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Abstract

Dimeric Salmonella typhimurium orotate phosphoribosyltransferase (OMP synthase, E.C.
2.4.2.10), a key enzyme in de novo pyrimidine nucleotide synthesis, has been co-crystallized in a
complete substrate complex of EeMgPRPPsorotate, and the structure solved to 2.2 A resolution.
This structure resembles that for Saccharomyces cerevisiae OMP synthase in showing a dramatic
and asymmetric reorganization around the active site-bound ligands, but shares the same basic
topology previously observed in complexes of OMP synthase from S. typhimurium and
Escherichia coli. The catalytic loop (residues 99-109) contributed by subunit A is reorganized to
close the active site situated in subunit B and to sequester it from solvent. Furthermore, the overall
structure of subunit B is more compact, due to movements of the amino-terminal hood and
elements of the core domain. The catalytic loop of subunit B remains open and disordered, and
subunit A retains the more relaxed conformation observed in loop-open S. typhimurium OMP
synthase structures. A non-proline cis-peptide formed between Ala71 and Tyr72 is seen in both
subunits. The loop-closed catalytic site of subunit B reveals that both the loop and the hood
interact directly with the bound pyrophosphate group of PRPP. In contrast to dimagnesium
hypoxanthine-guanine phosphoribosyltransferases, OMP synthase contains a single catalytic Mg2*
in the closed active site. The remaining pyrophosphate charges of PRPP are neutralized by
interactions with Arg99A, Lys100B, Lys103A, and His105A. The new structure confirms the
importance of loop movement in catalysis by OMP synthase, and identifies several additional
movements that must be accomplished in each catalytic cycle. A catalytic mechanism based on
enzymic and substratea-ssisted stabilization of the previously documented oxocarbenium
transition state structure is proposed.

INTRODUCTION

Orotate phosphoribosyltransferase (OMP synthase E.C. 2.4.2.10) catalyzes the formation of
the nucleosidic bond in de novo pyrimidine nucleotide synthesis. Orotate and the ribosyl 5-
phosphate donor PRPP react with the loss of pyrophosphate to form OMP, the precursor to
UTP. OMP synthase is a discrete protein in bacteria and fungi. In higher eukaryotes, this
activity is part of the bifunctional UMP synthase (OMP synthase, OMP decarboxylase) (1),
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Coordinates for this structure have been deposited in the Protein Data Bank (PDB) and are assigned accession number 1LHO.
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the locus for hereditary orotic aciduria (2). The enzyme is one of 10
phosphoribosyltransferases (PRTases) characterized by their base specificity (3). The
PRTase group is now known to contain several distinct evolutionary families, based on
different architectures. The Rossmann-fold-based Type | PRTases constitute the enzymes of
de novo and salvage purine and pyrimidine biosynthesis, including hypoxanthine-guanine
PRTase (HGPRTase), GPAT, adenine PRTase, OMP synthase and uracil PRTase (4). The
Type | PRTases show minimal sequence conservation among different substrate specificity
classes, mainly centered on a short PRPP binding motif (5). More widespread conservation
of sequence is observed among enzymes for each substrate class. PRPP synthase, in which
the B-y pyrophosphoryl group of ATP reacts with O1 of ribose 5-phosphate, also exhibits
the Type | fold (6). The Type Il enzymes, of TIM barrel architecture, are represented by
pyridine PRTase, including quinolinate PRTase (7), nicotinate PRTase (8), and nicotinamide
PRTase (9).

The paradigm for the Type | enzymes has been HGPRTase, exemplified by the human (10)
and bacterial (11) enzymes as well as enzymes from the eukaryotic parasites 7ritrichomonas
foetus (12) Plasmodium falciparum (13), and Toxoplasma gondii (14), solved in complexes
including base, PRPP (15), and nucleotide (16). A complex with a transition state analog has
also been solved (17) and provides a view along the reaction coordinate. A major finding
from the HGPRTase structures is that the enzyme can exist in a relatively open form, whose
active site, including bound substrate, is exposed to bulk solvent (10), which is not
compatible with the development of high-energy transition states for group transfer. Active
site closure is provided by a disordered loop of peptide, formed by an extension of the
nucleotide fold, which projects into solvent adjacent to the active site. This “flexible loop”,
sometimes referred to as Loop Il (16), adopts a folded and ordered B-structure in transition
state analog complexes, and several residues from the loop project into the active site. In the
loop-closed complexes, active site water molecules are highly ordered, with low B-factors,
and are positioned away from the developing oxocarbenium ion. In each catalytic cycle, the
flexible loop needs to move between its open position to a closed to interact with bound
ligands (17, 18). Other Type | PRTases contain a homolog of the flexible loop. Motional
studies have been done on the GPAT loop (19), and in that case X-ray diffraction studies
have captured the loop in open and closed positions.

As seen with HGPRTases, the catalytic loop of OMP synthase (residues from 99-109 in the
S. typhimurium enzyme) adopts an open and disordered conformation in X-ray structures of
E-OMP and EsMgPRPPe<orotate complexes (20, 21). Notably, this dynamic loop exhibits the
highest sequence conservation of any contiguous region in the protein, indicating significant
functional importance. Chemical modification and mutagenesis studies (22) have shown that
loop residues Lys103, and Lys100, are important for activity. Complementation experiments
have demonstrated that Lys103 exercises its catalytic function in the active site formed by
the adjacent subunit, while Lys100 acts in the active site formed by its own subunit (23). A
three-dimensional structure of the highly homologous £. coli enzyme, in complex with an
inhibitory sulfate anion, captured one of the two loops in a more structured "loop-closed"
conformation atop the active site of the adjacent subunit (24). In this case Lys103 formed a
hydrogen bond with the sulfate anion, which occupied the position of the p-phosphate of
bound PRPP in the earlier structure. A structure of the yeast enzyme has captured a
symmetric ternary complex of enzyme, MgPRPP and orotate in which each loop is closed
over the adjacent active site of the dimer (25). The groups of Witte and McClard have also
shown that the yeast enzyme demonstrates half-of-the-sites binding, leading to a proposal
that the enzyme follows a complex “double Theorell-Chance” mechanism (26). Because the
yeast and bacterial enzymes are structurally similar, it quite likely that findings for each
have relevance to a general mechanism.
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The emerging dynamic picture is that the loop from one subunit moves from a solvent-
extended and disordered to a highly structured one that occludes solvent from the active site
of the adjacent subunit. It has been shown that as for HGPRTase, chemistry of group
transfer is rapid, whereas a subsequent step, proposed to be related to loop opening, is rate
determining (27). NMR has shown that the catalytic loop of OMP synthase moves between
the flexible solvent-extended open position and a closed position. Overall PRPP binding and
release from binary complexes is a two-step partitioning process in which the loop moves
between open and closed positions and PRPP dissociates from the loop-open complex (28).

We have crystallized a complete substrates complex of enzyme, orotate, and MgPRPP. The
structure shows one catalytic loop in a stabilized conformation positioned over the ligands in
the adjacent subunit, with several residues of the loop forming new contacts to bound
substrate. The major part of the loop from the other subunit extends into solution and
remains disordered.

Recombinant S. typhimurium OMP synthase was expressed in £. coliand purified to
homogeneity (22). For crystallization, an ammonium sulfate suspension of the enzyme was
centrifuged and the precipitate dissolved in 20 mM Na-HEPES, pH 7.2. The solution was
then repeatedly concentrated on a Centricon-10 (Amicon) and rediluted with the same
buffer.

Crystallization

S. typhimurium OMP synthase (15 mg/ml, 0.65 mM) was co-crystallized with a 1:0.8 molar
stoichiometry of orotate, with excess PRPP and MgCl, by the hanging drop vapor diffusion
method at 18°C. A 10 pl drop of 0.1 mM orotate was pipetted onto a siliconized cover slide
and allowed to dry completely, 2 pl of protein solution containing 3 mM PRPP and 6 mM
MgCl, was placed on top of the dried substrate and mixed with 2 pl of the reservoir solution.
This solution was equilibrated against 700 pl of reservoir solution composed of 1.4 M
trisodium citrate brought to pH 6.5 with HCI. The dimensions of the rectangular crystals
were approximately 0.4 x 0.3 x 0.2 mm. Prior to data collection, the crystal was placed in
reservoir buffer supplemented with 20% glycerol, 0.006 mM orotate, 3 mM PRPP and 6
mM MgCl,.

Data Collection and Reduction

X-ray diffraction data were recorded from crystals flash-frozen in a stream of nitrogen at
-178°C, on an image plate detector (Rigaku R-AXIS 1V) coupled to a rotating-anode X-ray
generator (Rigaku RU-H3R) using CuK radiation (50 kV and 100 mA). The data were
processed using the programs DENZO and SCALEPACK (29). Diffraction from these
crystals is consistent with the orthorhombic space group C222 with cell parameters a =
105.57, b = 154.23 and ¢ = 52.60 A. On the basis of the space group symmetry, the unit-cell
volume and the molecular weight of 23,546 Da, a single dimeric protein molecule per
asymmetric unit was proposed (V, = 2.27 A3 Da~! and solvent content = 45.47%). The
Rsym On intensities, for 29410 reflections to 2.2 A resolution (99.9% complete) was 4.7%.
91.3% of reflections had I/o (1) > 1.0.

Structure Solution and Refinement

The structure was solved by molecular replacement using the AmoRe software package
implemented in CCP4 (30) with the partially closed £. co/i OMP synthase dimer (97 %
sequence identity) as the search model (24). The best solution after rigid body refinement
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gave an R-factor of 46.6% and a correlation coefficient of 38.3% using 8.0 - 4.0 A data. The
OMP synthase complex structure was further refined using Xplor (31), without inclusion of
the catalytic loop residues (102-108). Subsequently, the catalytic loop for subunit A and
other smaller loops were built into the electron density map using the program O (32). The
orotate, PRPP, Mg2* and water molecules were included in the model, when structural
refinement had reached Rgree Of 33.0%. PRPP and orotate coordinates were taken from the
Hetero-Compound Information Center Database (33), based on a non-productive base-
analog complex with Toxoplasma gondii HGPRTase (34). The ligands were readily
identified from significant and well-resolved peaks in the Fo-Fc map. 2Fo-Fc and Fo-Fc
maps showed clear electron density for a cis peptide bond connecting Ala71 and Tyr72 in
both subunits. Water molecules were built into 3o density in Fo-Fc maps and retained in the
model if the B-factors refined to below 60 A2, The final model contains 419 residues (102B
—108B are not included), two orotate molecules, one PRPP molecule, one MgZ* (no PRPP
or Mg2* was observed in the A subunit), and 384 water molecules with Ryori and Ryree OF
22.5% and 28.9% respectively. The final model was analyzed with PROCHECK (35), with
91.2% of residues in the most favored regions, 8.5% in additional allowed regions and only
Glul163 (A subunit) in disallowed regions, although this residue fits well in the electron
density map. Details of the data collection and refinement parameters are given in Table 1.
The catalytic loop of subunit A and the PRPPeorotate of subunit B fit well in the 1o level
2Fo-Fc electron density map as shown in Figures 1A and 1B, respectively.

Figures were made using PyMOL Molecular Graphics System, Version 1.3, Schrddinger,
LLC.

General Description of the Structure

The EsMgPRPPeorotate complex is an asymmetric dimer similar to that observed in
previous OMP synthase structures and other members of the PRTase family. The structure
of the subunit is shown as a stereo ribbon diagram in Figure 2, and the dimer is shown in
Figure 3. The Type | PRTase fold observed in Sa/monella typhimurium and E. coli OMP
synthases in previous complexes is followed by the complete substrates complex here. The
structure contains an amino terminal B-hairpin "hood" anchored by an a-helix, a Rossmann
fold core containing the prominent catalytic loop, and a pair of carboxyl terminal a-helices.
These structural elements were renumbered here from previous publications (21) to include
the B-strands of the hood. Strikingly, the catalytic loop of subunit A is seen in a previously
undescribed conformation atop the active site of subunit B, where it forms a compact -
structure. The dimer interface is very similar to that described previously (20, 21), and when
interface areas of the two subunits are superpositioned, they appear nearly identical. The
exception to this occurs in the main chains and side chains of Arg99A and Lys100B, which
have moved as discussed later. The asymmetry of the catalytic loop and at Arg99 and
Lys100 is important for function.

Asymmetry of the Dimer

Previously reported structures of S. typhimurium EsOMP (1STO) and EsMgPRPPeorotate
(1OPR) complexes were fully symmetric (20, 21). The SO42~ bound complex of the £. coli
enzyme (10RO) was asymmetric with one of the catalytic loops disposed towards the
catalytic site of the adjacent subunit, while the other loop was disordered (24). In the current
complex (1LHO), the dimer is highly asymmetric, with movement of the catalytic loop from
subunit A and dramatic structural rearrangements of subunit B, yielding a more buried
active site than the previous sulfate complex. Figure 4 shows overlays of subunit A and B
(panel A), the current structure and the more loop-open EsMgPRPP<orotate structure of
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Scapin et al. (21, Panel B), and the current structure and the asymmetric sulfate complex of
Henriksen et al. (24, Panel C). A few key movements are described here. The hood region
(Ca of Lys26B) has moved 5.4 A toward the subunit interface (Ca of Tyr95B), together
with a6 and a7. The segment composed of residues 124-130, and its extension a4 (130-
142), shows a 1.6 A rms deviation between the subunit A and B structures. The difference is
mainly the result of an upward motion of the backbone at 5-phosphate binding residues
127B-130B, where the side chain of Thr128 forms a new hydrogen bond with the orotate
carboxylate. In subunit A, the phosphate-binding residues are comparatively disordered
(with poor electron density). Most visibly, the catalytic loop of subunit A has moved 22 A
(Ca of Gly106A 1LHO vs. 10PR, 21) and reordered to the top of subunit B active site.
Lys100 of subunit B extends into the subunit B active site to interact with PRPP. As part of
the loop movement, Arg99A makes strong interactions across the subunit interface with
PRPP in subunit B that pull the A loop toward subunit B. The loop movement pulls
Lys100A away from the PRPP binding site of subunit A. Competition between the two
subunits for preferential hydrogen bonding by Arg99 and Lys100 thus may drive the
observed asymmetry, as discussed below. It should be noted that in the C222 space group,
subunit A and subunit B experience different packing interactions, including close packing
around the carboxyl terminal of subunit B. It is not possible a priorito determine whether
these crystal packing interactions result from, or help induce, the observed asymmetry.

Structure of the Active Site

The catalytic site of loop-closed subunit B is formed by contributions from the hood,
residues at the carboxyl ends of B3, p4, p6, p7, and residues from the catalytic loop of
subunit A. The hood forms a cover to the base-binding site in all complexes solved to date
(20, 21, 24). The e-amino group of Lys26B interacts with the pyrophosphate oxygen O1A of
PRPP (3.2 A) and with the carboxylate of Glu135B in a4 (2.8 A; this distance is 9.0 A in
subunit A) (Figure 5). The main chain oxygen and nitrogen of Phe35B interact with bound
orotate, which also stacks against the side chain of Phe34B in the hood domain. The
guanidino group of Arg156B from the end of B7 interacts with orotate O4 (2.8 A). The
conserved PRPP binding motif (5) extends from 120-132, which encompasses 6 and its
extension into a tight loop. The top of f6 provides Asp124B, whose carboxyl interacts with
03' of PRPP (2.7 A), and Asp125B whose carboxyl is near 02' of PRPP and O2 of orotate
(Figure 5). The highly conserved residues Thr128B, Alal29B, Gly130B, Thr131B, and
Alal32B provide interactions via their amide nitrogens and the side chain hydroxyls with
the 5-phosphate of PRPP. The main chain nitrogens of Tyr72B and Lys73B in 33 project
into the active site where they interact with O3B of the pyrophosphate of PRPP. Residues
from B4 and the catalytic loop provide interactions to the bound pyrophosphate group of
PRPP through the guanidino nitrogens of Arg99A, the e-amino of Lys100B, e-amino of
Lys103A, and the e-imino nitrogen of His105A.

The non-proline c/s-peptide bond between Ala71 and Tyr72 is unusual. In OMP synthase,
the previous PRPP and orotate complex contained a trans-peptide bond at this position,
although the sulfate complex showed the cis-peptide bond. HGPRTase has a non-proline c¢/s-
peptide at the homologous position (14).

Structure of the Catalytic Loop

The catalytic loop of subunit A lies tightly against the active site formed by subunit B. The
loop in this conformation exhibits p-strand-like geometry over much of its length with
104A-108A forming a hydrogen-bonded turn (Figure 1A). There are 3 backbone hydrogen
bonds of about 3 A that are internal to the loop, N Lys103A - O Gly109A, N His105A - O
Lys103A, and N Gly108A - O His105A. Two additional intra-loop bonds involve side chain
nitrogens of Lys103A and Arg99A to Oe of Glu107A. The loop also interacts with the hood
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through N Gly106A forming a 2.8 A hydrogen bond to the main chain carbonyl oxygen of
Thr24B. In addition, hydrogen bonds form between the loop and bound ligands: the e-amino
group of Lys103A forms hydrogen bonds to the a-p bridging oxygen O3A (2.8 A) and p-
phosphate oxygen O1B (3.1 A), the Ne nitrogen of His105A forms a hydrogen bond (2.7 A)
to the a-phosphate oxygen O2A. All these interactions contribute to stabilizing the closed
conformation.

Orotate Binding

Orotate binding is similar in the two subunits of the 1LHO complex, but somewhat different
in detail from that reported earlier (21). In the closed subunit B, orotate is bound by residues
Lys26B and Phe35B contributed by the hood, Arg156B from 7, and Thr128B from the
phosphate-binding loop formed by the extension of 6. Bound orotate forms a stacking
interaction with the side chain of Phe34B (see Figure 5). Orotate N1 is 3.7 A from C1' of
PRPP, its site for nucleophilic attack, and is close (3.9 A) to 04' of PRPP. For bond
formation between N1 of orotate and C1' of PRPP to occur, N1 must be in a deprotonated
state. Figure 5 shows bound orotate in its N1 lactim, with O2 as the deprotonated enolate.
This dianionic form of the base has been documented through transition state analysis of the
S. typhimurium, human and Plasmodium OMP synthases (36, 37). The N1-O2 lactam could
also be accommodated by the X-ray data. Two bound water molecules, w3020 and w3001,
form interactions with O2 and may be involved in its deprotonation. The yeast OMP
synthase shows two similarly positioned water molecules, and the authors propose their
catalytic role in deprotonation from the lactim (25). In 1LHO, orotate N3 interacts with the
main chain carboxyl oxygen of Phe35B (2.7 A), as observed previously (21). Orotate O4
forms H-bonds from the main chain nitrogen of Phe35B and the guanidino nitrogen of
Arg156B. The carboxylate of orotate is known to be a major contributor to base specificity
(22, 39). One of the carboxylate oxygens is close (3.5 A) to 04' of PRPP, which may
enhance oxocarbenium ion formation. The same orotate carboxylate atom forms a hydrogen
bond (2.8 A) to the main chain nitrogen of Lys26B, and to one water molecule (w3017; 2.9
A). The other carboxylate oxygen interacts with the side chain oxygen of Thr128B (2.6 A)
and a water molecule (wW3002; 2.7 A).

In subunit A, the active site is more loop-open and the bound orotate molecule makes
similar but fewer interactions. The major difference in orotate binding between the two
subunits is the hydrogen bond to Thr128 present in the B subunit. The latter hydrogen bond
may be a critical determinant of the compact nature of B subunit, pulling the phosphate
binding loop, and PRPP, towards the hood.

MgPRPP Binding

OMP synthase and GPAT (40) are distinct among Type | PRTases in having a single Mg2*
ion in the catalytic complex. The OMP synthase Mg2* ion is six-coordinate (Figure 6) with a
somewhat distorted octahedral geometry. The Mg2* interacts with 02' (2.5 A) and 03' (2.6
A) of the ribosyl group, pyrophosphate oxygen O3B (2.4 A) and C1’-PP-bridging O1 (2.5
A) atoms of the pyrophosphoryl group and two water molecules (w3053; 2.5 A, and w3026;
2.3 A). The Mg2* ion makes no direct interactions with the enzyme. This pattern is similar
to that the first Mg2* in the HGPRTase transition state analog structure (17). Disruption of
the C1'-OPP; bond may relieve the distortion of coordination seen here. Neutralization of the
pyrophosphate charge is accomplished by the positive charges from the catalytic loop
(Arg99A, Lys100B, Lys103A) and the hood (Lys26B). The sugar conformation is difficult
to discern unambiguously at 2.2 A resolution; however, the refined PRPP is consistent with
the furanose conformation reported in the 7oxoplasma gondii HGPRTasesMgPRPP
structure (34) that served as the starting point for the refinement.

Biochemistry. Author manuscript; available in PMC 2013 June 05.
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The 5-phosphate group of PRPP is remarkable in that every oxygen participates in multiple
hydrogen-bonds that firmly anchor the group to the main chain N atoms of residues of the 5-
phosphate-binding loop (Thr128B-Gly132B; Figure 5). The hydrogen bond network serves
to position O5' within 3.0 A of the ribosyl ring oxygen. The sugar atoms 02' and O3' interact
with the residues Asp125B (02'; 2 bonds of 2.8 A). Asp124B (03'; 2.7 A) and one water
molecule (w3001, 03'; 3.0 A, this interaction is not shown in Figure 5).

In subunit B, the pyrophosphoryl group of PRPP interacts to form a strikingly extensive and
tight hydrogen bond network with residues from both catalytic loops, the hood, the 3-a.3
turn, bound Mg?* and several waters. The catalytic loop of subunit B contributes Lys100B,
whose the e-amino group forms hydrogen bonds to a- and B-phosphate. Subunit A provides
Arg99A, which forms two bonds with p-phosphate. The catalytic loop of subunit A also
provides Lys103A, which forms hydrogen bonds to a.- and p-phosphate, and His105A,
whose e-imino nitrogen interacts with a-phosphate. The e-amino group of hood residue
Lys26B extends across orotate to form a hydrogen bond to the a-phosphate. The backbone
nitrogens of Tyr72B and Lys73B interact with B-phosphate. All of the interactions of the
pyrophosphoryl group are with residues that have moved from their positions in other
structures.

The PRPP binding seen in subunit B of 1LHO is strikingly different from that in the previous
substrates complex, 1OPR, which is symmetric (Figure 7). In LOPR the 5-phosphate of
PRPP does not interact closely with the phosphate binding pocket in subunit A (3.0-4.1 A
NH—O distances), nor is it so close to O4' (4.9 A). Residues 128-132 have higher (28-57
vs. an average 30 A2) B-factors in this subunit. The side chain of Thr128 makes a 2.6 A
hydrogen bond with a 5-phosphate oxygen replacing one to the orotate carboxylate in
subunit B and no hydrogen bonding interaction with Asp125A (4.7 A) is present in subunit
A. The pyrophosphoryl group makes remarkably different contacts in the open subunit.
Hydrogen bonds to Lys100A are absent, only a single hydrogen bond is formed to Arg99B,
and hydrogen bonds to catalytic loop residues Lys103B and His105B are not present. The
interactions of main chain nitrogens of Tyr72A (2.7 A) and Lys73A (2.3 A) with the p-
phosphate are preserved.

Active Site Water Molecules

A major function of loop closure in Type | PRTases is to exclude solvent from the
developing transition state (10, 21, 23). However, the active site of subunit B contains a total
of 10 water molecules, with B-factors ranging from 15.5 to 51.2 A2, compared to the overall
B-factor of 29 A2 for atoms of the protein. Since OMP synthase is very effective in avoiding
alternative hydrolysis reactions of PRPP and OMP (CG, unpublished), these water
molecules are clearly restrained from reacting with the developing transition state.

DISCUSSION

The key finding of our work is that S. typhimurium OMP synthase can exist in a conformer
with its catalytic loop in a highly structured p-form that sequesters the active site from bulk
solvent and contributes key residues to the active site. Unlike HGPRTase, the OMP synthase
loop moves across the subunit interface to affect catalysis in the adjacent site. Although this
loop-down conformer had been anticipated (22—24, 26, 41), its direct observation here
permits much fuller interpretation of the mechanistic roles of specific residues. Remarkably,
loop movement from subunit A is accompanied by a dramatic tightening of the structure of
subunit B, with the formation of many new hydrogen bonds.

The current structure results from co-crystallization. The complex, like that published
previously (1OPR, 21), contains orotate, PRPP, and Mg?* with no observational OMP or

Biochemistry. Author manuscript; available in PMC 2013 June 05.
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PP;. Figure 7 presents a comparison of the loop-open, orotate-containing active site of
subunit A of 1LHO (Figure 7A) versus the loop-closed orotate- and MgPRPP-containing
active site of subunit B (Figure 7B). Figure 7C shows the structure of 10PR, with an active
site structure resembling that of subunit A of 1LHO. The previous 10PR complex was the
result of a crystal soaking procedure, and crystal lattice constraints or crystallization
components may have prevented the achievement of the loop-closed conformation. In
solution, the on-enzyme equilibrium between EeMgPRPP<orotate and EsOMP+PP; Michaelis
complexes (Kin) is 1:2, with rapid (300 s71) interconversion (27). The selective stabilization
of one form may also be linked to barriers imposed by the crystal lattice. An alternative is
that crystallization has captured a non-productive complex. However, the nearly ideal
positions of catalytic residues and substrates suggests a productive form is being viewed.
PRPP is an unstable molecule, susceptible to base catalyzed elimination of p-phosphate
following intramolecular attack of O2' on the a-phosphate (42). The intact PRPP in the
complex may originate in part from the large molar excess present during crystal growth and
because cryoprotectant solution contained fresh PRPP. However, unpublished studies (CG
laboratory) have shown that OMP synthase in fact protects bound PRPP in binary complexes
from base-catalyzed degradation, and this protection may be enhanced in a completely
closed complex.

The rearrangement observed in subunit B of 1LHO versus 10PR, and the striking asymmetry
of the dimer in 1LHO, can be rationalized on the basis of interactions in the individual
subunits. The presence of PRPP sets up a competition for hydrogen bonds donated by
Lys100 and Arg99. As subunit B captures the catalytic loop of subunit A, Lys100A is pulled
away from its position in the PRPP binding site of subunit A. In subunit B, the correct
positioning of Lys100B and Arg99A allows PRPP movement and permits the catalytic loop
of subunit A to deploy over subunit B, promoting the interaction of Lys103A and His105A
with bound PRPP. The position of PRPP in 10PR remains closer to the subunit interface,
and both catalytic loops, which are being pulled by the interaction of Lys100 with PRPP,
remain open and disordered. The failure of the hood of subunit A of 1LHO to move toward
the phosphate binding loop appears to result from the lack of stabilizing interactions with the
catalytic loop of subunit B, rather than any obvious steric conflict. It should be highlighted
that the position of catalytic loop B is not represented in the electron density and thus it may
not be in the fully solvent-extended conformation seen earlier (21). The structural
asymmetry seen here does raise the very interesting possibility that enzyme function is also
asymmetric. Related observations by the groups of McClard and Witte on the kinetics,
binding and structure of the yeast enzyme, and of the bacterial complex which we presented
in 1LHO, have led to a detailed mechanism for alternating sites cooperativity (25, 26).

The functional correlates of the structural asymmetry seen here remain to be established.
Previous chemical modification kinetics and stoichiometries (41), steady-state (43) and pre-
steady-state (27) kinetic studies have provided no evidence for functional kinetic
cooperativity by the S. typhimurium enzyme, although the McClard group has observed
such behavior for the yeast enzyme (26). NMR and partial proteolysis studies of binary
complexes identified forms of the S. fyphimurium enzyme with both catalytic loops in a
closed position and although the structure of the loop was not characterized in that work,
heterogeneity might have been observed through chemical shift exchange. In addition,
binding studies with binary complexes have shown that each of the four substrates for the
enzyme can bind to two sites per dimer with a single Kp (27). Net reverse catalysis by OMP
synthase involves rapid chemistry (100 s~1) and slower PRPP release, which requires
catalytic loop opening at 400 s™1, and partitioning of the open complex between loop closure
(12,000 s1) and PRPP release (2200 s~1, 28). This indicates a delicate poise between forces
serving to stabilize the loop-closed structure (including the many bonds described here) and
those tending to promote its return to a solvent-extended position. These may include
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hydration of the loop and the active site itself. It is quite possible that interactions between
the two catalytic sites may help subunit B release product as subunit A fills and recaptures
the loop of subunit B. This could produce the flattening of the free-energy profile that
enhances enzyme efficiency.

Comparisons to other Ribosyltransferases

Growing knowledge of protein and transition state structures of ribosyltransferases has
resulted in a general proposal for their action (44) in which oxocarbenium-like transition
states are stabilized by the 5’ oxygen and a second oxygen, here the carboxyl of orotate, and
that reaction requires migration of the developing oxocarbenium entity (C1'-O4') in the
reaction trajectory. Here, that movement appears to be about 1.8 A (the 4.8 A N-C-O axis,

minus 3.0 A for the N1-C1' and C1'-OPP covalent bonds), although a Michaelis-like
E-OMP+MgPP; complex will help define this motion better. OMP synthase provides a
paradigm in this group because its reaction is freely reversible and a transition state structure
is known (36, 37).
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Abbreviations

OMP synthase orotate phosphoribosyltransferase

PRTase phosphoribosyltransferase

HGPRTase hypoxanthine-guanine PRTase

OMP orotidine 5'-phosphate

PRPP D-5-phosphoribosyl-a-1-pyrophosphate

GPAT glutamine PRPP amidotransferase
We use the ' symbol to denote atoms of the ribosyl ring of PRPP or
OMP.
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His105

Orotate Orotate

PRPP

Figure 1.
Stereo view of the 2Fo-Fc electron density map at 1o for the structure model. (A) Catalytic
loop of subunit A. (B) Bound PRPP and orotate in subunit B.
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Catalytic loop Catalytic loop

Figure 2.
A stereo ribbon diagram of the A subunit of the OMP synthase complex. Orotate (green).

Biochemistry. Author manuscript; available in PMC 2013 June 05.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Grubmeyer et al. Page 14

B-subunit A-subunit

Figure 3.

A ribbon diagram of the dimeric OMP synthase complex. Orotate (green), PRPP (magenta)
and Mg?2* (cyan) are drawn with ball and stick model. No PRPP or Mg?* was observed in
the A subunit. Subunit A (orange), subunit B (blue)
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Figure 4.

Superposition of OMP synthase structures. (A) Subunit A of the current structure (1LHO,
violet) is overlaid on subunit B of 1LHO (blue) of the dimer on the left side and subunit A is
shown on the right side in orange. (B) The two subunits (red and green) of the previous
loop-open EsMgPRPPeorotate dimer (1OPR, 21) are overlaid on the current complex
(1LHO, blue and orange). (C) The two subunits of the sulfate complex in pink and cyan
(10RO, 23) are overlaid on the current structure (LLHO) in blue and orange. In each panel,
residues of the interface were used for superpositioning. Black arrows show major
movements. Ligands are not shown.
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Figureb.

Cartoon of binding interactions in the active site of Subunit B. Substrate covalent bonds are
shown in bold. Hydrogen bonds (< 3.5 A) are shown as dashed lines. Bold dashed line
indicates N1 (orotate) to C1 (PRPP) reaction coordinate. Mg2* coordination bonds are
shown as hashed lines. Solvent water molecules are indicated by “w” with the four digits of
the pdb designation shown. Note that residues Lys26. Lys73, and Asp125 are each shown
twice in the diagram.
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Figure®6.
Stereo view diagram of the coordination of Mg2* ion in subunit B.
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Figure?.

Stereo views comparing the substrate binding area of PRPP complexes. The backbone is
shown in worm format with gray color, and selected side chains (yellow), orotate (green),
PRPP (red) and Mg2* (light blue) are shown in ball and stick. (A) Subunit A, containing
only orotate, of the current complex (ILHO). (B) Subunit B of the current loop-closed
E«MgPRPP<orotate complex (ILHO). (C) Corresponding area of the previous loop-open
E*MgPRPPeorotate complex (10PR, 21), resembling the more open subunit A of ILHO.
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Table 1

Data collection and refinement statistics.

Data collection:

Data range (A)

20.0 - 2.0 (2.07-2.00)

Completeness (%) 99.9 (99.1)
Reym (%) 4.7 (375)
lo(l) 20.35 (4.23)
Mosaicity 0.47
Observation (no) 419629
Unique reflections (no) 29410
Space group C222
a(A) 105.57
b (A) 154.23
c(A) 52.60
Refinement:
Missing residues 102 — 108 in the B monomer
Resolution range (A) 8.0-2.2
o cutoff applied 20(F)
No. of unique reflections 24601
Ruwork (90% data) (%) 225
Riree (10% data) (%) 28.9
Total no. of non-H atoms 3725
No. of protein atoms 3274
No. other atoms 66
No. of metal atoms 1
No. of water molecules 384
RMS deviations from ideal geometry:
Bond lengths (A) 0.008
Bond angles (°) 0.944
Torsion angles (°) 13.786
Improper angles (°) 1.544
Average B values (A2)
All atoms 29.21
All protein atoms 27.05
Main chain atoms 25.31
Side chain atoms 28.87
Water molecules 44.80
Phi-Psi map statistics
Most favored regions 91.2%
Additional allowed regions 8.5%
Disallowed regions 0.3%
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