
Ternary Complex Formation and Induced Asymmetry in Orotate
Phosphoribosyltransferase†,‡
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ABSTRACT: Orotate phosphoribosyltransferase (OPRTase, EC 2.4.2.10) catalyzes the Mg2+-dependent
condensation of orotic acid (OA) with PRPP (5-R-D-phosphorylribose 1-diphosphate) to yield diphosphate
(PPi) and the nucleotide OMP (orotidine 5′-monophosphate). We have determined the structures of three
forms ofSaccharomyces cereVisiaeOPRTase representing different structural and enzymatic intermediates.
The structures include the apoenzyme (2.35 Å resolution); a ternary complex of enzyme, Mg2+-PRPP,
and OA (1.74 Å resolution); and the binary product complex of enzyme with OMP (1.89 Å resolution).
While the overall structure of theS. cereVisiaeOPRTase is similar to that of theSalmonella typhimurium
enzyme, as judged by comparison of the two apoenzymes, large conformational transitions occur proceeding
from the apoenzyme structure to those of the substrate and product complexes. Comparison of these
structures reveals a rotation of the upper hood domain onto the bound ligands by an average of 19.5° in
the OMP structure and an average of 24.6° in the OA/Mg2+-PRPP ternary complex. As expected, the
conserved loop, composed of residues 104-116, moves extensively and adopts a single stable conformation
during the catalytic cycle in order to sequester the substrates from bulk solvent in the ternary complex.
The OA and Mg2+-PRPP molecules bound in the ternary complex are oriented for proper attack of the
N1 atom of OA onto the C1 atom of the ribose ring. This orientation of substrates, combined with the
positioning of the flexible loop, provides a clear picture of a catalytically poised reaction complex for
type I phosphoribosyltransferases. The structural asymmetry present in these structures, as well as that
found in a recent structure of theS. typhimuriumenzyme, combined with the closure of the flexible loop
from one subunit into the active site of the opposing subunit in the ternary complex is consistent with the
kinetic data [McClard, R. W., et al. (2006)Biochemistry 45, 5330-5342] that demonstrate induced
nonequivalence and cooperativity of OPRTase.

Phosphoribosyltransferases (PRTases)1 play an essential
role in both de novo and recycling pathways of purine,
pyrimidine, and pyridine metabolism as well as in the
biosynthesis of histidine and tryptophan. PRTases constitute
two evolutionary families, designated types I and II, char-
acterized by distinct folding architectures. In particular,
orotate phosphoribosyltransferase (OPRTase) from the type
I family catalyzes the Mg2+-dependent condensation of orotic
acid (OA) with PRPP (5-R-D-phosphorylribose 1-diphos-
phate) to yield PPi and the nucleotide orotidine 5′-mono-

phosphate (OMP), which is converted by OMP decarboxy-
lase to uridine 5′-monophosphate (UMP), the entry nucleotide
to de noVo biosynthesis of all the pyrimidine nucleotides. In
humans, the OPRTase reaction serves to activate the prodrug
5-fluorouracil (1), while inherited defects in the nucleotide
synthases lead to severe inborn disorders of metabolism,
including orotic aciduria (2), 2,8-dihydroxyadenine lithiasis
(3), and Lesch-Nyhan syndrome (4). The enzymes are also
direct targets for inhibiton of cell growth, which has found
use in antiparasitic therapies (5, 6).

Saccharomyces cereVisiae OPRTase, a homodimer, is a
typical example of the type I PRTase family, and its kinetic
mechanism has been the subject of several studies. The initial
investigation led to the conclusion that the enzyme proceeds
through an oxocarbenium transition-state/high-energy inter-
mediate as evidenced by observed isotope effects (7). That
concept was built upon when it was concluded from both a
kinetic evaluation and equilibrium isotope exchange studies
that the enzyme followed a Ping-Pong Bi-Bi mechanism,
with PRPP binding first to the enzyme followed by the
release of PPi to yield an enzyme-bound phosphoribosyl
oxocarbenium intermediate (8). The Ping-Pong mechanism
was later ruled out when the equilibrium exchange studies
were revisited by magnetization transfer with enzyme that
had been completely freed of “tightly bound” OMP (9). A
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more recent study proposed an enzymatic mechanism that
is consistent with an alternating sites model of catalysis in
which there is essentially cotemporal binding of OA and
dissociation of PPi, by adapting a Theorell-Chance mech-
anism in which 1 equiv of OMP or PRPP binds at any given
time across the two identical subunits in a highly cooperative
fashion in which free enzyme does not participate within
the catalytic cycle (10). In contrast, theSalmonellaenzyme
was shown to operate by a random ordered mechanism (11).

Prior crystallographic structures of bacterial OPRTases
have revealed a conserved Rossmann nucleotide binding fold
with a variant “hood” structure that provides for binding of
OA along with partial solvent occlusion (12, 13). The most
obvious feature of these structures is that the remainder of
the active site is relatively solvent-exposed. Thus the reactive
center, C1 of bound PRPP or C1′ of OMP, is directly
accessible to solvent (12, 13), implying that some confor-
mational event must occur to generate a solvent-occluded
active site. The observation of such an event in OPRTase
from Salmonellais available from one structure deposited
in the Protein Data Bank but, as of yet, not described in a
paper.2 Adjacent to the active site in all type I PRTases is a
solvent-exposed loop whose high temperature factors in
crystallographic studies indicate conformational flexibility.
The motional dynamics of this loop segment from NMR and
proteolysis are in accord with the loop being highly flexible
in the unliganded enzyme fromSalmonella(14). In other
cases the loop has been visualized in conformations that
overlie the active site (15), particularly with glutamine
phosphoribosylpyrophosphate amidotransferase (GPATase),
where the loop has been captured in a down position atop
an active site occupied by a carbocyclic PRPP analogue (16).

Here we report the three-dimensional structures of OPRTase
from S. cereVisiae in three distinct enzymatic species; the
apo form, a ternary complex with substrates Mg2+-PRPP and
OA, and in a binary OMP product complex. The structures
provide clear evidence for a large conformational change
associated with ligand binding as well as a ternary complex-
dependent recruitment of the flexible loop into the active-
site environment to both engender solvent exclusion and
contribute conserved residues that serve to stabilize the
transition state of the enzymatic reaction.

EXPERIMENTAL PROCEDURES

Materials. OMP was synthesized by published methods
(10). Buffers, PRPP, MgCl2, and other reagent-grade bio-
chemicals were obtained from Sigma Chemical Co. OA was
purchased from Acros Organics. Poly(ethylene glycol) 6000
and 4000 were from Fluka, and the 24-well sitting drop trays
were from Charles Supper Co., Inc. (Natick, MA).

OPRTase Purification.OPRTase was overexpressed, puri-
fied, and assayed by published procedures (9). Protein
concentrations for kinetic studies were determined by dry-
weight analysis (10) or the bicinchoninic acid (BCA) assay
(Pierce Chemical Co.). For the purposes of crystallization
experiments, protein concentration was estimated by the
method of Bradford (17) by use of a Bio-Rad protein assay
reagent kit and bovine serum albumin as a standard.

Crystallization. Crystals of OPRTase were grown by vapor
diffusion with the sitting drop configuration. The drops were
set up with 2µL of protein plus 2µL of the precipitant
solution. The protein concentrations were 15 mg/mL, and
crystals were harvested within 2-3 weeks. The apoenzyme
crystallized from solutions containing 100 mM Tris-HCl, pH
7.4, 0.2 M magnesium acetate, and 26% (w/v) PEG 6000.
Crystals of OPRTase in complex with substrates (5.0 mM
PRPP and 5.0 mM OA) or product (5.0 mM OMP) were
obtained by adding these compounds, as well as 2.0 and 2.5
mM MgCl2, respectively, directly to the protein solution prior
to crystallization. The crystals of the ternary complex were
grown from solutions containing 100 mM sodium acetate,
pH 4.6, 0.14 M ammonium acetate, and 38% (w/v) PEG
4000. The crystals of the OMP complex were grown from
solutions containing 100 mM Tris HCl, pH 7.4, 0.08 M
magnesium acetate, and 28% (w/v) PEG 6000. Trays yielding
the product and apoenzyme crystals were incubated at
20 °C, while the ternary complex crystals were obtained at
15 °C.

Data Collection, Processing, and Model Refinement.
Diffraction data were collected on a Rigaku H2R rotating-
anode generator, equipped with a Raxis IV++ and Osmic
Confocal optics (apoenzyme), and at the Advanced Photon
Source (APS) at Argonne National Laboratory (Argonne, IL)
on beamline SBC-CAT 19-ID (binary and ternary com-
plexes). The Raxis IV++ home data were processed and
scaled by use of the d*TREK program (18), and the data
collected at beamline 19-ID were processed and scaled by
use of the HKL2000 program suite (19). All the structures
were solved by molecular replacement with the programs
AMoRe (20) and Molrep (21), as implemented in the CCP4
program package (22). The original apoenzyme form of the
Salmonella typhimuriumOPRTase enzyme served as the
search model (Protein Data Bank code 1STO) for the
apoenzyme structure, while the refinedS. cereVisiaeapoen-
zyme structure served as the search model for the binary
and ternary complexes. Alternating cycles of automatic and
manual refinement were carried out via the simulated
annealing, minimization, and individual temperature factor
refinement protocols as implemented in the Crystallography
and NMR System program suite (CNS, version 1.1) (23).
Visual inspection and manual correction of the resulting
model structures were accomplished by using the program
package O (24) and the program Coot (25). All structures
showed evidence of a non-proline cis-peptide bond between
residues Ala74 and Tyr75. Consequently, parameters were
introduced into the refinement protocols to maintain this
unusual peptide bond conformation. Parameters for proper
stereochemical refinement of the bound OMP and the bound
OA and Mg2+-PRPP were developed from the HIC-UP site
(26) and modified for use in our refinement protocols.

Structure Analysis.The conformational differences be-
tween OPRTase with and without bound ligands were
analyzed with the program DynDom (27) as implemented
in the CCP4 package. Additional domain alignments were
performed with the program LSQKAB (28) as implemented
in the CCP4 package. Root-mean-square deviations were
calculated for the CR atoms for each alignment. Molecular
figures were created with PyMOL (29), Swiss PDB Viewer
(30), and POV-Ray (31).

2 PDB code 1LH0 is the crystal structure ofSalmonella typhimurium
OMP synthase in a complete substrates complex; A. A. Federov, K.
Panneerselvam, W. Shi, C. Grubmeyer, and S. C. Almo.
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Site-Directed Mutagenesis.Mutants of “wild-type” yeast
OPRTase were created with the pREJ2 plasmid (9) as
template and the Stratagene Ex-Site kit. Appropriate synthetic
DNA single-strand oligonucleotides were produced to create
A661C, A664C, and A661C/A664C (double) mutations,
which resulted in D131A, D132A, and D131A/D132A
substitutions when translated.3 Screening of potential clones
was facilitated by the consequence that the A661C mutation
resulted in the loss of one of twoTth111I restrictions sites,
while A664C resulted in loss of a uniqueAatII site. The
sequences of mutated plasmids were verified by DNA
sequencing at the Oregon Health and Sciences University.
During the course of sequence verification it was learned
that pREJ2 (“wild-type”) plasmid, and all derived plasmids,
bear a G715A mutation which results in a benign S149N
mutation, relative to the parent DNA construct in a noncon-
served region of the enzyme (32). The mutated plasmids were
transformed into CaCl2-competent cells of thepyrE- E. coli
strain CS101-4UI, and OPRTase was expressed and purified
as previously described (9).

RESULTS

Structure Determination and Quality. The three-dimen-
sional structures of OPRTase fromS. cereVisiae, the free
enzyme, ternary complex (OPRTase and the substrates PRPP
and OA), and binary complex (OPRTase and OMP) have
been solved. The crystals of the apoenzyme belong to the
tetragonal (P43212) space group and contain one monomer
in the asymmetric unit. The ternary complex formed in the
triclinic (P1) space group, diffracted anisotropically to 1.74
Å resolution, and contains a dimer in the asymmetric unit.
The binary complex with OMP formed in the orthorhombic
(P212121) space group with two dimers in the asymmetric
unit and diffracted anisotropically to 1.89 Å resolution. Data
collection and refinement statistics are summarized in Table
1. The structures have a minimum of 93% of their residues
in the most favored region of their respective Ramachandran
plots; only Glu203 of monomer B in the binary complex
was in a disallowed region.

OVerall Description of the Structures.The monomer of
S. cereVisiae OPRTase contains 225 residues and is com-
posed of 10â-strands (B1-B10), seven regularR-helices
(A1-A7), and a single turn of a 310-helix between A2 and
B4 for the free enzyme (Figure 1A). In the ternary complex,
the B7â-strand is better defined as a loop structure; a similar
shift in secondary structure assignment also occurs in the
OMP complex (Figure 1B). Apart from the nineâ-strands,
the seven regularR-helices, and a single turn of a 310-helix,
one new single-turn 310-helix is found in the binary complex
between A3 and B6 (Figure 1C). These elements of second-
ary structure are similar, as are the overall structures, to that
of S. typhimuriumOPRTase (12, 13).

The protein can be divided into the same three structural
regions defined in theS. typhimuriumenzyme: N-terminal,
core, and C-terminal regions. In the structure of the ternary

complex, the N-terminal region (residues 2-42) contains the
same regularR-helix, a single turn of a 310-helix, and four
short antiparallelâ-strands that were shown inS. typhimu-
rium. Two of theseâ-strands in the N-terminal region are
known as the “hood” (12, 13) and partially envelop the OA
ring in the ternary complex. The core region (residues 43-
192) shows a topology similar to the dinucleotide binding
fold found in many dehydrogenases (33) and contains a five-
stranded twistedâ-sheet, instead of the four found inS.
typhimuriumenzyme, surrounded by fourR-helices. The
C-terminal region (residues 193-225) is composed of two
antiparallelR-helices connected by a loop structure that is
longer in theS. cereVisiae enzyme. The core region can be
divided into two similar halves; the first half contains two
parallel â-strands and oneR-helix and is connected to the
second half by a long flexible loop composed of residues
104-116 (Ala102-Arg119 in S. typhimurium). Residues
109-114 (103-107 in S. typhimurium) of this loop are
surface-exposed and of variable position in different substrate/
product complexes.

Residues 109-114 exhibit weak or nonexistent (Fo -
Fc)Rcalc electron density in the apoenzyme structure and are
not present in the final refined model. Similarly, the electron
density is weak for residues 109-114 in the A and C subunits
and for residues 109-115 in the B and D subunits of the
OMP complex. In contrast, this loop is well-ordered and in
position to interact with the bound PRPP molecule present
in the ternary complex (Figure 2). This interaction occurs
across the subunit interface such that residues within this
loop contact the PRPP molecule bound in the opposing
subunit. These results suggest that this loop is critical for
formation of a productive catalytic complex but has little
role in binding OMP.

Binding of OA and PRPP.One molecule of OA and one
molecule of PRPP were bound per monomer in the ternary
complex (Figure 3A). The OA ring lies parallel to and
stacked against the phenyl ring of Phe37; its O4 atom
hydrogen bonds to the main-chain nitrogen of Phe38 and to

3 The SaccharomycesURA5 gene sequence (32; see also locus
X14795 at www.ncbi.nlm.nih.gov/entrez), cloned to form plasmid
pREJ2 (9) in our work, has the ORF for OPRTase beginning at bp
1114 which corresponds to bp 267 in plasmid pREJ2. The mature
OPRTase lacks the leading Met residue, so numbering in this paper
begins with Pro2 as the first amino acid residue Pro1, etc.

Table 1: Data Collection and Refinement Statistics

apo-OPRTase
OPRTase-
OA-PRPP

OPRTase-
OMP

space group P43212 P1 P212121

cell dimensions
a, b, c (Å) 60, 60, 135 42, 50, 50 86, 99, 112
R, â, γ (deg) 90, 90, 90 90, 106, 93 90, 90, 90

asymmetric unit monomer dimer two dimers
resolution (Å) 24.92-2.35 49.96-1.74 74.37-1.89
total observations 66 930 132 897 378 313
unique reflections 10 718 36 660 74 091
completeness (%) 98.5 (84.5) 92.9 (63.7) 95.2 (66.4)
I/σ(I) 24.4 (3.7) 17.8 (3.2) 11.7 (2.4)
Rmerge 0.053 (0.25) 0.049 (0.25) 0.053 (0.42)
Rwork (%) 23.8 19.4 22.9
Rfree (%) 26.0 21.7 26.2
total atoms 1764 3836 7315
solvent atoms 100 322 447
avgB value (Å2)

protein 49.49 22.98 29.71
solvent 51.27 31.90 35.14
magnesium 61.81 19.78
PRPP 16.38
OA 15.79
OMP 25.18

PDB ID code 2PRY 2PS1 2PRZ
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a guanidinium of Arg163 (Figure 3B). The N3 atom of OA
hydrogen-bonds to the main-chain oxygen of Phe38, and the
carboxylate hydrogen-bonds to the OG1 of Thr135, the main-
chain nitrogen of Lys29, and two ordered water molecules
located in the active site. The orotate O2 atom hydrogen-
bonds to two ordered water molecules located in the active
site, which are in turn hydrogen-bonded to Lys76, Lys109,
and Asp132 (Figure 3B).

The 5-phosphate of PRPP is located within a conserved
PRPP-binding motif formed by residues 133-138 (Figure
3C), which are equivalent to residues 126-131 in theS.
typhimurium enzyme (13). These residues exhibit well-
defined electron density in both our binary and ternary
complexes, but our apoenzyme structure shows discontinuous
electron density for the main-chain atoms within this stretch
of residues. The three oxygens of the 5-phosphate of PRPP
form an extensive network of hydrogen bonds with main-
chain nitrogens of Thr135, Ala136, Gly137, and Ala139 and
to the side-chain nitrogen of Lys29 (Figure 3C).

The ribose hydroxyl groups of PRPP form hydrogen bonds
with two conserved aspartate residues, Asp131 and Asp132.

The O3 hydroxyl group forms a hydrogen bond with Asp131
and the O2 hydroxyl group forms two partial hydrogen bonds
with Asp132. The diphosphateR-phosphate oxygen atoms
interact with the side-chain nitrogen of Lys109 of the
opposing subunit along with four water molecules, while the
â-phosphate oxygen atoms interact with the guanidinium
group of Arg105 and the imidazole of His111 located in the
flexible loop emanating from the other subunit as well as
the main-chain nitrogen atoms of Lys76 and Tyr75 (Figure
3C). An unusual non-proline cis-peptide bond occurs between
Tyr75 and Lys76.

Binding of OMP.One molecule of OMP is bound per
monomer in our binary complex (Figure 4A). The OA group
of OMP is located in a solvent-inaccessible crevice formed
by residues from the core and hood domains and is in a
similar position in theS. typhimuriumstructure (13). As
observed in the ternary complex, the OA ring is stacked
under the phenyl ring of Phe37, and N3 and O4 atoms
interact with Phe38 and the side-chain nitrogen of Arg163
in a similar manner. The carboxylate group of the OA moiety
also forms similar interactions with the main-chain nitrogen

FIGURE 1: Ribbon diagram of the three-dimensional structures ofS. cereVisiaeOPRTase. The three segments of the OPRTase structure are
illustrated as N-terminal region (black), core region (gray), and C-terminal region (light gray). (A) Structure of the single subunit present
in the apo-OPRTase crystal. (B) Structure of one monomer from the dimeric ternary complex structure of OPRTase. (C) Structure of one
monomer from the OPRTase structure with bound OMP. Bound substrates or products present in each structure are shown in ball-and-stick
representation.

FIGURE 2: Ribbon diagram in stereo of the functional dimer ofS. cereVisiae OPRTase in the ternary complex, with individual subunits
colored blue (subunit A) and red (subunit B). Bound substrates (OA and PRPP) are shown in yellow ball-and-stick representations, and the
Mg2+ is displayed as magenta spheres. Arrows indicate locations of the flexible loops.
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of Lys29, the side chain of Thr135, and two ordered water
molecules. The OA C5 atom is located in the tightly packed
crevice near Arg163 and the protein backbone. The O2′ and
O3′ ribose hydroxyl groups form hydrogen bonds with the
side chain of Asp132 and with one ordered water molecule.
The 5′-phosphate of OMP is located in the same pocket
(Val133-Thr138) that held the 5-phosphate of PRPP, with
the three oxygens forming an extensive network of hydrogen
bonds with main-chain nitrogens of Thr135, Ala136, Gly137,

and Ala139 as well as to the side-chain nitrogen of Lys29
(Figure 4B).

Binding of Mg2+. The OPRTase reaction requires Mg2+

ions (34), in which the Mg2+ was found to form a complex
with PRPP. In the case ofS. cereVisiaeOPRTase, PRPP does
not bind to the enzyme in the absence of Mg2+ (10). In the
ternary complex a Mg2+ is found in nearly octahedral
coordination: two of these interactions involve the ribose
hydroxyls, two more are contributed by the oxygens of the

FIGURE 3: S. cereVisiae OPRTase active site in the ternary complex. (A) AσA-weighted 2Fo - Fc electron density map contoured at 1.5
standard deviations of the map for the bound OA, PRPP, and Mg2+ molecules. For all figures, the atoms from OPRTase are shown in
ball-and-stick representations and atom-type coloring with carbon in gray, nitrogen in blue, oxygen in red, phosphorus in orange, and
magnesium in magenta, except as otherwise noted, (B) Stereoview of the interactions between the active-site residues of OPRTase and OA
(ball-and-stick representation). Residues contributed by the opposing subunit are colored pink. (C) Stereoview of the interactions between
the active-site residues of OPRTase and PRPP (ball-and-stick model).

FIGURE 4: S. cereVisiaeOPRTase active site in the binary OMP complex. (A) AσA-weighted 2Fo - Fc electron density map contoured at
1.5 standard deviations of the map for the bound OMP and Mg2+ molecules. (B) Stereoview of the residues involved in the OMP (ball-
and-stick model) binding.

Structure ofS. cereVisiae OPRTase Biochemistry, Vol. 46, No. 49, 200714079



diphosphate moiety, and the remaining two are provided by
two water molecules (Figure 5).

Mutagenesis Results.Mutation of the conserved aspartate
residues (131 and 132) to alanine lead to relatively small
changes (2-3-fold) in the Michaelis constants for PRPP and
OMP yet 100-1000-fold changes in specific activity (Table
2). In the ground-state product complex and the catalytically
poised but ground-state ternary complex, Asp 131 and
Asp132 form hydrogen bonds with the 3′- and 2′-hydroxyl
groups of the ribose moiety, respectively. These hydrogen
bonds apparently contribute relatively little to the free energy
of substrate/product binding, but their importance during
catalysis is clearly shown by the large reductions in specific
activity, suggesting a role in stabilizing an oxocarbenium
transition state of the reaction.

DISCUSSION

The crystal structure of apoS. cereVisiaeOPRTase reveals
that the enzyme undergoes two distinct changes in structure
accompanying the formation of a catalytically poised ternary
complex and the OMP complex. The two changes encompass
rigid-body rotations of domains along with a disorder-to-
order transition of loop residues 104-116, a consequence
of the fact that the loop becomes well-ordered only when
poised to interact with the bound PRPP molecule in the
opposing subunit of the ternary complex. The hydrogen
bonds contributed by residues Arg105, Lys109, and His111
to PRPP serve to stabilize the loop in the closed conformation
(Figure 3B), and sequester the substrates from bulk solvent.
This change is reminiscent of those found in theE. coli
GPATase in a complex with a nonreactive PRPP analogue
(16) and in human hypoxanthine phosphoribosyltransferase
(HGPRTase) complexed with a hypoxanthine analogue and
PRPP (35), which also revealed a loop-down structure. The
structural rearrangements in HGPRTase are brought about
by residue Tyr104, which interacts with the 5-phosphate
moiety of PRPP such that the side chain is positioned over
the O4 atom of the PRPP ribose moiety (35).

In published structures of OPRTase fromS. typhimurium,
including those containing substrate or product, the loop
exhibited considerable flexibility. However, a structure
recently deposited in the Protein Data Bank (1LH0)2 shows
a closed loop conformation and domain rotation in one of
the subunits that is very similar to what we observe in both
subunits of our ternary complex. Like 1LH0, the structure
of Escherichia coliOPRTase in complex with an inhibitor
found one loop in a down position over the active site of
the adjacent subunit, while the other loop remained extended
into the solvent (36). A similar disparity in the loop
conformation was observed in the structure ofTrypanosoma
cruzi HPRTase in complex with PRPP and an analogue of
the substrate hypoxanthine (37). Thus, it would appear that
this loop structure can adopt a variety of conformations, but
the formation of complexes similar to that of our quasi-
catalytic ternary complex fixes its position.

In addition to the ordering of the flexible loop structure
upon ternary complex formation, the binding of both
substrates or of the product OMP induced rigid-body
rotations of secondary structure elements in OPRTase. When
the program DynDom was used to compare the apo-
OPRTase structure to the ternary and binary complex
structures, two rigid-body domains were identified. The first
domain, or the “fixed” domain, is composed of approximately
158 amino acid residues and the second, or “moving”,
domain contains approximately 51 residues composed of the
four short antiparallelâ-strands (residues 20-38) of the
N-terminal region which includes the previously described
“hood domain”, one loop (residues 165-166 in the ternary
complex, as well as residues 170-174 in the binary
complex), and two antiparallelR-helices (residues 198-221)
from the C-terminal region (Table 3). The analysis uses the
“fixed domain” as a structural reference point and then
calculates the extent of rotation and translation to be applied
to the “moving domains” for their superposition. As a
consequence of substrate and product binding, the enzyme
undergoes a conformational change where the moving
domain rotates down on top of the bound ligands by an
average of 19.5° for the binary OMP complex and 24.6° for
the ternary complex (Table 3 and Figure 6A,B).

The more extensive domain closure in the ternary complex
facilitates both the capture of the substrates in a catalytically
competent position and the sequestering of the reactants from
bulk solvent. The intermediate domain position in the OMP
complex, combined with the local disorder of the flexible

FIGURE 5: Stereo diagram of the interactions surrounding the Mg2+ ions inS. cereVisiaeOPRTase. Interactions between Mg2+ (gray) PRPP
(yellow), and Asp131 (atom-type coloring) in the ternary complex structure are shown.

Table 2: Kinetic Constants forS. cereVisiae OPRTase and Mutants

Km
OMP (µM) Km

PRPP(µM)
sp act.

(µmol min-1 mg-1)

wild type 4.0( 1.0 41( 4.0 38( 1
D131A 7.0( 2.0 43( 5.0 0.35( 0.03
D132A 7.0( 1.0 120( 12 0.30( 0.01
D131A132A 10( 2.0 86( 20 0.040( 0.003
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loop structure, enables the products to be released from the
active site following the completion of the reaction (Figure
6B). The closed domain position observed in the ternary
complex and the interactions provided by the now-ordered
flexible loop to the PRPP molecule create the proper
orientation and proximity for the N1 atom of OA to attack
the C1 atom of the PRPP molecule and to sequester the
nascent oxocarbenium transition state from counterproductive
interaction with bulk solvent. The extensive contacts between
the flexible loop and the PRPP molecule, as well as with
the “hood” domain of OPRTase, appear to stabilize this more
“closed” domain position. On a related note, the addition of
OMP or OA and Mg2+-PRPP to the apoenzyme crystals
resulted in shattering of the lattice. Thus, the free energy
associated with these new contacts and resulting conforma-
tional changes appears to overwhelm the lattice forces in
the apoenzyme crystals. Thus, the underlying structural
changes necessitated the search for separate cocrystallization
conditions compatible with each of the complexes.

A comparison of theS. cereVisiae OPRTase ternary and
binary complex structures shows that the protein maintains
a similar overall structure in the two complexes but exhibit
a relatively large rms difference of 0.6 Å for their respective
CR atoms, a consequence of an approximate 5° rotational
difference in their “hood domains” (Figure 6B). When
aligned in this manner, the free OA and the OA moiety of
OMP occupy similar positions within the protein and
maintain the same points of contact with the surrounding
amino acid residues. The position of the 5′-phosphate moiety
is also similar in the binary and ternary complexes, where
the 5′-phosphate is located in the phosphate binding loop
composed of residues 133-138. The numbers of hydrogen
bonds formed between the 5′-phosphate and protein atoms

are the same in both complexes. The ribosyl group shows
the largest difference in position between the two com-
plexes: in the ternary complex, it is located about 2.5 Å
away from its position in the OMP structure (Figure 6C).

The OA and Mg2+-PRPP molecules in the ternary complex
are oriented for proper attack of the N1 atom on the C1 atom
of the ribose ring (Figures 3C and 6C). The reaction catalyzed
by OPRTase proceeds with inversion of configuration at the
anomeric carbon (38). An SN1-like mechanism via an
oxocarbenium intermediate has been proposed for the yeast
enzyme on the basis of primary and secondary isotope effect
studies (7), and a loosely associative oxocarbenium-like
transition state for phosphoribosyl transfer has been demon-
stated for theSalmonellaenzyme (39). The generation of
the oxocarbenium transition state would come about follow-
ing lengthening of the C1-O1 bond in the PRPP molecule
in the forward reaction or the C1′-N1 bond in OMP in the
reverse reaction. It is intriguing that the reaction has not
occurred in this ternary complex, even though the distance
between the N1 and the C1 atoms is, on average, only 4.1
Å. A possible reason for the lack of catalysis is that the low
pH of the crystallization solution (pH 4.6) prevents formation
of the nucleophilic form of the N1 atom through deproto-
nation of the OA ring. One likely chemical mechanism for
activation of the N1 atom is the stabilization of the tautomer
of OA in which the O2 atom exists in its hydroxyl form in
the enzyme active site. On the basis of measured and
calculated kinetic isotope effects forSalmonellaOPRTase,
Tao et al. (39) concluded that a well-accepted oxocarbenium
intermediate must exist and that the transition state of the
rate-determining step resembles product OMP. The conse-
quence of this chemical mechanism is that a major role in
catalysis is assigned for the abstraction of a proton from OA
(presumably the C2-OH of the N1-C2 iminol tautomer) to
activate the subsequent formation of OMP (Scheme 1).
Enzyme-mediated deprotonation of the O2 hydroxyl group
would permit electron flow toward the N1 atom to create
the nucleophile responsible for the attack at the C1 position
of the PRPP molecule. An inspection of the structure of our
ternary complex shows that the two ordered water molecules
that interact with the O2 atom of OA lie within 15° of the
ring plane, consistent with hydrogen bonds to the sp2-
hybridized lone pairs present on a keto oxygen (Figure 3B).
One of these water molecules is held in position through
hydrogen bonds to Lys76 (davg ) 2.7 Å), Lys109 (davg )
2.9 Å), and the 2′-hydroxyl group of PRPP (davg ) 2.9 Å)
and is close to the N1 atom of orotate (davg ) 3.8 Å) and to
Asp132 (davg ) 3.3 Å). An identically positioned water
molecule is also found in the closedSalmonellaenzyme
ternary complex structure (1LH0).2 On the basis of the water
molecules’ proximity to these critical groups, they are likely
to mediate the proton transfer necessary for tautomeric
conversion at C2 and general base activation. While it is
not yet possible to precisely identify the ultimate proton
acceptor, it is reasonable to speculate that the immediate
acceptor is probably the water molecule in close contact with
Lys109, Lys76, or Asp132 or possibly even the departing
Mg-diphosphate product, all of which are less likely to
perform this role at pH 4.6 (Scheme 1). Mutation of Lys73
in S. typhimurium(Lys76 inS. cereVisiae) or of Asp132 in
S. cereVisiaeto alanine is associated with a 100-fold decrease
in specific activity, with smaller changes in theKm for

Table 3: Analysis of Domain Motion in OPRTase fromS.
cereVisiaea

subunits

A B C D

Ternary Complex vs Apoenzyme
domain 1 (fixed)

residue range 5-19 5-19
residue range 39-163 39-162
residue range 167-197 167-194

domain 2 (moving)
residue range 4-4 4-4
residue range 20-38 20-38
residue range 164-166 163-166
residue range 198-223 195-223

rotation angle (deg) 22.1 27.1
translation (Å) 0.3 -0.1

Binary Complex vs Apoenzyme
domain 1 (fixed)

residue range 5-19 5-19 5-19 5-19
residue range 39-164 39-164 39-164 39-164
residue range 167-169 167-169 167-169 167-169
residue range 175-196 175-197 175-196 175-197
residue range 222-222 222-222 222-222

domain 2 (moving)
residue range 20-38 4-4 20-38 4-4
residue range 165-166 20-38 165-166 20-38
residue range 170-174 165-166 170-174 165-166
residue range 197-221 170-174 197-222 170-174
residue range 198-221 198-221

rotation angle (deg) 19.7 18.9 20.8 18.7
translation (Å) 0.4 0.4 0.4 0.4

a All results were produced withg the program DynDom (27).
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substrates, while mutation of Lys103 in theS. typhimurium
enzyme (Lys109 inS. cereVisiae) resulted in a∼1000-fold
decrease inkcat (40; Table 2). Although neither study can be
used to define a specific role for these amino acids, these
results are consistent with their greater involvement in the
catalytic event than in substrate binding.

In addition to a possible role as a general acid/base catalyst,
the positioning of the highly conserved Asp131 and Asp132
residues suggests another role, namely, stabilization of the
ribosyl group during catalysis as it changes puckering from
2-endo to 2-exo as a result of inversion at the C1 position.
In our ternary complex, Asp131 forms a hydrogen bond with
the 3-hydroxyl group and Asp132 forms a hydrogen bond
with the 2-hydroxyl group. However, in the OMP complex
only Asp132 interacts directly with the ribosyl group, by
forming a hydrogen bond with the 3′-hydroxyl. Conse-
quently, it is likely that, in the transition state, these aspartates
help to guide the ribosyl group along the reaction trajectory
and facilitate the conformational changes within the ring
required for the catalytic event. Mutation of either residue
to Ala is associated with>100-fold decreases in specific
activity, while the double (Df A) mutation results in a
1000-fold reduction in reaction velocity. The fact that neither
mutation is associated with more than 3-fold changes in the
Km for PRPP suggests that the interactions contributed by

these aspartates are minimal in the ground-state substrate
complexes but become more influential during the progres-
sion to and from the transition state.

Another likely component to stabilization of the transition
state in OPRTase is the Mg2+ bound to the PRPP molecule
and indirectly to the enzyme through a coordinating water
molecule to Asp131. The Mg2+ required for catalysis (34)
likely provides charge stabilization to the departing PPi, thus
increasing the electrophilic nature of the C1 atom through
its electron-withdrawing capacity by coordination of the O1
atom of the PPi group (Figure 5 and Scheme 1). In addition,
the coordination of the 2- and 3-hydroxyl groups and the
â-phosphate likely provide conformational stability for the
relatively flexible PRPP molecule, thereby increasing the
likelihood of a productive encounter with the N1 atom of
the OA molecule (36). Studies have shown that Mg2+

typically adopts an octahedral coordination environment in
protein structures (41), and that is the case in our ternary
complex, where four of the six coordinations are provided
by PRPP and the remaining two involve ordered water
molecules. Many Mg2+ binding enzymes possess a sequence
motif -Xh-Xh-Xh-Xh-D- associated with binding of the
metal, where Xh is any hydrophobic residue and D is a
coordinating aspartate residue (42). The four residues gener-
ally form a â-strand with the key Asp residue lying at the

FIGURE 6: Superimposition ofS. cereVisiae OPRTase structures. (A) Best alignment between the fixed domains of the apo-OPRTase
(cyan) and ternary complex (red) structures. (B) Best alignment between the fixed domains of the ternary (red) and binary (blue) complex
structures. OMP is colored green; OA and PRPP are colored yellow; magnesium bound in the ternary complex is colored orange and in the
binary complex is colored magenta. (C) Superposition of the bound OMP (atom-type coloring) and OA/PRPP (atom-type coloring) molecules
based on the best structure alignment of the CR atoms in each structure (same alignment as in panel B). (D) Superimposition of A (red)
and B (green) subunits from the ternary complex structure by use of the positions of their respective fixed domains as the basis for the
alignment. OA, PRPP, and magnesium are colored yellow in the A subunit and orange in the B subunit.
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end of theâ-strand. Mg2+ usually interacts directly with this
aspartic acid residue, but it could have indirect interactions
with water molecules (43). In the case of OPRTase, the Mg2+

binding motif is represented by residues 127-131, which
comprise the thirdâ-strand of the Rossmann-fold (residues
120-124 in S. typhimurium).

In the ternary complex structure the Mg2+ ion has six
interactions: two involve the ribose hydroxyls, another two
involve PPi oxygens, and the final two coordinations involve
water molecules (Figure 5). One of these waters is, in turn,
bound to the carboxylate of Asp131, similar to what is
observed in theS. typhimuriumenzyme, where the Mg2+

appears to interact indirectly with atoms of the protein via
intermediate ordered water (13). Interactions identical to
those observed in our ternary complex structure were found
for Mg2+ in human HGPRTase (35) andE. coli GPATase
(PDB code 1ECC) (16). In addition, in theT. cruzi HPRT
structure, one of the metal ions bound to the subunit with a
closed conformation has very similar interactions to those
observed in our structure ofS. cereVisiae OPRTase (37).
Thus, the catalytic magnesium ion interacts with PRPP in a
very similar, if not identical, manner in all type 1 PRTases
for which structures are available. A second metal ion is
found in the HPRT structure, where it appears to perform a
role similar to that of Lys109 in theS. cereVisiaeOPRTase
structure and Lys103 in theS. typhimuriumstructure (1LH0).2

Prior work showed that theS. cereVisiaeOPRTase enzyme
can bind only one mole of OMP or PRPP in the two
apparently identical subunits in a highly cooperative fashion
and that the kinetics of the enzyme are inconsistent with the

existence of free enzyme once catalytic cycles are initiated
(10). The structures of OPRTase reported here show that
monomers A and B are not identical in the ternary complex
due to a difference in the motion of the hood domain between
the two subunits (Table 3, Figure 6D). The areas of
divergence are in the N-terminal (residues 2-25) and
C-terminal (residues 198-223) regions. In addition, a
comparison of the four monomers in the OMP complex
reveals that A and C as well as B and D are almost identical,
with rms differences for CR atoms of 0.29 and 0.19 Å,
respectively. However, if we compare the monomers A to
B and C to D, the differences are larger due to a 2° rigid
body rotation of their respective hood domains (residues
3-19 and 202-224); rms differences for all CR-atoms are
0.37 and 0.45 Å, respectively. This structural asymmetry does
not appear to be pre-existent in the enzyme. Rather it is
associated with ligand binding, since the apoenzyme has
exact crystallographic symmetry between the monomers in
the functional dimer. While the structural asymmetry present
in our ternary and binary complexes is consistent with the
available kinetic data that demonstrate nonequivalence of and
cooperativity between the subunits for theS. cereVisiae
OPRTase enzyme, the extent of asymmetry observed in the
crystal structures is not as large as the kinetic data suggests.
However, striking asymmetry is manifest in theSalmonella
OPRTase ternary complex structure (1LH0), wherein one
active site is nearly catalytically poised, with the loop from
the opposing subunit closed over the PRPP and OA; while
only OA is bound in the other site with its opposing subunit’s
loop unstructured.2 In accord with this crystallographic result,
the presence of saturating OA (thus 2 equiv of OA presum-
ably bound) allows for only 1 equiv of PPi to bind to the
dimeric enzyme (44) in a dead-end complex. Such a result
is indeed consistent with the proposed binding and kinetic
scheme for theSaccharomycesenzyme, which displays half-
of-sites binding of PRPP and OMP (10) thus implying half-
of-sites reactivity. On the other hand, it is hard to reconcile
this asymmetric structure for theSalmonellaenzyme with
the kinetic work, which reported that theSalmonellaenzyme
displays single classes of sites with nearlyn ) 2 binding
for both OMP (n ) 1.63) and PRPP (n ) 1.71) (44).

So why does the ternary complex of theSaccharomyces
enzyme reported here contain two apparently equivalently
bound molecules of PRPP and OA? There are several
plausible explanations, but the most compelling is that while
the structure observed in the crystal is representative of at
least one of the conformational states present in solution, it
is not necessarily representative of all or even the major
conformational state present in solution. The forces involved
in stabilizing lattice formation are sufficient to induce subtle
changes in protein structure and shift the equilibrium between
conformational states with relatively low energetic barriers
(1-3 kcal/mol). For example, when half-the-sites behavior
of thymidylate synthase fromPneumocystis cariniiwas
correlated to a crystal structure of the dimeric enzyme in
which both subunits contained dUMP but only one contained
the folate analogue, this paradigmatic demonstration was
characterized as “unique” (45) in that the enzyme displays
half-the-sites reactivity throughout evolution, yet most of the
ternary complexes show full site occupancy with some degree
of asymmetry (45). Indeed several other examples of negative
cooperativity were identified where the crystal structures

Scheme 1: Proposed Chemical Mechanism for OPRTasea

a In particular are shown possible involvement of subunit residues
(K76 and D132), intersubunit residue (K109*), or diphosphate in
activation of water as the general base.
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show monomers in the asymmetric units along with fully
liganded proteins (45), and this appears to be the rule rather
than the exception. For OPRTase the “discrepancy” might
easily be attributed to the different crystallization conditions.
The Salmonellaenzyme was derived from a solution of
“trisodium citrate”2 without a defined pH value, though one
might infer neutral to alkaline pH, whereas our yeast ternary
complex was derived from a solution at pH 4.6. It is thus
reasonable to consider that a side chain with a pKa between
the pH of our crystals and that of the kinetic studies (pH
7.5), for example, His 111 (His 105 forSalmonella) in the
flexible loop, might become fully protonated and stabilize
the binding of PRPP in the crystal structure to the point where
the participation of Lys106 is unnecessary (see below) and
full-site occupancy is induced. Indeed, calculations with the
KNF sequential model (46) show that a∆∆Gbind of only
about 1.5 kcal is required to effect half-of-sites binding in a
dimeric enzyme and so any event equal to that in magnitude,
such as the changes in protonation state of the pyrophosphate
and/or the histidine side chain, could obliterate the effect.
What is clear is that the available structures of OPRTase
enzymes do not show a strong correlation between ligand
stoichiometry observed in the crystalline and solution states
but do provide complementary views of substrate binding
and the conformational changes that occur during catalysis.

A close inspection of theSaccharomycesternary complex
through structural alignment with the cognateSalmonella
complex (1LH0) reveals that Lys100 in theSalmonella
enzyme has moved 2.6 Å closer to the diphosphate of PRPP
than for the corresponding Lys106 inSaccharomyces(Figure
7A). The overall structure of theSalmonellaenzyme appears
more “closed” (24° of closure versus its apoenzyme structure;
1STO), or at least there are more contacts to the diphosphate
than observed in our ternary complex (Figure 7B), perhaps
depicting a complex much closer to the actual catalytic event.
One also notices that, in order to accomplish the movement
toward the diphosphate, the main-chain atoms of residues
99-101 have moved∼2.5 Å toward the PRPP in this subunit
and away from the opposing subunit (Figure 7). This
conformational change would be incompatible with main-
taining contacts between amino acids within this loop and a
bound PRPP in the opposing subunit since the movement
of Lys100 toward PRPP in this subunit would move Arg99,
Lys103, and His105 away from the opposing active site.
Consequently, this fully engaged structure may reveal an
order of events in binding, catalysis, and release of products
that is consistent with our kinetic data on theSaccharomyces
enzyme (10), as well as with kinetic data from theSalmonella
enzyme (44). With the asymmetric 1LH0 structure as a
starting point, it is tempting to speculate that in order to fully

FIGURE 7: Superimposition ofS. cereVisiaeandS. typhimuriumOPRTase ternary complex structures. (A) OPRTase fromS. typhimurium
(green) showing the interactions surrounding PRPP (yellow) and Mg2+ (pink) overlaid onto OPRTase fromS. cereVisiae, where the amino
acids and PRPP are displayed with atom-type coloring and the Mg2+ is colored magenta. Labels for the equivalent amino acids in theS.
typhimurium(green) andS. cereVisiae (black) enzymes are provided. (B) Best-fit overlay of the dimeric structures ofS. typhimurium
(green) andS. cereVisiae (red): flexible loop structures are colored yellow for theS. typhimuriumenzyme and cyan for theS. cereVisiae
enzyme. The position of the last ordered residue in the disordered flexible loop structure of theS. typhimuriumenzyme is labeled (101).
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close the active-site loop and engage the side chain of
Lys100/106 with the diphosphate in one active site, the loop
must be pulled away from the active site of the opposing
subunit, thereby promoting the release of its products (at least
Mg2+/PPi), and decreasing the probability of binding PRPP
within that active site. Thus, OPRTase would be left with
one subunit that can bind at most OMP and another that can
bind both reactants: precisely the kinetic scenario we found
for theS. cereVisiaeenzyme. It is intriguing that Arg99/105
and Lys100/106 in each loop contacts the diphosphate of
PRPP but in different subunits. Thus, the path for com-
municating the occupancy of the PRPP site across the subunit
interface is effectively reduced to the length of the peptide
bond between these residues in each of the two loops. Since
the two subunits must communicate with each other through
these mobile loops in order to orchestrate the kinetically
observed half-the-sites reactivity, we offer Scheme 2 as a
kinetic/structural mechanism consistent with all the available
kinetic and structural data.

CONCLUSIONS

The active site of the binary and ternary complexes (open
and closed structures, respectively) described here provides
a clear structural picture of the enzymatic intermediates in
the catalytic process in type I PRTases. This work reveals
large conformational transitions that occur between the
apoenzyme structure and those of the substrate and product
complexes. These changes include a rotation of the upper
hood domain down onto the bound substrates or products
and an ordering of the conserved flexible loop in the substrate
ternary complex. The domain rotation and the closed
conformation of the flexible loop allow Arg105, Lys109, and
His111 to form interactions with theR- and â-phosphate
oxygens of PRPP in the companion subunit. These confor-
mational changes are essential to close the active site to bulk
solvent molecules, which would lead to unproductive reac-
tions of the oxocarbenium ion transition state. Our structure
reveals that OA and Mg2+-PRPP in the ternary complex are
oriented for proper attack of the N1 atom on the C1 atom of
the ribose ring. The results of the structure determination

for the apoenzyme along with the binary and ternary
complexes provide new information regarding the active site
of theS. cereVisiaeOPRTase in open and closed conforma-
tions that furthers understanding of the OPRTase catalytic
mechanism. These structures, combined with a highly
asymmetric structure of OPRTase fromS. typhimurium,
provide an explanation for the functional nonequivalence of
the active sites, which have been revealed by prior kinetic
results (10) wherefrom a “double Theorell-Chance” mech-
anism involving alternating sites catalysis was deduced. In
particular, it is possible that complete closure of the active
site and engagement of Lys100/106 in the flexible loop with
the PRPP in the opposing subunit is a structural sensor that
permits alternating cycles of catalysis within the subunits of
the dimer.
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