enzyme
fold (Glasner et al., 2006, Soskine and Tawfik, 2010, Zalatan and Herschlag, 2009, Nagano
et al., 2002, Gerlt and Raushel, 2003, Wise and Rayment, 2004). Approximately thirty (β/
α)8 barrel protein superfamilies are listed in the current SCOP and CATH databases (Lo
Conte et al., 2002, Orengo et al., 1997), catalyzing over twenty-five different reactions
(Anantharaman et al., 2003). Therefore these proteins present a particularly thorny
annotation problem. One of these superfamilies is comprised of two enzymes, inosine
monophosphate dehydrogenase (IMPDH) and guanosine monophosphate reductase
(GMPR). These two enzymes catalyze very similar reactions (Figure 1; (Hedstrom, 2009)).
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IMPDH catalyzes the NAD+-dependent oxidation of IMP into XMP while GMPR catalyzes
the NADPH-dependent reduction of GMP to IMP and ammonia. IMPDH and GMPR utilize
the same catalytic residues and bind the same ligands with similar affinities (Table 1). Both
reactions involve the same covalent intermediate, but why this intermediate partitions in
different directions is only beginning to be understood. This review will summarize recent
insights into the mechanistic and structural determinants of reaction specificity in IMPDH/
GMPR.

Overview of the guanine nucleotide pathways
IMP is the product of the de novo purine biosynthetic pathway (Figure 1). Most organisms
can also produce IMP via salvage pathways, either by a phosphoribosylation reaction with
hypoxanthine or a kinase reaction with inosine. IMP is converted into both adenine and
guanine nucleotides. The IMPDH-catalyzed production of XMP is the first committed and
rate-limiting step in guanine nucleotide biosynthesis. GMP synthetase (GMPS) catalyzes the
subsequent conversion of XMP to GMP. This reaction requires the hydrolysis of ATP to
AMP and pyrophosphate as well as the hydrolysis of glutamine to glutamate. The IMPDH/
GMPS pathway is widely accepted as the only biosynthetic route to guanine nucleotides,
and this pathway appears to be present in all but the handful of protozoan parasites that
salvage precursors from their hosts (Morrison et al., 2007, Carlton et al., 2007). More
intriguingly, approximately 20 organisms appear to contain an IMPDH gene but to lack a
gene encoding GMPS (The SEED, http://theseed.uchicago.edu/FIG/index.cgi accessed June
11, 2011). These organisms may have another route to GMP.

GMPR appears to have a much more modest role in cellular metabolism. This enzyme
catalyzes the only recognized route to recycle guanine nucleotides into adenine nucleotides
(Figure 1). The apparently opposing metabolic roles of IMPDH and GMPR dictate that their
expression is coordinated- conditions that increase IMPDH activity generally decrease
GMPR expression. In mammalian cells, IMPDH expression decreases and GMPR
expression increases during differentiation, and the guanine nucleotide pool decreases
accordingly (Snyder et al., 1973, Weber et al., 1992). Proliferation requires an expansion of
the guanine nucleotide pool, and is therefore accompanied by an increase in IMPDH
expression (Jackson et al., 1975, Liu et al., 2008). In many organisms, IMPDH expression is
induced when guanine nucleotides are low (Kuehner and Brow, 2008, Thomas and Drabble,
1984). GMPR expression is not as well characterized. In bacteria, GMPR is induced in
response to excess guanine and when glutamine concentrations are low (Kessler and Gots,
1985). Curiously, GMPR is also induced during thermogenesis (Salvatore et al., 1998).

IMPDH-targeted drugs and GMPR
IMPDH is a validated drug target for immunosuppressive (Ratcliffe, 2006), anticancer
(Chen and Pankiewicz, 2007, Olah et al., 2006) and antiviral chemotherapy (Nair and Shu,
2007), and a promising target for antibiotics (Hedstrom et al., 2011). IMPDH and GMPR
bind IMP and GMP with similar affinities (Table 1), which suggests that GMPR may also be
inhibited by IMPDH-targeted drugs. Inhibitors that act as IMP analogs are generally potent
inhibitors of both enzymes, e.g., mizoribine monophosphate (MZP), the active metabolite of
the immunosuppressive drug mizoribine, and ribavirin monophosphate, the active metabolite
of the antiviral drug ribavirin (Figure 2 and Table 1; (Patton et al., 2011)). What role GMPR
inhibition plays in the pharmacology of these drugs remains to be established. Tiazofurin
and benzamide riboside are converted into NAD analogs, TAD and BAD, respectively,
which are potent inhibitors of IMPDH (Figure 2; (Pankiewicz et al., 2004)). It is likely the
NADP analogs of these compounds would inhibit GMPR, but this does not appear to have
been tested. Non-nucleoside drugs that target IMPDH are perhaps less likely to inhibit
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GMPR. The potent IMPDH inhibitor mycophenolic acid (MPA) does not inhibit GMPR (our
unpublished experiments). At present, no GMPR-targeted therapy exists, although GMPR
inhibitors may have applications in the treatment of leishmaniasis (Spector et al., 1984,
Looker et al., 1986).

Overview of the structures of IMPDH and GMPR
Both IMPDH and GMPR are homotetramers, with the catalytic (β/α)8 barrels arranged in
square planar geometry (Figure 4). The active site is found at the C-terminal ends of the β
sheets. The catalytic Cys residue is found in the characteristic sequence motif GIGPGSICTT
on the loop between β6 and α6 the Cys loop (Figure 5A) This residue is Cys319 in IMPDH
(Tritrichomonas foetus numbering will be used unless otherwise noted) and Cys188 in
GMPR (human GMPR2 numbering). The second Thr in the Cys loop motif is also a key
catalytic residue (Thr321 in IMPDH, Thr188 in GMPR), as is the Glu residue that is its
hydrogen bonding partner (Glu431 and Glu289 in GMPR).

Not surprisingly, the IMP/GMP site is highly conserved in both enzymes, and this
conservation extends to the nicotinamide portion of the cofactor binding site (Figure 5A).
However, the adenosine portions of the cofactors bind in different regions of the barrel
domain in IMPDH and GMPR (described in more detail below). A mobile flap extends
between β8 and α8; both the sequence and length of this flap are quite variable (Figure 5B).
The flap has very different roles in each enzyme. In IMPDH, the flap binds in the same site
as the cofactor during the hydrolysis reaction. The IMPDH flap contains a conserved
Arg418-Tyr419 dyad that is involved in the activation of water. This second functional
constraint makes the divergence of the adenosine portion of the cofactor binding site even
more surprising in the case of IMPDH (Figure 5A and B). This divergence may be a
response to the presence of naturally occurring IMPDH inhibitors (Kohler et al., 2005). In
GMPR, the flap interacts with the 2′-phosphate of NADPH via a conserved Tyr285-Arg286
dyad.

IMPDH and GMPR share an additional structural feature, an allosteric binding site for
monovalent cations such as K+. The Cys loop forms half of the monovalent cation binding
site, while the other half is contributed by the end of a C-terminal alpha helix from an
adjacent monomer (Figure 5C). These residues are not conserved, and may account for the
differences in monovalent cation specificity and other catalytic properties among enzymes
from different sources.

Most IMPDHs contain an additional subdomain inserted between α2 and β3 that is not
found in GMPRs (Figure 4). This subdomain contains two cystathionine beta synthetase
(CBS) domains (also known as Bateman domains (Bateman, 1997, Ignoul and Eggermont,
2005)). Removal of the CBS domains does not perturb enzymatic activity (Nimmesgern et
al., 1999, Gan et al., 2002). CBS domains are found in several unrelated proteins, including
protein kinases and CLC channels, where they bind adenine nucleotides (Janosik et al.,
2001, Scott et al., 2004, Jamsen et al., 2007, Jentsch, 2008). While one laboratory has
reported a similar function for the CBS domains of IMPDH (Scott et al., 2004), others have
been unable to confirm this finding (Mortimer and Hedstrom, 2005, Pimkin and Markham,
2008, Carr et al., 1993, Holmes et al., 1974). The presence of the adenine nucleotide binding
site in the (β/α)8 domain of IMPDH obviously complicates these experiments. In addition,
while the overall fold of the CBS domains is clearly maintained, there is little sequence
identity, so it is quite possible that the CBS domains have different functions in different
proteins. Deletion of the CBS domains disrupts the coordinated regulation the adenine and
guanine nucleotide pools in E. coli (Pimkin and Markham, 2008, Pimkin et al., 2009).
Others have suggested that the CBS domains are involved in the regulation of translation
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and transcription (Cornuel et al., 2002, McLean et al., 2004, Mortimer and Hedstrom, 2005,
Bowne et al., 2006, Mortimer et al., 2008, Park and Ahn, 2010), though the exact role of
IMPDH in these contexts remains to be elucidated.

IMPDH transcripts from various organisms suggest that additional domains can be appended
to the N- and C-termini. The best characterized of these are variants of mammalian IMPDH1
that are produced in the retina as the result of alternative mRNA splicing (Spellicy et al.,
2007, Gunter et al., 2008). The functions of these additional domains are unknown.

The mechanism of the IMPDH reaction
The mechanistic challenge of both the IMPDH and GMPR reactions is “how can a single
active site catalyze two different chemical transformations?” In the case of IMPDH, these
reactions are: (1) a hydride transfer reaction that produces NADH and the covalent
intermediate E-XMP* and (2) a hydrolysis reaction that releases XMP (Figure 3). In
contrast, GMPR catalyzes: (1) deamination of GMP to form E-XMP* followed by (2)
hydride transfer to produce IMP. These enzymes use complementary strategies involving
conformational changes to solve this problem.

IMPDH is a well-characterized enzyme. More than twenty IMPDH genes have been
expressed and activity confirmed, and more than 25 crystal structures exist for IMPDHs
from eight different organisms, including many different complexes of substrates and
inhibitors. Steady-state, pre-steady-state, isotope effect, inhibitor characterization and
mutagenesis experiments have been reported for IMPDHs from many different sources
(Hedstrom, 2009). Though several early reports concluded that substrate binding was
ordered, later isotope effect and ligand binding experiments revealed that IMP and NAD+

bind randomly (Heyde et al., 1976, Wang and Hedstrom, 1997, Digits and Hedstrom, 1999,
Xiang et al., 1996). This discrepancy can be explained by the use of product inhibition
experiments, which are unreliable when an intermediate accumulates, as occurs during the
IMPDH reaction. The hydride transfer reaction likely occurs in two steps, first the attack of
the catalytic Cys319 on C2 of IMP, followed by expulsion of the hydride to NAD+

(Tritrichomonas foetus numbering will be use throughout), though no experiments address
this point. Hydride transfer is fast in most IMPDHs. Mutation of Thr321 decreases the rate
of hydride transfer, suggesting that this residue may serve to activate Cys319 (Guillen
Schlippe and Hedstrom, 2005). NADH releases, leaving the covalent intermediate E-XMP*.
This step is partially rate-limiting in some IMPDHs. The mobile flap (residues 412–432)
folds into the vacant cofactor binding site, bringing the conserved Arg418Tyr419 dyad into
position to activate water for the hydrolysis of E-XMP*. A solvent isotope effect is
generally observed on kcat, suggesting that the conformational change is fast and hydrolysis
is rate-limiting (Riera et al., 2008). Thus IMPDH has two conformations as defined by the
position of the flap: an open conformation for the hydride transfer step and a closed
conformation for the hydrolysis step.

All enzymes that perform hydrolysis reactions have some strategy to activate water, but the
general base catalyst has been difficult to identify in IMPDH. The x-ray crystal structure of
the E•MZP complex captured a transition state-like arrangement of the Cys319 and a
putative catalytic water (Figure 6A). The water molecule interacts with Arg418, Tyr419 and
Thr321. None of these residues are usually candidates for general base catalysts, though
precedence is available for each (see examples in (Guillén Schlippe and Hedstrom, 2005B)).
Given that hydrolysis is rate-limiting in IMPDH, the substitution of the general base catalyst
would be expected to decrease the value of kcat by a factor of 100–1000. Only the
substitution of Arg418 has an effect of this magnitude, suggesting that this residue is the
primary player in the activation of water (Table 2). Mutations of Arg418 and Tyr419 only
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affect the hydrolysis reaction, while the mutation of Thr321 perturbs both hydride transfer
and hydrolysis (Guillen Schlippe and Hedstrom, 2005, Guillen Schlippe et al., 2004).
Importantly, while the mutation of Arg418 also perturbs flap closure, this effect is not
sufficient to account for the decrease in kcat. Chemical rescue experiments are also
consistent with Arg418 acting as a general base (Guillén Schlippe and Hedstrom, 2005a).

Combined molecular mechanics/quantum mechanics simulations provided further insight
into how water is activated during the IMPDH reaction (Min et al., 2008). The lowest
energy pathway to products involves a neutral Arg418 abstracting a proton from water
(Figure 6B). If the pKa of Arg418 is “normal”, i.e., ~12.5, the calculated energy barrier for
this reaction is similar to that observed experimentally. However, if Arg418 is protonated,
water is activated via a proton relay involving Thr321 and Glu431 (Figure 6C). The
calculated energy barrier for this reaction is similar to that observed when Arg419 is
mutated. These findings suggest that IMPDH primarily uses the Thr321 pathway to activate
water at low pH, and the Arg418 pathway dominates at high pH. The substitution of Glu341
with Gln disables the Thr321 pathway, and shifts the pH rate profile to the right, as
predicted by the simulations. Thus IMPDH appears to have two sets of catalytic machinery
to activate water.

While the closure of the flap is clearly required for the hydrolysis reaction, less dramatic
changes in the conformation of the Cys319 loop appear to occur throughout the catalytic
cycle (Hedstrom and Gan, 2006). X-ray crystal structures find the Cys319 loop in at least
three different conformations in various ligand complexes (two of these conformations can
be seen in Figure 5A and B). If these complexes mimic distinct states in the catalytic cycle,
then the Cys319 has different conformations during each stage of the reaction. The results of
alanine scanning mutagenesis of three residues in the Cys319 loop, Arg322, Glu323 and
Gln324, are consistent with this view (Josephine et al., 2010). All three mutations increased
the equilibrium of the hydride transfer reaction, but decreased the equilibrium between the
open and closed conformations of the flap. These results indicate that the mutations stabilize
E-XMP*open, but not E-XMP*closed (Figure 7), as might be expected if different
conformations of the Cys319 loop are required for the hydride transfer and hydrolysis
reactions. Further, these results suggest that the conformation of the Cys319 loop gates
closure of the flap.

The conformation of the Cys319 loop, and its influence of the flap, are also factors in the
mechanism of monovalent cation activation. The Cys319 loop forms half of the K+ binding
site-the other half is formed by the end of a C-terminal helix from the adjacent subunit
(residues 485–487; Figure 5C). Monovalent cations are found in only a handful of IMPDH
structures: from Chinese hamster, E-XMP*•MPA•K+ (1jr1; (Sintchak et al., 1996)), and
from T. foetus, E•MZP•K+ (1pvn; (Gan et al., 2003)), E•RVP•Na+ (1me8; (Prosise et al.,
2002)) and E•RVP•MPA•Na+ (1me7; (Prosise et al., 2002)). No monovalent cations are
observed in other complexes of T. foetus IMPDH, including E•IMP, E•IMP•TAD and
E•XMP•NAD+ (1me9, 1meh and 1lrt, respectively; (Prosise and Luecke, 2003, Gan et al.,
2002, Prosise et al., 2002), suggesting that K+ transiently associates during the catalytic
cycle, perhaps only binding to E-XMP* complexes. This hypothesis was inconsistent with
steady state kinetic characterization of IMPDHs from other sources, which indicated that K+

is required for substrate/cofactor binding (Heyde et al., 1976, Xiang et al., 1996, Kerr et al.,
2000)). Unfortunately, T. foetus IMPDH contains a second K+ site in addition to the
conserved monovalent site, so it is not possible to address this question directly in this
enzyme. However, a detailed investigation of the kinetics of Cryptosporidium parvum
IMPDH reaction revealed that the presence K+ increases the rate of association of NAD+ to
the E•IMP complex (Riera et al., 2011). Thus K+ must be present throughout the catalytic
cycle. Further, this finding casts doubt on the catalytic relevance of the x-ray crystal
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structures of cofactor complexes, since none of the currently available structures contain a
monovalent cation.

The presence of K+ increases the value of kcat for IMPDH reactions by >40-fold, yet the
evidence suggests that K+ has little effect on either chemical transformation in C. parvum
IMPDH. In the absence of K+, burst of NADH production is observed in the steady state,
and no isotope effect is found when 2-[2H]-IMP is the substrate, indicating that hydride
transfer remains fast. The release of NADH is slower in the absence of K+, but not slow
enough to account for kcat. No solvent isotope effect is observed in the absence of K+, which
indicates that the hydrolysis step is also not rate-limiting. These observations suggest that
the rate-limiting step is a conformational change following NADH release, i.e., the closure
of the flap. Importantly, the rate of the conformational change is the key variable, not the
shift in the equilibrium between open and closed conformations- since this step is rate-
limiting, it cannot be at equilibrium. Thus the presence of K+ accelerates flap closure.

The question of how K+ can promote the rate of conformational exchange was investigated
in a series of alchemical free energy simulation and potential of mean force calculations
using the orthogonal space random walk strategy (Riera et al., 2011). Models of the E-
XMP*•K+ complex of C. parvum IMPDH in the open and closed states were constructed
based on the E•MZP and E•RVP•MPA structures of T. foetus IMPDH (1pvn and 1meh,
respectively). These models can explain the monovalent cation specificity of C. parvum
IMPDH. When a simulation was performed in the absence of K+, the residues of the K+

binding site relaxed into an alpha helix, creating a barrier to the conformational change. The
presence of K+ provides alternate interactions for the carbonyl oxygens of these residues,
mobilizing this segment. A similar mechanism has been proposed for the activation of
enzymes by salt in organic solvents (Eppler et al., 2006), and water molecules have been
proposed to serve a similar role in ribozymes (Rhodes et al., 2006). K+ also changes the
shape of the energy landscape. The energy well is narrow and steep in the absence of K+, but
becomes broad in the presence of K+, and the minimum is in a more “open” position (Figure
8). These simulations suggest that K+ acts as a ball and socket joint, organizing the Cys319
loop while promoting the enslaved conformational transitions. Since the conformation of the
Cys319 loop gates flap closure, K+ also influences this conformational change.

Monovalent cation specificity varies significantly among IMPDHs from different sources-
for example, Na+ activates some IMPDHs, but has no effect, or inhibits, others (Hedstrom,
2009). This observation suggests that there are significant differences in the structure of the
monovalent cation binding sites, which will translate into differences in the conformational
dynamics of the Cys319 loop and the flap. Understanding, and predicting, how such
functional distinctions arise from rather subtle changes in sequence will require even more
detailed characterization of additional IMPDHs. In particular, direct methods for monitoring
the conformational changes are needed to calibrate the computational approaches. This is no
small task. The open-to-closed conformational change of the flap may be more analogous to
an disorder-order transition than the rigid body lid closures that have been monitored to date.

The importance of the K+ site is dramatically illustrated with the MPA resistant IMPDHs
found in Penicillium brevicompactum, the fungus that produces MPA (Hansen et al., 2011).
MPA binds to E-XMP*, competing with the flap for the vacant cofactor binding site (Link
and Straub, 1996, Sintchak et al., 1996). Thus the equilibrium between the open and closed
conformation is an important determinant of drug sensitivity (Digits and Hedstrom, 2000,
Kohler et al., 2005, Riera et al., 2008). P. brevicompactum contains two IMPDHs,
PbIMPDH-A and PbIMPDH-B; these enzymes are 20- and 1000-fold more resistant to
MPA, respectively, than a typical eukaryotic IMPDH (Hansen et al., 2011). Curiously, the
active site and MPA binding site are completely conserved. However, the C-terminal helix
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that forms part of the K+ binding site has diverged; swapping this region between MPA-
sensitive and resistant IMPDHs reveals that this region can account for 7-fold of the
resistance. How these changes influence MPA inhibition is currently under investigation.
More importantly, these observations indicate that additional “long-range” determinants of
drug selectivity, and reaction properties, remain to be identified.

The GMPR reaction
Characterization of the GMPR reaction is rudimentary in comparison to IMPDH. The
enzyme has been purified from a handful of sources: Aerobacter aerogenes (Mager and
Magasanik, 1960, Brox and Hampton, 1968), human erythrocytes (Mackenzie and Sorensen,
1973, Spector, 1979 #838), calf thymus (Stephens and Whittaker, 1973), Leishmania
donvani (Spector and Jones, 1982, Spector et al., 1984), Artemia salina (Renart et al., 1976a,
Renart et al., 1976b), though its presence has been inferred in several other cases by the
conversion of labeled guanine into adenine nucleotides. Only the human and Escherichia
coli genes have been cloned and expressed to verify activity (Andrews and Guest, 1988,
Moffat and Mackinnon, 1985, Martinelli et al., 2011, Patton et al., 2011, Li et al., 2006,
Zhang et al., 2003, Deng et al., 2002). X-ray crystal structures are available for human
GMPR1 and GMPR2 in several complexes: E•GMP (2ble, 2bwg, 2a7r, (Li et al., 2006)),
E•IMP (2bzn, (Patton et al., 2011)) and E•IMP•NADH (2c6q, (Patton et al., 2011)). Two
structures of B. anthracis GMPR can be found in the PDB (1ypf and 2a1y), but there is no
record that this protein has actually been assayed for GMPR activity.

Using IMPDH as a template for GMPR reaction, the following mechanism would be
expected: GMP binds, the deamination reaction occurs with formation of E-XMP*,
ammonia departs and NADPH binds, E-XMP* is reduced to IMP. This mechanism would be
described by ping-pong kinetics, which are most definitely not observed in GMPRs. Instead,
an intersecting line pattern is found in Lineweaver-Burk plots (Spector et al., 1979, Deng et
al., 2002, Martinelli et al., 2011, Patton et al., 2011), indicating that a ternary
E•GMP•NADPH complex must form before deamination can proceed. Further, again by
analogy to the IMPDH reaction, the deamination reaction would be expected to be rate-
limiting and hydride transfer is expected to be fast. However, two investigations of the
mechanism of E. coli GMPR report that an isotope effect is observed on hydride transfer,
indicating that in fact the deamination step is fast and hydride transfer is rate-limiting
(Martinelli et al., 2011, Patton et al., 2011). These findings create a conundrum: how can the
deamination reaction occur in the presence of cofactor?

The above mechanism presumes that E-XMP* is an intermediate in the GMPR reaction as in
IMPDH. However, an alternative concerted deamination/hydride transfer mechanism is also
plausible, wherein Cys acts as a general acid to protonate the leaving group as hydride is
transferred (Martinelli et al., 2011). Since hydride transfer is rate-limiting, if E-XMP*
forms, it should accumulate in the steady state, and in fact the presence of E-XMP* has been
demonstrated by mass spectroscopy (Patton et al., 2011). E-XMP* also forms in the
presence of NADP+, but not when the cofactor is absent. Thus the presence of cofactor
induces a conformational change required for the deamination of GMP and formation of E-
XMP*. The nature of this conformational change can be deduced from the structures of
E•GMP (1ble) and E•IMP•NADPH (2c6q). In the absence of cofactor, the catalytic Cys186
points away from GMP, as does the catalytic Glu289 and the conserved Tyr285-Arg286
dyad in the flap folds into the active site, with Arg286 protecting GMP from water (Figure
9A; (Li et al., 2006)). When the cofactor binds, this segment forms part of the 2′-phosphate
binding site and the Cys186, Thr188 and Glu289 residues align for catalysis, as shown in the
structure of the E•IMP•NAPDH complex (Figure 9B; 1c6q, (Patton et al., 2011)). While
these structures explain how cofactor binding promotes the deamination reaction, they also
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provoke a new question: how is the amine is activated if the cofactor is where the acid/base
catalyst should be?

The answer to this question was also revealed in the structure of E•IMP•NADPH (Figure
9C). This structure has two GMPR tetramers in the asymmetric unit, and three different
ligand states are found within the eight active sites: E•IMP alone, E•IMP•NADPHin, where
the cofactor is optimally aligned for hydride transfer (Figure 9B), and E•IMP•NADPHout,
where the cofactor is found in a new conformation that is too far away from the substrate to
permit hydride transfer (Figure 9C). An electron density, modeled as water, is observed in
the out conformation in the position that would be occupied by the ammonia product. This
density is within hydrogen bonding distance of Thr188 and the carboxamide of the cofactor.
These observations suggest that the deamination reaction occurs when the cofactor is in the
“out” conformation, and that the Thr188-Glu289 dyad and cofactor amide together form the
machinery that activates the amine.

Mutagenesis experiments were combined with substrate/cofactor analogs to investigate the
role of Thr188-Glu289 in the deamination reaction (Table 2). 2-Cl-IMP is also a good
substrate for GMP, with a relative kcat of 0.9 versus GMP. However, while the deamination
of GMP requires the presence of a general acid catalyst, chloride is a much better leaving
group, so the 2-Cl-IMP reaction should proceed even if the general acid catalyst has been
removed. As expected, no reaction is observed with either GMP or 2-Cl-IMP when Cys186
was replaced with Ala (Patton et al., 2011). The substitution of Thr186 with Ala reduced the
value of kcat by a factor of 500. A similar reduction was observed with the substitution of
Glu289, demonstrating that this residue is also required for the GMPR reaction, unlike the
IMPDH (Table 2). However, much smaller reductions were observed in the reactions of
Thr186Ala and Glu289Ala with 2-Cl-IMP (factors of 14 and 18, respectively), as expected if
Thr188 and Glu289 are involved in the activation of the amine.

A similar set of experiments was used to probe the role of the cofactor amide in the
deamination reaction (Patton et al., 2011). Acetylpyridine adenine dinucleotide phosphate
(APADP) contains a methylketone in place of the amide group of NADP. No reaction is
observed between GMP and APADPH in the presence of GMPR (the relative value of kcat
<0.006). In contrast, GMPR catalyzes the reaction of 2-Cl-IMP and APADPH with a
relative kcat = 0.2. These observations indicate that the cofactor amide is part of the catalytic
machinery activating ammonia. To the best of our knowledge, this is an unprecedented role
for a nicotinamide cofactor.

Reaction specificity hinges on the ability to distinguish water and ammonia
The GMPR and IMPDH reactions involve the same covalent intermediate, E-XMP*, but this
intermediate reacts with ammonia in GMPR and with water in IMPDH (considering the
GMPR reaction from the reverse). GMPR does not catalyze the reacton of IMP and NADP+

to XMP and NADPH. However, GMPR does catalyze the formation of E-XMP* from IMP
and NADP+. This complex is stable for days in the absence of ammonia, but forms GMP
when NH4Cl is supplied (Patton et al., 2011). These observations indicate that GMPR has a
>105 preference for ammonia/ammonium over water. If one assumes that ammonia is the
actual substrate, this preference increases to >106 at pH 8, the conditions of these
experiments. XMP is the more stable than IMP and GMP, in part because it is ionized at
physiological pH, so XMP would form if GMPR catalyzed the reaction with water Likewise,
IMPDH does not catalyze the hydrolysis of GMP (<0.1% the activity of GMPR; (Patton et
al., 2011)). Therefore kinetic barriers must exist to prevent GMPR from reacting with water
and IMPDH from reacting with GMP.
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The ammonia selectivity of GMPR most likely results from a combination of intrinsic
reactivity and specific binding. Ammonia is a much better nucleophile than water, by a
factor of ~104 (Minegishi and Mayr, 2003). However, this leaves a selectivity factor of at
least 100 that must derive from a specific binding site. Ammonia has one more hydrogen
bond donor than water, which suggests that ~3 kcal/mol of specific binding energy could be
available, providing approximately a factor of 500 in selectivity. Precedence for such
selective interactions can be found in the ammonia-specific channels AmtB and RhAG
(Musa-Aziz et al., 2009).

The nature of the kinetic barrier in IMPDH is more difficult to understand, because any
mechanism that activates water would be expected to also activate ammonia. In IMPDH,
water is activated by Arg418 with the assistance of Thr321/Glu289. One might reasonably
expect that this constellation of active site residues could also activate the amine leaving
group of GMP. However, this would require the flap to close in the E•GMP complex. As
noted above, the conformation of the Cys319 loop gates the closure of the flap. Perhaps the
proper Cys319 conformation cannot form in the presence of GMP. Another possibility is
that GMP induces a new conformation of the flap that is not catalytically competent, as is
observed in the E•GMP complex of GMPR. It’s worth noting that Glu289 is substituted with
Gln in eukaryotic IMPDHs, so these enzymes would never be expected to react with GMP.

The cofactor amide participates in the activation of the leaving group in the GMPR reaction-
could the cofactor perform a similar role in IMPDH? Cofactor participation requires that the
adoption of the “out” position- this conformational change involves a rotation about the 5′
carbon of the cofactor adenosine. Importantly, the cofactor binding site, as defined by
structures of cofactor complexes of human IMPDH1, human IMPDH2 and T. foetus
IMPDH, occupies a different portion of the barrel domain than in GMPR, so a similar
movement of the cofactor is not possible (Figure 10A and B). Therefore it seems unlikely
that the cofactor could assist in the deamination of GMP in IMPDH, at least in these
enzymes.

Curiously, some prokaryotic IMPDHs appear to contain a site very similar to the cofactor
binding site of GMPR. The NADP binding site extends into the neighboring subunit where
the adenine group interacts with Tyr318′ (the ‘ denotes the second subunit; Figure 10). The
analogous region of IMPDH was previously identified as a potential binding site for
selective inhibitors of prokaryotic IMPDHs (Zhang et al., 1999). Such inhibitors have
recently been identified (MacPherson et al., 2010, Gollapalli et al., 2010). The structure of
the C. parvum IMPDH complex with one of these inhibitors, C64, has recently been solved
(MacPherson et al., 2010). The inhibitor also crosses the subunit interface, where it interacts
with a Tyr358. Many of the residues in the inhibitor binding site are shared with the cofactor
binding site of GMPR (Figure 10C and D). These observations suggest that such bacterial
IMPDHs may bind the NAD+ in the same manner that GMPR binds NADPH. If this is true,
these enzymes may be able to catalyze both reactions.

Implications for metabolism and evolution
The physiological role of GMPR should be reconsidered in light of the observation that the
reverse reaction producing GMP from IMP and ammonia is reasonably facile (contrary to
some previous reports). The over-expression of E. coli GMPR can complement bacteria
lacking IMPDH and attenuated in GMPS, demonstrating that GMPR is sufficient to support
life in ammonia/ammonium rich environments such as the mammalian gut (Patton et al.,
2011). Curiously, the insect gut contains ammonia/ammonium concentrations as high as 130
mM (Ji and Brune, 2006). Ammonia is membrane permeable, so intracellular concentrations
are likely to be correspondingly high. Indeed, the synthesis of GMP appears to occur via
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GMPR in this environment. The aphid symbiont Buchnera, a close relative of E. coli, lacks
both IMPDH and GMPS but contains a GMPR (van Ham et al., 2003). Buchnera uses
ammonia to synthesize amino acids (Hansen and Moran, 2011), so it is reasonable to
propose that ammonia is also used to synthesize guanine nucleotides. Approximately 20
bacteria/archaea appear to be missing GMPS, and may therefore also synthesize GMP
directly from ammonia and IMP (The SEED, http://theseed.uchicago.edu/FIG/index.cgi
accessed June 11, 2011).

The evolution of IMPDH/GMPR
The implications for the evolution of IMPDH and GMPR are also intriguing (Figure 11).
Life is believed to have emerged in an ammonia-rich reductive environment (Zahnle et al.,
2010), so the founding IMPDH/GMPR enzyme would likely have been a GMPR operating
to produce GMP. This hypothesis is supported by the suggestion that GMPS arose after
IMPDH (Kim et al., 2006). The installation of the Arg419 pathway for water activation
would allow the emergence/specialization of IMPDH. Since cofactor conformational
changes would no longer be required, the hydride transfer step could be optimized, and since
the Glu is not required for the activation of water, this residue could be substituted with Gln.
Migration of the cofactor binding site may represent a further specialization to the IMPDH
reaction. It may be possible to test the feasibility of this pathway.

Challenges and opportunities
The above discussion spotlights several gaping holes in our understanding of the mechanism
of IMPDH and GMPR. For IMPDH, ammonia/water selectivity, monovalent cation
activation, protein conformation in ternary cofactor complexes and the pathway of protein
conformational exchange are all open questions. More x-ray crystal structures are clearly
needed. The E•GMP complex of IMPDH would provide important insights into reaction
specificity. Cofactor complexes with monovalent cations are needed to construct a structural
model of the catalytic cycle. More complexes of bacterial IMPDHs are necessary to
determine if the cofactor site varies among IMPDHs from different sources. Methods to
directly interrogate the conformational changes are also sorely needed. This wish list also
applies to GMPR, with the addition that more GMPRs must be characterized.

The reaction-defining features of IMPDH and GMPR are dynamical. In IMPDH, the
cofactor departs after the hydride transfer step and the flap moves, bringing the catalytic
base Arg418 into the active site for the hydrolysis reaction. In contrast, in GMPR, the
cofactor assumes different conformations during the deamination and hydride transfer
reactions. These motions are influenced by residues acting at long distances from the active
site, as vividly illustrated in the MPA-resistant IMPDHs from P. brevicompactum. These
observations suggest that structural determinants of reaction specificity may lie far from the
active site.

Gene annotation in the IMPDH/GMPR family
The difficulty of distinguishing IMPDH and GMPR can be illustrated with putative GMPR
from Bacillus anthracis, which is 28% identical to E. coli GMPR, but 30% identical to E.
coli IMPDH. Thus the potential for misannotation is very high. The annotation problem is
compounded by an unfortunate typographical error that designated a likely IMPDH as
inositol monophosphate dehydrogenase (while an inositol dehydrogenase has been
identified, no actual inositol monophosphate dehydrogenase has been reported). This error
has propagated- some genes have even been given dual annotations as both inosine and
inositol monophosphate dehydrogenase.
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Given the paucity of structural and functional characterization of GMPR, IMPDH/GMPR
annotations should be viewed with caution. Nonetheless, there may be sequence motifs that
can reliably distinguish IMPDH from GMPR. To date, only IMPDHs contain CBS domains.
However, some IMPDH lack CBS domains, so absence of these domains is not sufficient to
identify a GMPR. The Arg418-Tyr419 dyad in the flap also appears to be a unique feature of
IMPDH, but the Tyr can be substituted with relatively little effect on enzymatic activity
(Table 2; (Guillen Schlippe et al., 2004)), so the absence of this motif is probably not
sufficient to identify a GMPR. The Tyr285-Arg286 dyad of GMPR, which interacts with the
2′-phosphate of NADPH, may prove to be a distinguishing feature. Lastly, GMPRs require
the presence of the Glu289, so if Gln is in this position, the enzyme is an IMPDH. All of
these potentially distinguishing features are derived from the characterization of rather few
enzymes; more work is needed to demonstrating the generality of these findings so that
these assignments can be made in confidence. Given the central connection of nucleotide
metabolism and proliferation and the importance of IMPDH as a drug target, this is a goal
worth pursuing.
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Figure 1.
Purine Nucleotide Metabolism.
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Figure 2.
Structures of IMPDH targeted drugs.
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Figure 3.
The mechanisms of IMPDH and GMPR.
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Figure 4.
The structures of IMPDH and GMPR. The structures of S. pyogenes IMPDH (1zfj) and
human GMPR2 (1c6q) are shown. The left panels show the tetramers, with alternating
subunits colored in light and dark gray. The right panels show the lower left subunit, with a
180 degree rotation from the left panel. IMP is shown in spacefill. A color version of this
figure is available online.
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Figure 5.
Active site conservation in IMPDH/GMPR. The barrel domain of T. foetus IMPDH (1lrt), is
shown containing IMP and the NADH analog tiazofurin adenine dinucleotide (TAD). The
catalytic Cys319 and the residues that interact with the adenine ring of TAD, Arg241 and
Trp269, are depicted in sticks. Residues 416–431, which form part of the mobile flap, are
disordered in this structure. A color version of this figure is available online.

Hedstrom Page 21

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2013 May 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
The activation of water in IMPDH. A. Interactions of the catalytic with water in the E•MZP
complex (1pvn). Figure from (Min et al., 2008). B. The Arg418 pathway for water
activation. C. The Thr321 pathway for water activation.
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Figure 7.
Effects of mutations in the Cys319 loop on the IMPDH reaction. Figure modified from
(Josephine et al., 2010). In the energy diagrams, the dark bars show the relative positions the
various complexes in the wild-type enzyme, and the lighter bars show the direction of
change with the mutations. The table is shaded according to the magnitude of the difference
in the parameter from the wild-type enzyme: no shading, factor of 1–2; light, factor of 2–20;
dark, factor >20.
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Figure 8.
Shape of the energy well for the closed conformation of the flap in the absence (A) and
presence of K+ (B). Figure from (Riera et al., 2011) with permission. Potential of mean force
calculations were used to probe the effects of K+ on the closed conformation (Riera et al.,
2011). A model of the E-XMP*closed complex of C. parvum IMPDH was constructed based
on 1pvn. The collective variable is comprised of the average of the distance of each Cα in
the flap to the center of the purine ring of E-XMP*, so the smaller the collective variable,
the more “closed” the conformation.
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Figure 9.
Conformational changes during the GMPR catalytic cycle. A. Structure of E•GMP (2a7r; (Li
et al., 2006)). B. Structure of E&•IMP•NADPH in the “in” position for the hydride transfer
reaction (1c6q; (Patton et al., 2011)). C. Structure of E•IMP•NADPH in the “out” position
for the deamination reaction (1c6q; (Patton et al., 2011)). A color version of this figure is
available online.
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Figure 10.
Cofactor binding sites in IMPDH and GMPR. A. Surface of cofactor binding site in T.
foetus IMPDH (1lrt). The complex of IMP (sticks) and an NADH analog, tiazofurin adenine
dinucleotide (TAD; ball and stick), is shown. B. Surface of the cofactor binding site in
human GMPR2 (1c6q). IMP (sticks) and NADPH (ball and stick) are shown. C. Structure of
the inhibitor binding site of C. parvum IMPDH (3khj). IMP (sticks) and inhibitor C64 (ball
and stick) are shown. Note that C. parvum IMPDH lacks the pocket that interacts with the
cofactor adenine in T. foetus IMPDH, but does have a similar pocket to the one that binds
the adenine of NAPDH in human GMPR2. D. Structure of the adenine binding site is human
GMPR2 (1c6q) in dark, overlayed with the analogous region of C. parvum IMPDH in light
(3khj). The nicotinamide riboside portion of NADPH is omitted for clarity, as are the
residues that interact with the 2′-phosphate. Light lines depict hydrogen bonds between
NADPH and human GMPR2. A color version of this figure is available online.
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Figure 11.
Proposed pathway for the evolution of IMPDH and GMPR.
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Table 1

Ligand affinities for IMPDH and GMPR.

Ligand IMPDH GMPR

GMP (μM) 2–90 a 3–21 (Km) c,d,e,f

IMP (μM) 1.7–100 (Km) a 8–140 c,d

XMP (μM) 30–100 a 0.01–28 c,f,h

MZP (μM) 0.0005–0.008 a 0.015 c

RVP (μM) 0.1–0.6 a 98 c

2-Cl-IMP (μM) 48 (Km) a 7.9 (Km) c

a
(Hedstrom, 2009).

b
(Antonino and Wu, 1994).

c
(Patton et al., 2011).

d
(Martinelli et al., 2011)

e
(Deng et al., 2002).

f
(Spector et al., 1979).

g
(Spector and Jones, 1982).

h
(Stephens and Whittaker, 1973)

Crit Rev Biochem Mol Biol. Author manuscript; available in PMC 2013 May 01.



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Hedstrom Page 29

Table 2

Kinetic parameters for mutants of T. foetus IMPDH and E. coli GMPR.

Catalytic residue

kcat (s−1)

Comments
IMPDH (IMP) GMPR (GMP) f

GMPR f (2-Cl-
IMP) f

wild-type 1.9 b (3.8) b 0.35 (≤0.0008) 0.40 (0.08) parentheses denote reaction with acetyl pyridine

cofactor a

Cys ≤ 0.001 b ≤ 0.0001 ≤ 0.0001 IMPDH: Cys319Ser
GMPR: Cys186Ala

Thr 0.18 c 0.00088 0.021 IMPDH: Thr321Ala
GMPR: Thr188Ala

Glu 1.4 d 0.00038 0.027 IMPDH: Glu
GMPR: Glu289Gln

Arg418Ala 0.004 e n.a. n.a. general base that activates water in IMPDH; counterpart
is cofactor amide in GMPR

Tyr419Phe 0.22 e n.a. n.a. part of conserved motif with Arg418, but only minor
role in the activation of water

n.a., not applicable.

a
APAD reaction: for IMPDH, reaction with APAD+, for GMPR, reaction with APADH.

b
(Digits and Hedstrom, 1999).

c
(Guillen Schlippe and Hedstrom, 2005).

d
(Min et al., 2008).

e
(Guillen Schlippe et al., 2004).

f
(Patton et al., 2011).
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