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Abstract

IMP dehydrogenase (IMPDH) and GMP reductase (GMPR) belong to the same structural family, 

share a common set of catalytic residues and bind the same ligands. The structural and 

mechanistic features that determine reaction outcome in the IMPDH/GMPR family have not been 

identified. Here, we show that the GMPR reaction utilizes the same intermediate E-XMP* as 

IMPDH, but this intermediate reacts with ammonia instead of water. A single crystal structure of 

human GMPR type 2 with IMP and NADPH fortuitously captures three different states, each of 

which mimic a distinct step in the catalytic cycle of GMPR. The cofactor is found in two 

conformations, an "in" conformation poised for hydride transfer, and an "out" conformation where 

the cofactor is 6 Å from IMP. Mutagenesis, substrate/cofactor analog experiments demonstrate 
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that the “out” conformation is required for the deamination of GMP. Remarkably, the cofactor is 

part of the catalytic machinery activating ammonia.

Understanding the chemical and structural basis of enzyme catalysis remains a central 

challenge in biochemistry. Although enzyme function is often presumed from protein 

sequence 1, subtle differences in sequence, and hence in structure, can profoundly change 

reaction outcomes 2, 3. The inability to reliably predict the consequences of mutations also 

limits enzyme redesign. A deeper understanding of how enzymes with similar structures and 

catalytic machinery promote different chemical transformations is required.

This predicament is vividly illustrated with (β/α)8 barrel proteins, also known as TIM barrels 

after the founding structure of triose phosphate isomerase. This fold is the most common 

among enzyme structures 4–6. The current SCOP and CATH databases list 33 and 31 

homologous superfamilies with this topology, respectively 7, 8. The (β/α)8 barrel is also the 

most versatile protein fold, catalyzing isomerization, condensation, phosphotransfer, hydride 

transfer and over 20 other reactions 9. The remarkable ability of the (β/α)8 barrel to morph 

into catalysts with both novel substrate and reaction specificities creates a particularly 

difficult problem for the determination of function from sequence and structure.

Gene duplication is believed to propel the diversification of (β/α)8 barrel functions by 

allowing one gene copy to diverge constraint-free while the other copy maintains essential 

functions (2, 10–13). Several models for the evolution of new activities have been proposed, 

differing in the timing of the gene duplication, the emergence of new function and the 

application of selective pressure, and circumstances where each model can operate are easily 

envisioned. The "escape from adaptive conflict" model is particularly attractive for the 

evolution of new enzyme activities. In this model, ancestral enzymes were promiscuous 

generalists capable of catalyzing several different reactions. Duplication relieves the 

constraint of maintaining the entire reaction repertoire and allows the emergence of 

specialist enzymes that catalyze smaller sets of reactions more efficiently 14.

The (β/α)8 barrel proteins IMPDH and GMPR present a challenge for the "generalist to 

specialist" paradigm of enzyme evolution 2. These enzymes have ~30% sequence identity, 

bind the same ligands with similar affinities and catalyze similar reactions, but with 

opposing metabolic consequences (Figure 1A; 15). IMPDH catalyzes the conversion of IMP 

into XMP with the concomitant reduction of NAD+; this is the first committed step in 

guanine nucleotide biosynthesis. GMPR catalyzes the reduction of GMP to IMP and 

ammonia with the concomitant oxidation of NADPH. IMPDH is responsible for the 

expansion of the guanine nucleotide pool required for proliferation 16. In contrast, the 

guanine nucleotide pool shrinks during differentiation as a result of the expression of 

GMPR. Thus promiscuous activities would appear to be problematic for these two enzymes 

– a GMPR activity would be deleterious in IMPDH, and likewise an IMPDH reaction would 

be unwelcome in GMPR.

The fact that these promiscuous activities are not prominent features of both enzyme 

reactions is even more remarkable from a mechanistic perspective. Both reactions are 

believed to utilize the same thioimidate intermediate (E-XMP*), but this intermediate 
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partitions very differently on the two enzymes. In IMPDH, E-XMP* is formed by the 

oxidation of IMP and is hydrolyzed to XMP (Figure 1B). This reaction is well 

characterized 15. The catalytic Cys310, assisted by the Thr312/Glu421 dyad, attacks C2 of 

IMP and hydride is rapidly transferred to NAD+ (Streptococcus pyogenes IMPDH 

numbering). Structures of ternary complexes mimicking E•IMP•NAD+ find the cofactor and 

nucleotide optimally aligned for this reaction, with C4 of the nicotinamide stacked against 

C2 of the purine 17–20. NADH departs and a mobile flap moves into the vacant dinucleotide 

site, carrying Arg406/Tyr407 into the active site 21. Arg406 acts as the base to activate 

water, assisted by Thr312 and Glu421 22–24. Thus IMPDH cleverly solves the problem of 

how to catalyze two different chemical transformations by rearranging one side of the active 

site. As expected, Cys310, Thr312 and Arg406/Tyr407 are completely conserved among 

IMPDHs. However, Glu421 is often substituted with Gln, with little consequence to the 

overall reaction 20, 24.

Surprisingly little is known about the mechanism of GMPR; even the presence of E-XMP* 

has yet to be demonstrated. Most of the key catalytic residues of IMPDH are also found in 

GMPR; the Cys, Thr and Glu are strictly conserved (Cys186, Thr188 and Glu289 in 

Escherichia coli GMPR numbering). Mutation of any one of these residues compromises 

enzymatic function in vivo 24, 25. Presumably these residues have similar functions in GMPR 

as in IMPDH, i.e., Cys186 reacts to form E-XMP* and Thr188/Glu289 are involved in the 

activation of the leaving group instead of water. However, no counterpart exists for the 

Arg/Tyr dyad of IMPDH, so some of the catalytic machinery remains to be identified in 

GMPR. Curiously, steady-state kinetic investigations indicate that the ternary 

E•GMP•NADPH complex forms before reaction proceeds 26–28. Thus the deamination 

reaction must occur in the presence of NADPH. This observation creates a mechanistic 

conundrum: how is the leaving group activated if NADPH is stacked against GMP?

Here we show that the GMPR reaction involves the same E-XMP* intermediate as IMPDH. 

However, where the IMPDH reaction uses two different protein conformations to catalyze 

the two different chemical transformations, GMPR uses two different cofactor 

conformations. Where E-XMP* reacts with water in IMPDH, it reacts exclusively with 

ammonia in GMPR. Contrary to previous reports, we find that GMPR can catalyze the 

synthesis of GMP from IMP, ammonia and NADP+ with sufficient efficiency to support 

bacterial proliferation. These findings provide new insight into the determinants of reaction 

specificity in the IMPDH/GMPR family and suggest that the metabolic role of GMPR 

should be revised to acknowledge its role in GMP synthesis.

RESULTS

GMPR and IMPDH are not promiscuous

The structural and presumed mechanistic similarity of GMPR and IMPDH, as well as the 

close resemblance of their substrates, suggested that cofactor specificity/availability might 

determine their respective metabolic roles. Cellular concentrations of NADPH exceed those 

of NADP+, so that anabolic reactions such as GMPR usually utilize this cofactor. 

Conversely, NAD+ is more abundant than NADH, and therefore the cofactor of choice for 

catabolic reactions. Therefore we tested the ability of GMPR to catalyze the conversion of 

Patton et al. Page 3

Nat Chem Biol. Author manuscript; available in PMC 2015 August 28.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



IMP to XMP in the presence of NADP+. No reaction was detected with E. coli GMPR 

(EcGMPR; less than 0.01% of the activity of IMPDH). Similarly, no reaction could be 

detected when GMP and NADH were incubated with IMPDH (less than 0.1% of the activity 

of EcGMPR). Therefore, cofactor selectivity cannot account for the metabolic roles of 

GMPR and IMPDH. Thus, despite their close structural similarity, these two enzymes are 

very specialized.

Ligand affinity was investigated to further assess the similarity of the GMPR and IMPDH 

active sites (Supplementary Results, Supplementary Table 1 compares our values to a 

compilation of literature values). The value of Km for GMP was 3.2 ± 0.5 µM in EcGMPR, 

which was similar to the affinity of GMP for IMPDH. IMP and XMP were competitive 

inhibitors of EcGMPR with values of Ki = 49 ± 14 µM and 28 ± 5 µM, respectively. These 

affinities were also comparable to those observed with IMPDH. Thus the affinity of 

substrates and products does not determine the reaction specificity of GMPR and IMPDH.

Two nucleoside drugs, ribavirin and mizoribine, target IMPDH via their monophosphate 

forms. The x-ray crystal structures of the ribavirin monophosphate and mizoribine 

monophosphate complexes mimic the features of E-XMP*, and the the mizoribine 

monophosphate complex mimicks the transition state for the hydrolysis reaction 15. These 

observations suggest that the affinity of these ligands would provide some insights into the 

stability and reactivity of E-XMP*. Ribavirin monophosphate was a relatively weak 

inhibitor of EcGMPR (Ki = 98 ± 25 µM) compared to IMPDHs (Ki = 0.1–0.6 µM 15). In 

contrast, mizoribine monophosphate was a potent inhibitor of both GMPR and IMPDH (Ki = 

0.015 ± 0.003 µM for EcGMPR versus 0.0005–0.008 µM for IMPDHs 15). This observation 

suggests that GMPR is a previously unrecognized target of the immunosuppressive drug 

mizoribine. Taken together, these observations suggested that GMPR and IMPDH have very 

similar interactions with substrates and products.

Mechanism of the GMPR reaction

The reaction of EcGMPR was characterized in detail in order to investigate the reaction 

specificity of the IMPDH/GMPR family. As expected, an intersecting line pattern was 

observed in the Lineweaver-Burk plot (Supplementary Figure 1), indicating that no reaction 

occurs until both GMP and cofactor are bound to the enzyme (Km = 10.1 ± 0.8 µM for 

NADPH; kcat values are shown in Table 1). NMR analysis revealed that deuterium was 

transferred from 4S-[2H]-NADPH, but not from 4R-[2H]-NADPH (Supplementary Figure 

2). The hydride is also transferred to the 4S position of the cofactor during the IMPDH 

reaction 15. Surprisingly, unlike IMPDH, a Vm isotope effect of 2.2 ± 0.1 was observed 

when 4S-[2H]-NADPH is the cofactor, indicating that the hydride transfer reaction was at 

least partially rate-limiting in GMPR (similar steady state kinetics and isotope effect 

experiments were reported while this work was under review 28). These observations 

demonstrated that the substrate and cofactor are aligned similarly on both GMPR and 

IMPDH, but the kinetics of the hydride transfer reaction are very different.
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Detection of E-XMP*

Although the GMPR reaction is presumed to proceed via E-XMP*, this mechanism had not 

been experimentally verified. Since hydride transfer was slow, E-XMP* should accumulate 

during the steady-state phase of the reaction. When the reaction was performed with 8-

[14C]-GMP and NADPH, radioactivity co-precipitated with enzyme (Supplementary Figure 

3). No radioactivity was associated with the enzyme at the completion of the reaction, as 

expected if a transient intermediate was formed. Approximately 15–20% of the enzyme 

accumulated as E-XMP* during the steady state. Similar amounts of radioactivity were also 

trapped in the presence of NADP+. Mass spectrometry revealed that a new peak was formed 

in the presence of NADP+ that was 347 Da heavier than the apoenzyme, as expected for E-

XMP* (Figure 2). Also as expected, no E-XMP* formed when GMPR was incubated with 

GMP in the absence of NADPH and NADP+ (Figure 2). Therefore the deamination reaction 

only occurs in the presence of cofactor, although the redox state of the cofactor was not 

important.

The formation E-XMP* from GMP is expected to be energetically uphill, which can account 

for the small fraction of E-XMP* trapped in the above experiments. Therefore we 

characterized the reaction of EcGMPR with 2-Cl-IMP, reasoning that the better leaving 

group would lead to a greater accumulation of E-XMP*. 2-Cl-IMP was a good substrate for 

GMPR, with comparable values of Km and kcat to GMP (Table 1; Km = 7.8 ± 1.1 µM). The 

similarity of the values of kcat for the 2-Cl-IMP and GMP reactions was expected given that 

hydride transfer was rate-limiting in the GMP reaction. When EcGMPR was incubated with 

2-Cl-IMP and NADP+, the major peak in mass spectrum shifted from 37,663 to 38,013 Da, 

indicating the formation of E-XMP* (Supplementary Figure 4). No unmodified EcGMPR 

was seen in this spectrum, suggesting that nearly complete conversion to E-XMP* had 

occurred. The mutation of the catalytic Cys186 to Ala inactivated EcGMPR (Table 1; 25), 

and no mass shift was observed when 2-Cl-IMP and NADP+ were incubated with the mutant 

enzyme (Supplementary Figure 5). These experiments demonstrated that the GMPR 

reaction, like the IMPDH reaction, proceeded via E-XMP*.

Structure overview

To gain insight into the structural basis of reaction specificity in GMPR, we solved the 

structures of human GMPR type 2 (hGMPR2) in a binary complex with IMP at 2.15 Å 

resolution and in an E•IMP•NADPH ternary complex at 1.7 Å resolution (Supplementary 

Table 2). The sequences of hGMPR2 and EcGMPR are 69% identical overall, and the active 

site residues are completely conserved. Both crystals contained two tetramers in the 

asymmetric unit (tetramer 1, subunits A-D; tetramer 2, subunits E-H). The monomers had 

the expected (β/α)8 barrel structure (Supplementary Figure 6). Together with a previously 

reported structure of the E•GMP complex of hGMPR2 25, these complexes revealed that 

GMPR undergoes a very different set of conformational rearrangements during the catalytic 

cycle than were observed in IMPDH.

The eight monomers of the E•IMP crystal had nearly identical conformations, with the 

exception of residues 25–28, which were disordered in monomers B, C, D and G and had 

varying conformations in A, E, F and H. All eight monomers contained IMP, and the 
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residues that interacted with IMP had very similar conformations in each active site. IMP 

was bound in the loops after β6, β 7 and β 8, in a manner very similar to the interaction of 

GMP with hGMPR2. The ribose of IMP was in the 2’-endo conformation and both the 2’- 

and 3’- oxygens were hydrogen bonded to Asp219, while the purine ring formed hydrogen 

bonds to the main chain NHs of Met269, Ser270 and Glu289 as well as with the side chain 

of Ser270. Nearly identical interactions are found in the E•IMP complex of IMPDH (Figure 

3).

However, the E•IMP complex displayed several significant differences relative to the 

E•GMP complex of hGMPR2. The catalytic machinery appeared poised for the reaction: the 

thiol of Cys186 was only 2.5 ± 0.1 Å from C2 of the purine ring, and the Thr188/Glu289 

dyad was positioned for proton transfer. In contrast, the catalytic machinery is disabled in 

E•GMP complex: Cys186 is 3.9 Å from C2 in the E•GMP complex and the Glu289 is 

pointed away from Thr188 25, which explains why the deamination of GMP did not occur in 

the absence of NAPDH or NADP+. Importantly, residues 279–286 were disordered in all the 

E•IMP monomers. This finding also contrasts with the E•GMP complex, where Arg286 

extends across guanine to form a hydrogen bond with the 2'OH of GMP, providing another 

impediment for the deamination of GMP 25. This segment must move for a reaction to occur 

at the C2 position of GMP.

The structures of the ternary complexes

Remarkably, the E•IMP•NADPH crystal captured three different ligand states representing 

three distinct steps in the catalytic cycle of GMPR. One monomer, G, contained only IMP; 

this structure was essentially identical to the monomers of the E•IMP crystal. All of the 

other monomers contained both IMP and NADPH. In all cases, IMP was positioned as in the 

binary E•IMP complex (Supplementary Figure 7), and the surrounding residues also had 

very similar conformations, with the exception of the side chain of Ser270, which was 

rotated away from the purine ring in three monomers. The distance between the Cys186 

thiol and C2 was compressed relative to the binary complex (2.3 ± 0.1 Å). This unusually 

short distance indicated that the presence of the cofactor further predisposed the enzyme to 

attack the purine ring.

Computational confirmation of the Cys186-IMP distance

Density functional theory (DFT) calculations were performed on a model of the active site 

conformation to ensure that the unusually short distance between the Cys186 thiol and C2 of 

IMP was not an artifact of refinement. IMP, Cys186, NADP+ and the Met269-Ser270 

peptide bond were included in the calculation (Supplementary Figure 8a). When Cys186 

was deprotonated, the calculations yielded a distance of 1.91 Å between the thiol and C2 of 

IMP. No interaction was observed in the presence of NADPH, in the absence of cofactor, or 

when Cys186 was protonated. These results could be rationalized by considering the 

alternative resonance form of IMP, where C2 was positive and O6 was negative 

(Supplementary Figure 8b). This resonance form was stabilized by the presence of NAD+ 

and the Cys186 thiolate as well as by the hydrogen bond between O6 and the NH of Ser270. 

The positive C2 interacts with the negative thiol of Cys186 to yield the short distance. 
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Though these effects were exaggerated in the small model used in the DFT calculations, 

similar forces are clearly at play in the GMPR active site.

The cofactor binding site

Curiously, the cofactor binding site of GMPR was located in a different region of the (β/α)8-

barrel than in IMPDH (Figure 4a). While the nicotinamide ribotide portion of NADPH had 

two different positions, the 2'-phosphoadenosine occupied the same place, and interacted 

with the same residues, in all seven monomers (Figure 4b, c). The adenine ring interacted 

with residues from the adjacent subunit, forming hydrogen bonds with Ser314 and Thr317. 

The adenosine was in the syn conformation, in contrast to most NAD(P) binding enzymes 

(Supplementary Table 3 contains detailed descriptions of the cofactor conformations)29. 

Segment 25–28, which was disordered in E•IMP, was ordered in the ternary complex; Ser26 

and Arg27 interacted with the 2'-phosphate of the NADPH in the adjacent subunit. Segment 

279–286 formed the remainder of the 2'-phosphate binding pocket. This observation 

suggests that cofactor binding activates the E•GMP complex by moving Arg286 from its 

position protecting GMP, exposing the purine ring for reaction.

NADPH was found in two conformations in the seven monomers, an "in" conformation and 

an "out" conformation (Figure 4c-e). NADPH was unusually compact in both cases, with 

only ~7–9 Å separating the C2 of the nicotinamide and C6 of the adenine (Figure 4c,d). In 

contrast, the cofactor typically binds in an extended conformation with 14–17 Å between the 

nicotinamide and adenine rings in IMPDH and other NAD/NADP-utilizing enzymes 

(Supplementary Table 3, 29).

Monomers B, C, and F displayed the "in" conformation, where the nicotinamide was stacked 

against IMP as in IMPDH (Figure 4e). The C2 of IMP and C4 of the nicotinamide were 

separated by 2.6–2.9 Å and were aligned for transfer of the proS hydride from NADPH. 

Therefore the "in" conformation displayed the catalytically relevant alignment of substrate 

and cofactor required for the hydride transfer reaction. If a similar complex can form with 

NADP+, GMPR should react with IMP to form E-XMP*.

In the "out" conformation, the nicotinamide was too far away from IMP for hydride transfer 

to occur (C4 of the nicotinamide was 6.6 ± 0.1 Å from C2 of IMP; Figure 4f). The proR 

hydrogen of NADPH was closest to the C2 of IMP, further demonstrating that this 

conformation was not competent for the hydride transfer reaction. A density, which we 

modeled as water, was found 2.9 Å from C2, on the opposite face of the hypoxanthine ring 

as Cys186. This position is expected to be occupied by the departing ammonia. This putative 

water molecule formed hydrogen bonds with Oγ of Thr188 and the amide group of the 

NADPH. These observations suggested that the "out" conformation of NADPH was required 

for the deamination reaction, and that the amide group of NADPH worked in concert with 

Thr188/Glu289 to activate the leaving group.

Deamination of GMP to form E-XMP*

We performed a series of mutagenesis and analog experiments with EcGMPR to probe the 

role of Thr188/Glu289 and the nicotinamide in the deamination reaction (Table 1). The 
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substitution of Thr188 with Ala decreased the value of kcat for the GMP reaction by a factor 

of 400, but only decreased kcat for the 2-Cl-IMP reaction by a factor of 15. These 

observations demonstrated that Thr188 played a major role in activation of the leaving group 

(Table 1). Likewise, substitution of Glu289 with Gln decreased the value of kcat for GMP 

reaction by a factor of 900, but had more modest effects on the 2-Cl-IMP reaction, 

indicating that Glu289 was also required for the deamination of GMP. Thus, unlike the 

IMPDH reaction, the presence of Glu289 was critical for GMPR.

To probe the importance of the cofactor in the deamination reaction, the reaction was 

performed with acetylpyridine adenine dinucleotide phosphate (APADPH), where the amide 

group is replaced with a methylketone. No reaction with GMP and APADPH was detected 

with EcGMPR, in agreement with an investigation of human GMPR (Table 1; 26). Likewise, 

only a minor amount of E-XMP* was detected when 8-[14C]-GMP was incubated with 

enzyme and APADP+, and no E-XMP* was formed in the presence of thionicotinamide 

adenine dinucleotide phosphate or nicotinic acid adenine dinucleotide phosphate (Figure 5a). 

In contrast, EcGMPR catalyzed the reaction between 2-Cl-IMP and APADPH (Table 1; 

KM(APADPH) = 11.0 ± 2.0 µM) and kcat of 0.08 ± 0.01 s−1). These observations indicated 

that the amide group of the cofactor played a crucial role in the deamination of GMP.

Formation of GMP from IMP and ammonia

The unusually short distance between the Cys186 thiol and IMP described above suggested 

that E-XMP*•NADPH might form even though EcGMPR did not catalyze the oxidation of 

IMP to XMP. When EcGMPR was incubated with 8-[14C]-IMP and NADP+, radioactivity 

co-precipitated with protein, suggesting that E-XMP* was formed on 15–20% of the active 

sites (Supplementary Figure 9a). This finding was corroborated by monitoring the formation 

of NADPH by stopped-flow spectroscopy (Supplementary Figure 9b); this experiment 

indicated that ~10% of the active sites formed E-XMP*•NADPH, but the reaction did not 

proceed further. However, more NADPH was produced when NH4Cl was added to the IMP, 

NADP and GMPR mixture, demonstrating that EcGMPR catalyzed the formation of GMP 

(Figure 5b; adjusting for the pKa of ammonia, Km(NH3) ≫ 2 mM). The production of GMP 

was confirmed by HPLC (Supplementary Figure 10). No GMP was observed when NH4Cl 

was omitted. These observations demonstrate that EcGMPR selectively reacted with 

ammonia over water with a preference of at least 105.

GMPR can replace IMPDH/GMPS

The above observations suggested that if sufficient ammonia was available, GMPR can 

catalyze the synthesis of GMP directly from IMP abrogating the requirement for IMPDH 

and GMPS. E. coli is typically cultured in 18 mM ammonia, which is similar to the 

concentration of ammonia in mammalian feces 30. In E. coli, the genes that encode IMPDH 

and GMPS are part of the same operon (guaBA, guaB encodes IMPDH and guaA encodes 

GMPS) while GMPR expression is regulated separately 31. We previously constructed a 

ΔguaB strain of BL21 for expression of recombinant IMPDHs 32. The expression of guaA 

was also attenuated in this strain as demonstrated by poor growth in the presence of xanthine 

(Supplementary Figure 11a). The presence of a plasmid that over-expressed IMPDH only 

partially restored the ability to grow on minimal medium, further demonstrating that guaA 
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was attenuated (Supplementary Figure 11a; SDS-PAGE confirms that IMPDH was 

expressed, Supplementary Figure 11b). These observations indicated that native GMPR 

expression was not sufficient to replace IMPDH and GMPS. In contrast, over-expression of 

GMPR restored the ability of BL21 ΔguaB to grow on minimal media (Figure 5c; SDS-

PAGE confirms that GMPR was expressed, Supplementary Figure 11b). GMPR variants 

containing mutations in the catalytic residues failed to support growth. These experiments 

demonstrated that GMPR converted IMP directly to GMP with sufficient efficiency to 

support life.

DISCUSSION

The IMPDH/GMPR family provides an excellent system to explore how subtle differences 

in protein structure change reaction outcomes. The fundamental challenge of both reactions 

is how to catalyze two chemical transformations at a single active site. The two enzymes use 

contrasting strategies to solve this problem. In IMPDH, the dehydrogenase reaction 

produces E-XMP*, NADH releases and a protein conformational change repurposes the 

cofactor binding site for the hydrolysis reaction. GMPR uses the same catalytic machinery 

to produce E-XMP*, but now the cofactor changes conformation in each chemical 

transformation (Figure 6). This cofactor mobility comes with a cost: unlike the IMPDH 

reaction, the dehydrogenase step is rate-limiting in the GMPR reaction. The cofactor also 

changes conformation during the catalytic cycle of aldehyde dehydrogenases, moving out of 

the way to allow hydrolysis of an acylenzyme intermediate 33. This movement allows a 

protein residue to activate water, much as occurs in IMPDH. However, the cofactor is an 

integral part of the deamination machinery in GMPR. To the best of our knowledge, there 

are no other examples of NAD(P) serving in a similar role in other enzymes. Perhaps the 

unusually compact conformation of NADPH is required for this function. More importantly, 

the "out" conformation is not readily accessible given the configuration of the cofactor in 

IMPDH. This observation suggests that the position of the ADP portion of the cofactor is a 

critical determinant of reaction specificity.

The >105 preference for ammonia over water is the defining feature distinguishing GMPR 

from IMPDH. Ammonia is ~104 times more nucleophillic than water, which can account for 

much of this selectivity 34. Nonetheless, the concentration of water is much greater than 

ammonia in our experiments, so there must also be an ammonia-specific binding site. 

Although water and ammonia have similar sizes and dipole moments, ammonia has one less 

hydrogen bond acceptor and one more hydrogen bond donor than water, and is also 

significantly more lipophillic. These properties can be exploited to build a selective binding 

site, as demonstrated by ammonia-specific channels such as AmtB and RhAG 35.

Our results also redefine the physiological role of GMPR. Schemes of purine biosynthesis 

typically show that GMPR provides a route for recycling guanine nucleotides into the 

adenine nucleotide pool (Figure 1). Such a role is generally consistent with the availability 

(and toxicity) of ammonia in mammalian cells. As a consequence, the possibility that GMPR 

may function to produce GMP has been largely ignored. Contrary to previous reports, we 

find that GMPR can catalyze the formation of GMP with respectable efficiency, suggesting 

that GMP biosynthesis may be the physiological role of GMPR in ammonia-rich 
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environments. Ammonia concentrations as high as 130 mM have been observed in the gut of 

insects 36. Ammonia is believed to be membrane permeable, which suggests that the 

intracellular concentrations will be correspondingly high, so that the synthesis of GMP via 

GMPR would be facile in this environment. Intriguingly, GMP biosynthesis appears to 

occur via GMPR in the aphid symbiont Buchnera, a close relative of E. coli. All five 

sequenced genomes of Buchnera contain GMPR, but are missing both IMPDH and 

GMPS 37. Buchnera uses waste ammonia to synthesize amino acids 38, so it is reasonable to 

propose that ammonia is also used to synthesize guanine nucleotides. Lastly, ~20 bacteria/

archaea contain enzymes annotated as IMPDH, but appear to be missing GMPS and GMPRs 

(The SEED, http://theseed.uchicago.edu/FIG/index.cgi accessed June 11, 2011). Therefore 

we suggest that the metabolic role of GMPR should be revised to reflect its ability to 

synthesize GMP.

If life emerged in an ammonia-rich reductive environment as is proposed 39, then the 

IMPDH/GMPR ancestor may well have been a GMPR operating to produce GMP. Some 

evidence suggests that GMPS arose after IMPDH/GMPR, which would be consistent with 

this view 40. The importance of Glu289 in the GMPR reaction takes on added significance in 

this scenario. The analogous substitution has negligible effects on the IMPDH reaction, and 

Gln is found in this position in the eukaryotic branch of IMPDHs. This substitution may not 

represent the loss of an obsolete pathway to activate water as previously proposed 41. 

Instead, the Gln replacement may be a sign of IMPDH specialization and adaptation to a low 

ammonia environment.

METHODS

Materials

Radiolabeled IMP and GMP were purchased from Moravek Biochemicals (Brea, CA). 

Synthesis of 2-Cl-IMP, HPLC detection of GMP and methods for expression and 

purification of the proteins are detailed in the Supplementary Methods.

Crystallization

hGMPR2-IMP complex was crystallized using the hanging drop vapor diffusion method 

with 1µl protein solution (7.5 mg/mL or 5 mg/mL) + 1 µl reservoir solution. 7.5 mM GMP 

was added to the protein prior to setting the drops. The drops were equilibrated against a 

reservoir solution containing 11% PEG3350, 0.1 M sodium citrate pH 5.8. Crystals formed 

after several days. Crystals was transferred into a cryo solution containing well solution with 

the addition of 20% glycerol and then flash frozen in liquid nitrogen. In order to obtain the 

ternary complex, crystals grown in 9% PEG3350, 0.1 M sodium citrate pH 5.5 were soaked 

in 6 mM NADPH for 1 hour. Crystals were then transferred into a cryo solution containing 

well solution with the addition of 20% glycerol and 6 mM NADPH and then flash frozen in 

liquid nitrogen.

Data collection and processing—Synchrotron diffraction data were collected at 

BESSY beamline BL14.1. Wavelength for data collection, IMP complex 0.954 Å; IMP + 

NADPH complex 0.9537 Å. Temperature for data collections were 100 K. The data was 
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processed and scaled using MOSFLM and SCALA (IMP complex) 42 or XDS and XSCALE 

(IMP+NADPH complex) 43. Crystal data and refinement statistics are shown in 

Supplementary Table 2.

Structure determination and refinement—The structure of the IMP complex was 

solved by molecular replacement using MOLREP 44 with the GMPR1 structure (PDB ID 

2BLE) as template. The asymmetric unit for both complexes contained two tetramers. 

Iterative rounds of model building and refinement was carried out using Refmac 5 44 and 

Coot 45. MolProbity was used to analyze Ramachandran distributions46. Ramachandran 

zone distribution, favored/allowed (%); IMP complex 98/100; IMP + NADPH complex 

98.5/100. Coordinates and structure factors for the IMP complex and the IMP+NADPH 

complex were deposited in the PDB under the accession code 2BZN and 2C6Q respectively.

Density functional theory (DFT) calculations—Geometries were optimized using the 

B3LYP functional in conjunction with the 6-31G(d,p) basis set, as implemented in the 

Gaussian03 program package 47.

Enzyme Kinetics—Standard GMPR assays were conducted at 25 °C in 75 mM Tris, pH 

7.8, 100 mM KCl, 1 mM EDTA, and 1 mM DTT (GMPR assay buffer). Enzyme activity 

was monitored spectrophotometrically at 340 nm. Initial velocity data was fit to the 

Michaelis-Menten equation (eq 1) where v is the initial velocity, Vm is the maximal velocity, 

Km is the Michaelis constant and S is the substrate concentration.

(1)

Primary deuterium isotope effects were determined by varying the concentration of 4S-[2H]-

NADPH at saturating GMP to determine the values of Vm and V/Km for NADPH.

Stopped-flow kinetics—A stopped-flow spectrophotometer (Applied Photophysics SX.

17MV) was utilized to conduct pre-steady-state experiments. The consumption of NADPH 

was monitored by absorbance or fluorescence at 340 nm at 25 °C, with a 420 nm cut off 

filter. GMPR was incubated with saturating concentrations of NADPH and mixed with an 

equal volume of saturating GMP. To observe hydride transfer for the reverse reaction, 39 

µM GMPR was incubated with 2 mM NADP+ and mixed with an equal volume 2 mM IMP.

Determination of the stereospecificity of hydride transfer—Purified 4R and 4S-

[2H]-NADPH (see Supporting Methods) were incubated with GMP in 10 mM K2HPO4, pH 

7.8. EcGMPR was added to the mixture and the reaction was stirred at room temperature. 

Upon completion, the reaction was lyophilized and exchanged in D2O twice. The reaction 

mixture was dissolved in 500 µL of D2O with 0.05% TSP and 1H NMR spectra was 

acquired on a 400-MHz Varian Unity Inova NMR spectrometer.

Ammonia release—Ammonia release was determined with ninhydrin as described 

previously 48. Standard curves of NH4Cl were linear up to 150 nmol NH4/aliquot.
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Labeling GMPR with [14C]-GMP or [14C]-IMP—EcGMPR (4–8 µM) was incubated 

with 210 µM 8-[14C]-GMP and 1 mM NADPH in GMPR assay buffer at 25 °C, . 

Alternatively, 8 µM EcGMPR was incubated 400 µM 8-[14C]-IMP and 1 mM NADP+. The 

reactions were allowed to proceed for various times (15 s to 5 min) and quenched with 

addition of 33% TCA to give a final TCA concentration of 10%. Assays were incubated on 

ice for 30 min and then passed over 0.45 um nitrocellulose membranes to collect 

precipitated enzyme. Membranes were prewashed with 30 mL of 10% TCA and washed 

with 45 mL 10% TCA after enzyme addition. The amount of radiolabel incorporated into the 

protein was determined by scintillation counting on the nitrocellulose paper in 5 mL of 

counting cocktail. NADP+, thioNADP+, NAADP+, or APADP+ (all 1 mM) were substituted 

for NADPH in trapping 8-[14C]-GMP as necessary. These cofactors were incubated with 

enzyme for 5 min prior to the acid quench. Control reactions where 8-[14C]-GMP, NADPH, 

or NADP+ were omitted from the assay mixture were also analyzed.

ESI Mass Spectrometry of GMPR—Thrombin treated EcGMPR (22 µM) was 

incubated at room temperature for 15 minutes in 100 µL reaction with 2 mM NADP+ and 

2.5 mM 2-Cl-IMP (see Supporting Methods) in GMPR assay buffer to force the formation 

E-XMP*. The samples were placed into 10000 MWCO Slide-A-lyzer Mini Dialysis Units 

(Thermo Scientific) and dialyzed with 4 changes of 500 mL of 10 mM NH4HCO3 in 22 

hours. The protein was lyophilized and sent to the Mass Spectrometry Laboratory at the 

University of Illinois at Urbana-Champaign for analysis by ESI MS.

Assays of GMPR mutant enzymes—EcGMPR mutant enzymes (4–5 µM) were 

assayed in the presence of 1 mM GMP and 1 mM NADPH in quartz cuvets with a 0.2 mm 

path length. The maximum decrease in absorbance at these substrate concentrations were 

used to extract a kcat value for each mutant. Alternatively, 0.8 mM 2-Cl-IMP was used in 

place of GMP in these assays. Controls in which these assays lacked enzyme or GMP or 2-

Cl-IMP were also performed.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The reactions catalyzed by IMPDH and GMPR. (a) Purine nucleotide interconversions. (b) 

The mechanism of the IMPDH reaction.
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Figure 2. 
Formation of E-XMP* during the GMPR reaction. ESI mass spectra of EcGMPR incubated 

with GMP alone (bottom trace) and with GMP and NADP+ (top trace). Black asterisks (*) 

indicate EcGMPR that has likely undergone oxidation. EcGMPR observed: 37665 Da 

(theoretical: 37665 Da). E-XMP* observed: 38012 Da (theoretical: 38010 Da).
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Figure 3. 
Structure of the IMP/GMP binding site in IMPDH and GMPR. Residues within 4 Å of 

mononucleotide are shown. Hydrogen bonds are depicted by cyan lines. (a) IMP bound in 

the active site of S. pyogenes IMPDH (PDB accession number 1ZFJ 49) (dark magenta). (b) 

GMP bound in the active site of hGMPR2 (2A7R 25) (sea green). (c) IMP in the active site 

of the binary hGMPR2 complex (steel blue). This figure was rendered with Chimera 50.
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Figure 4. 
NADPH has two conformations in the E•IMP complex of hGMPR2. (a) The cofactor 

binding site is located in different regions in IMPDH and GMPR. The NAD analog 

tiazofurin adenine dinucleotide (pink) is shown bound to IMPDH (brown; 1LRT 17). 

NADPH (green) is shown in the "in" conformation of GMPR (blue, subunits A and D). (b) 

The interactions of the 2'-phosphoadenosine in GMPR. Subunit A is shown in blue, subunit 

D in slate blue. Residues within 4 Å are shown. Hydrogen bonds are depicted by cyan lines. 

(c) The "in" conformation of NADPH (subunit C). (d) The "out" conformation of NADPH 

(subunit E). (e) Interactions of nicotinamide ribotide in the "in" conformation. Residues 

within 4 Å of NADP are shown (subunit C; the 2'-phosphoadenosine is omitted). (f) 

Interactions of nicotinamide ribotide in the "out" conformation. Residues within 4 Å of 

NADP are shown (subunit E; the 2'-phosphoadenosine is omitted). This figure was rendered 

with Chimera 50.
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Figure 5. 
Reactions of EcGMPR. (a) Formation of E-XMP* from [14C]-GMP and EcGMPR in 

presence of NADP analogs. Results are the average and standard deviation of two trials. 

Thio-NADP, thionicotinamide adenine dinucleotide phosphate; NAADP, nicotinic acid 

adenine dinucleotide phosphate; APAD, acetylpyridine adenine dinucleotide phosphate. (b) 

EcGMPR catalyzes the reaction of IMP, NADP+ and ammonia to GMP as measured by 

production of NADPH. (c) Over-expression of EcGMPR can replace IMPDH/GMPS. 

pET28a, empty vector; pEcIMPDH, expresses wild-type EcIMPDH; pEcGMPRwt, 

expresses wild-type EcGMPR; pEcGMPRC/A, expresses the Cys186Ala variant; 

pEcGMPRT/A, expresses the Thr188Ala variant; pEcGMPRE/Q, expresses the Glu289Gln 

variant. BL21 ΔguaC, which contains a deletion in the gene that encodes GMPR, grows 

under all conditions as expected. BL21 ΔguaB contains a deletion in the gene that encodes 

IMPDH. This deletion also attenuates expression of the neighboring gene that encodes 

GMPS (Supplementary Figure 11a).
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Figure 6. 
The mechanism of GMPR.
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Table 1

Values of kcat for EcGMPR reactions.

Parameter

kcat (s−1)

wild-type C186A T188A E289Q

GMP + NADPH 0.35 ± 0.01 ≤ 0.0001 b (8.8 ± 0.6)×10−4 b (3.8 ± 0.3)×10−4 b,c

2-Cl-IMP + NADPH 0.40 ± 0.01 ≤ 0.0001 d 0.021 ± 0.001 d 0.027 ± 0.001 d

GMP + APADPH < 0.0008 n.d. n.d. n.d.

2-Cl-IMP + APADPH 0.08 ± 0.01 n.d. n.d. n.d.

a
Reactions were performed in 75 mM Tris, pH 7.8, 100 mM KCl, 1 mM DTT, and 1 mM EDTA at 25°C. NADPH consumption was monitored as 

described in Methods. Values are the average and standard error of at least two independent experiments. n.d., no data.

b
These reactions were performed at saturating concentrations of GMP (1 mM) and NADPH (1 mM).

c
A complete turnover was not observed.

d
These assays were conducted at saturating concentrations of 2-Cl-IMP (0.8 mM) and NADPH (1 mM).
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