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ABSTRACT: Orotate phosphoribosyltransferase (OPRTase) is involved in the biosynthesis of pyrimidine
nucleotides.R-D-ribosyldiphosphate 5-phosphate (PRPP) and orotate are utilized to form pyrophosphate
and orotidine 5′-monophosphate (OMP) in the presence of divalent cations, preferably Mg2+. OMP is
thereafter converted to uridine 5′-monophosphate by OMP decarboxylase. We have determined the 2.4
Å structure ofEscherichia coliOPRTase, ligated with sulfate, by molecular replacement and refined the
structure to anR-factor of 18.3% for all data. In the structure of theE. coli enzyme we have determined
the fold of a flexible loop region with a highly conserved amino acid sequence among OPRTases, a
region known to take part in catalysis. The structure of this region was not determined in the model used
for molecular replacement, and it involves interactions at the dimer interface through a bound sulfate ion.
CrystallineE. coli OPRTase is a homodimer, with sulfate ions inhibiting enzyme activity bound in the
dimer interface close to the flexible loop region. Although this loop is very close in space to the sulfate
binding site, and sulfate is found in both interfaces of the homodimer, the loop structure is only traceable
in one monomer. We expect that the mobility of this loop is important for catalysis, and, on the basis of
the reported structure and the structure ofSalmonella typhimuriumOPRTase‚OMP, we propose that the
movement of this loop in association with the movement of OMP is vital to catalysis. Apart from the
flexible loop region and a solvent-exposed loop (residues 158-164), the most significant differences in
structure betweenS. typhimuriumOPRTase‚OMP andE. coliOPRTase are found in the substrate binding
regions: the 5′-phosphate binding region (residues 120-131), the binding region for the orotate part of
OMP (residues 25-27), and the pyrophosphate binding region (residues 71-73).

Orotate phosphoribosyltransferase (OPRTase) provides the
pathway forde noVo biosynthesis of pyrimidine nucleotides
by catalyzing the Mg2+ dependent formation of orotidine 5′-
monophosphate (OMP), the pyrimidine nucleotide from
which uridine 5′-monophosphate is synthesized (Figure 1)
(Musick, 1981). Other phosporibosyltransferases (PRTases)
are involved in synthesis or salvage of purine and pyrimidine
nucleotides and also in the synthesis of the aromatic amino
acids histidine and tryptophan and the pyridine coenzymes
NAD and NADP (Musick, 1981, Jensen, 1983). The
PRTases all transfer a ribosyl phosphate group fromR-D-
ribosyldiphosphate 5-phosphate (PRPP) with the C1′ of
ribose as the target position. A motif of 12 amino acid
residues also found in PRPP synthetases has been proposed
to represent a common PRPP binding motif (Hershey &
Taylor, 1986; Hove-Jensen et al., 1986). This short sequence

is the only well-conserved sequence observed in the group
of PRTases and structurally it represents a strand-loop-
helix structure.

In two of the known three-dimensional structures of
PRTases, OPRTase‚OMP (Scapin et al., 1994) and hypox-
anthine-guanine-PRTase(HGPRTase)‚GMP (Eads et al., 1994),
a homologous stretch of amino acid residues showed very
poor density. This loop was left structurally non-determined
in OPRTase, while a tentative fitting of the sequence to the
electron density was made in one HGPRTase monomer,
showing a loop extending into the solvent. The sequence
of this very flexible loop is highly conserved among
OPRTases, and residues from the loop are important for
catalysis (Grubmeyer et al., 1993; Ozturk et al., 1995a,b).
The third published PRTase structure, glutamine-PRPP-
amidotransferase‚AMP (amido-PRTase) belongs to the
glutamine amidotransferase enzyme family as well (Smith
et al., 1994). This enzyme has an even longer extended
structure in a similar position, making contacts between
neighboring subunits. In amido-PRTase the region has been
proposed to be involved in feedback regulation of enzyme
activity (Smith et al., 1994).

The reaction mechanism of OPRTases is still a subject of
discussion. The transferase reaction proceeds with inversion
at the anomeric carbon, and an oxocarbonium-like transition
state has been proposed (Bhatia et al., 1990; Goitein et al.,
1978) as well as an SN1-like mechanism (Goitein et al.,
1978). We have initiated structural investigations ofE. coli
OPRTase to establish the structural basis for the PRTase
function in this quite small non-allosterically controlled
enzyme.
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PRPP amidotransferase;Fo, measured structure factor amplitude;Fc,
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E. coliOPRTase has been sequenced (Poulsen et al., 1983),
overexpressed inE. coli, and purified to homogeneity (Jensen
et al., 1992; Aghajari et al., 1994). Crystallization of the
enzyme has been reported (Aghajari et al., 1994). Its kinetics
are expected to be similar to the kinetics ofS. typhimurium
OPRTase (Bhatia et al., 1990), which is 97% identical toE.
coli OPRTase.
We report the three-dimensional structure ofE. coli

OPRTase in its sulfate ligated form, solved and refined using
diffraction data to a resolution of 2.4 Å. The crystal structure
of E. coli OPRTase was determined by the molecular
replacement program AMoRe (Navaza, 1994) with the
monomer ofS. typhimuriumOPRTase‚OMP (Scapin et al.,
1994) as the search model.

EXPERIMENTAL PROCEDURES

Crystallization. Crystals ofE. coliOPRTase were grown
by the hanging drop vapor diffusion method as previously
described (Aghajari et al., 1994). The crystals used in this
study were grown against a reservoir of 2.1 M Na2SO4, 0.3
M citrate buffer, pH 4.8, at room temperature. No OPRTase
substrates were added to the protein prior to crystallization.
The crystals are orthorhombic, with space groupP212121 and
the unit cell parametersa ) 54.9 Å, b ) 71.1 Å andc )
104.2 Å. There are two monomers per asymmetric unit each
of 213 amino acid residues, related by a non-crystallographic
2-fold axis parallel to the crystallographicb-axis. This
relationship between monomers produces a peak in the native
Patterson function of 18σ at the position (0.00, 0.50, 0.18).
On the basis of the peak of the Patterson function, the true
space group could also have beenP21221, with a pseudo
2-fold screw axis along theb-axis. This possibility was ruled
out by the molecular replacement search, which gave no
significant solutions for the latter space group.
The solvent content of the crystals is approximately 43%.

They are X-ray sensitive, with a decay of intensities of about
50% over a one-day period, and they diffract to a resolution
of 2.4 Å.
Data Collection and Processing.Data were collected from

a single crystal on a Rigaku R-axis IIC image plate system,
with a Rigaku RU200 rotating anode operated at 50 kV and
180 mA. The system was equipped with a graphite mono-
chromator and a 0.5 mm collimator. The crystal to detector
distance was 105 mm, and the exposure time per frame was
45 min; 39 frames of 2.0˚ oscillations were collected. The
scale factor for the last frame was 2.5, and theB-factor for
the same frame was-1.1. Integration of intensities was
performed with the program Denzo (Otwinowski, 1993),
while data averaging and reduction were done with programs
from the CCP4 program package (Collaborative Computer
Project, Number 4, 1994). An overview of the data quality
is given in Table 1.

Structure Determination.The crystal structure ofE. coli
OPRTase was solved by molecular replacement using the
structure ofS. typhimuriumOPRTase‚OMP (Scapin et al.,
1994) without bound OMP as a model. The two structures
have an amino acid sequence identity of 97%. Molecular
replacement was done with the program AMoRe (Navaza,
1994), implemented in the CCP4 program package (Col-
laborative Computer Project, Number 4, 1994), and the
molecular replacement search was carried out using only one
monomer of the homodimer. The highest molecular replace-
ment solution after rigid body refinement of the 25 highest
translational solutions in space groupP212121 was signifi-
cantly better than the rest, with anRcryst of 52.1% to a
resolution of 3 Å. A rotation and translation search was
carried out using 10-4 Å data, while data between 10 and
3 Å was used in the rigid-body refinement. There was no
spatial overlap between the molecules in the final molecular
replacement solution.
The two molecules of the asymmetric unit formed the

homodimer of OPRTase and differed from the homodimer
of OPRTase‚OMP of S. typhimuriumby having the mono-
mers related by a non-crystallographic 2-fold axis instead
of a perfect crystallographic 2-fold axis. Inspection of the
(2Fo - Fc)Rcalc and (Fo - Fc)Rcalc electron density map after
rigid-body refinement confirmed the molecular replacement
solution by showing density in one of the monomers for the
flexible 103-107 loop, which is not present in the search
model, and for the side chains differing fromS. typhimurium
OPRTase side chains in both monomers.
Structure Refinement.The model was manually fitted to

the (2Fo - Fc)Rcalc and the (Fo - Fc)Rcalc maps after rigid-
body minimization using computer graphics (O; Jones et al.,
1991) and refined by energy minimization and molecular
dynamics with the slow cool simulated annealing procedure
of X-PLOR (Brünger, 1992; Bru¨nger et al., 1987). Non-
crystallographic symmetry restraints were applied in all
refinement steps, keeping most of theâ-strands andR-helices

FIGURE 1: OMP formation as catalyzed by OPRTase.

Table 1: Quality of theE. coli OPRTase Data in the Resolution
Range 37-2.4 Åa

resolution (Å) Rfac Rcum I/σI Nmeas Nref % possible

7.44 0.029 0.029 15.9 1574 500 86.7
5.33 0.047 0.036 12.0 2824 877 91.5
4.36 0.050 0.043 9.1 3625 1145 94.1
3.78 0.057 0.047 11.1 4140 1330 95.2
3.39 0.075 0.051 9.0 4531 1548 96.5
3.09 0.096 0.056 7.0 4785 1730 98.1
2.87 0.138 0.060 5.1 4915 1868 97.8
2.68 0.195 0.064 3.6 5116 2004 97.7
2.53 0.283 0.069 2.4 5367 2127 97.7
2.40 0.330 0.075 2.0 5672 2223 96.5
total 0.075 7.5 42549 15352 96.2

a Rfac is theR-factor on intensities in the resolution shell concerned.
Rcum is the cumulatedR-factor on intensities,Nmeas is the number of
measured reflections, andNref is the number of unique reflections.
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backbone and side chain atoms restrained, which was
justified by an improvement of the freeR-value (Brünger,
1992) of 2%. IndividualB-factors were refined but were
restrained to be correlated to theB-factors of neighboring
atoms. The structure was refined against 6.0-2.4 Å data,
omitting a solvent mask, as no satisfactory model for the
solvent mask was achieved, judged by the variation in the
R-value. Following this refinement procedure the freeRcryst,
based on a randomly selected 10% of the diffraction data,
had fallen to 26.3% for 6-2.4 Å data. All data in this
resolution range were included in subsequent refinement
steps.
The initial freeRcryst was 39.7%, and solvent molecules

were included in the model after structural refinement had
reached a freeRcryst of 30%. Two sulfate ions were included,
which could be identified from large and nicely resolved
peaks (nine times the rms of the map) in the (Fo - Fc)Rcalc

map, at a distance of 4.2 Å from Arg99A Nε and Arg99B
Nε (Figure 2). A level of three times the standard deviation
in the (Fo - Fc)Rcalc electron density map was chosen as a
criterion for assignment of water molecules. No water
molecules withB-factors larger than 50 Å2 were accepted,
and no additional water or sulfate molecules were included
in the model after the inclusion of all data in the refinement.
Sulfate and Phosphate Inhibition of the OPRTase Reaction.

To determine the implications of the binding of sulfate to
the OPRTase dimer interface, inhibition studies were carried
out to describe the effects of salts on OPRTase activity.
Spectrophotometric assays of OPRTase activity were

carried out as described by Poulsen et al. (1983). The
reactions (a total volume of 1 mL containing 100 mM Tris-
HCl, pH 8.8, 6 mM MgCl2, 2.5 mM orotate, 0.5 mM PRPP,
and various concentrations of salts) were carried out at 37
°C. The reactions were initiated by addition of enzyme to
the prewarmed mixture of the other components and
monitored by measuring the decrease in absorbtion of UV
light at 295 nm.

RESULTS AND DISCUSSION

The functional unit ofE. coli OPRTase has been estab-
lished to be a homodimer in solution (Poulsen et al., 1983)
as have the OPRTase ofS. typhimurium(Bhatia et al., 1990)
and the human HGPRTase [which exist as a tetramer as well,
depending on the ionic strength (Johnson et al., 1979; Strauss
et al., 1978)]. The latter two enzymes also appeared as

homodimers in their crystal forms co-crystallized with OMP
(Scapin et al., 1994) and GMP (Eads et al., 1994), respec-
tively. The two monomers ofS. typhimuriumOPRTase‚
OMP were additionally related by a crystallographic 2-fold
axis, giving crystals with only one molecule in the asym-
metric unit. This is not the case for the sulfate-ligated form
of E. coliOPRTase. Here the two monomers are related by
a non-crystallographic 2-fold axis, as observed for HPRTase‚
GMP (Eads et al., 1994). In the crystal structure, the amino
acid residues for the two molecules are labeled 1A-213A
and 1B-213B.
Inhibition. We found that Na2SO4, (NH4)2SO4, and K2-

HPO4 inhibited the OPRTase reaction to about equal extent,
i.e., 40-50 mM of these anions gave 50% inhibition, while
NaCl (0.2 M) caused little or no inhibition (Figure 3).

Structural Quality. The current model includes 3273 non-
hydrogen protein atoms out of 3322 (the loop 102B-108B
is not included in the final structure), two sulfate ions, and
118 additional solvent molecules. The conventionalRcryst
for the structure is 18.3% using all data in the 6-2.4 Å range
and 21.7% for all data in the 30-2.4 range. The rms
deviations from ideal geometry and refinement statistics are
listed in Table 2.

FIGURE 2: Stereodiagram of the OPRTase‚SO42- complex. The electron density is (Fo - Fc)Rcalc at a level of 5σ, calculated without
including SO42- in the model. Hydrogen bond donors and hydrogen bond distances are shown.

FIGURE 3: Effect of sulfate and phosphate upon the OPRTase
catalysed conversion of PRPP to OMP: (0) NaCl, (O) K2HPO4,
(9) (NH4)2SO4, (4) Na2SO4.
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A Ramachandran plot calculated with the program
PROCHECK (Laskowski et al., 1993) shows no non-glycine
residues in disallowed regions. The Ala71A-Tyr72A and
Ala71B-Tyr72B peptide bonds were fitted as cis-peptides
to achieve a good fit to the electron density map. After the
peptide bonds were flipped, the structure could be refined
nicely in these areas, the backbone nitrogens of residues 72
and 73 serving as hydrogen donors for the bound sulfate
groups.
The averageB-factor for all protein atoms is 23.4 Å2.

Apart from the flexible loop in one monomer (102B-108B),
a break in the backbone 1σ (2Fo - Fc)Rcalc density also
occurs in the loops: 26A-27A and 26B-27B. These
residues are known to take part in OMP binding (Scapin et
al., 1994) and are very flexible when OMP is not present.
Another quite flexible region is the 156-164 loop between
strand B6 and helix A5. This loop is solvent exposed but
has an unbroken 1σ (2Fo - Fc)Rcalc density. A real-space
fit for the protein calculated with the program O (Jones et
al., 1986) shows a good fit between electron density and
model for all other areas.
A weak level of (Fo - Fc)Rcalc electron density was visible

protruding into the solvent around the 102B-108B flexible
loop. It was, however, not possible to refine this part of the
structure, and it has been left out of the final model.
Description of the Structure.The monomer ofE. coli

OPRTase contains 213 amino acid residues and is composed
of ten â-strands (labeled B1-B7) and sevenR-helices
(labeled A1-A7). A ribbon diagram of the structure is
shown in Figure 4a,b, while a full description of secondary
structure elements is given in Table 3. Apart from the seven
regularR-helices a single turn of a 310-helix is found between
strand B2 and helix A2: residues 37A-40A and residues
37B-40B.
The structure ofE. coli OPRTase closely resembles the

structure ofS. typhimuriumOPRTase‚OMP (Scapin et al.,
1994) with a rms difference between the molecules of 0.682
Å for CR-atoms (Figure 5). The areas of greatest divergence
are the 5′-phosphate binding region called the PRPP binding
motif, the sulfate binding region, the region binding the
orotate moiety of OMP in theS. typhimuriumstructure, and
a solvent-exposed loop (residues 58-64). Consequently, the
topology of theE. coli and theS. typhimuriumenzymes is
similar. However, not allâ-strands of theE. coli structure
were assigned asâ-strands in the OMP bound enzyme.
Figure 4c is a schematic representation of the enzyme
topology.
As the monomers ofE. coli OPRTase are essentially

identical (rms difference 0.482 Å for all protein atoms except

the flexible loop) only the 1A-213A monomer will be
described in the following, except for regions with distinct
differences.
The core structure of the enzyme resembles the core

structure found in OPRTase‚OMP, HGPRTase‚GMP and
amido-PRTase‚AMP: a five-stranded parallelâ-sheet sur-
rounded by fourR-helices (Figure 4a-c). This can be seen
as a variation of the nucleotide binding fold (Schultz, 1992;
Walker et al., 1982). The first half of theR/â-sheet
(Richardson, 1981) of OPRTase contains the secondary
structure elements A2, B3, A3, and B4. The crossover to
the second half of theR/â-sheet consists of a loop (102-
108), referred to as the flexible loop, and a shortâ-strand
antiparallel to the core sheet. This antiparallelâ-strand (B5′)
has not been reported for the OMP-bound enzyme, probably
due to a larger degree of flexibility in this region, as the
flexible loop was not traceable in that structure.
In HGPRTase the crossover connection is a flexible loop

and anR-helix, and in amido-PRTase the corresponding
region is composed of two strands and a shortR-helix
forming a “flag” structure protruding from one monomer to
the other. InE. coliOPRTase, the loop 102-108 was only
traceable in one of the subunits (Figure 6) and makes
interactions from one monomer to the active site of the
adjacent monomer through a bound sulfate ion. In the other
subunit the loop 102B-108B showed only weak density and
seems to be protruding into the solvent with no interactions
to the adjacent monomer.
The second half of the core structure is composed of B5,

A4, B6, A5, and B7, with B5-loop-A4 contributing to the
so called “PRPP binding motif” (120VMLVDDVITAGT 131)
(Hove-Jensen et al., 1986). The three PRTase structures all
have the PRPP binding motif going out from the central
â-strand of the core sheet, but the arrangement of the four
R-helices is somewhat different in HGPRTase. Here the
helix following the PRPP binding motif is the last helix of
theR/â-sheet, while in the core topology of OPRTase and
the PRPP binding domain of amido-PRTase, the helix with
the same function is the second to last helix of theR/â-
sheet. The structure of this helix is slightly different in the
two monomers ofE. coli OPRTase. In the 1A-213A
monomer, the A4 helix starts as a 310-helix, the R-helix
extending from 133A to 143A. In the second monomer the
A4 helix starts as a trueR-helix and extends from 130B to
143B. In amido-PRTase the backbone of this helix segment
is involved in hydrogen bonds to the 5′-phosphate of AMP
bound in the catalytic site. The difference in the fold of the
PRPP binding motif between the two monomers ofE. coli
OPRTase reflects flexibility and may be related to the ability
of these regions to adopt different conformations involved
in the catalytic mechanism of the enzyme.
Above the core, as viewed in figure 4a, is a domain

consisting of threeR-helices and twoâ-strands. The amino-
terminal part of the protein (1-41) forms the firstR-helix
and two bent antiparallelâ-strands: B1, B1′ and B2, B2′.
The Kabsch and Sander algorithm (1983) defines the
extension of theâ-strands to be 17-25 and 29-36, but
Gly21 and Pro32 introduce bends in the strands. Gly21 and
Pro32 are highly conserved among both OPRTases and UMP
synthetases, indicating that these kinks are of structural
importance. The carboxy-terminal part of the structure
(184-213) forms two antiparallelR-helices lying perpen-
dicular to the amino-terminal helix. The upper domain does
not resemble structures in HGPRTase or amido-PRTase in

Table 2: Refinement Statistics forE. coli OPRTase

Parameters
no. of non-hydrogen protein atoms 3273
no. of solvent molecules 118
no. of sulfate molecules 2
B-factor model restrained isotropic

Diffraction Agreement
resolution (Å) 30-2.4 6-2.4
no. of reflections 15350 14383
σ cutoff 0 0
Rcrys (%) 21.7 18.3

Stereochemical Ideality
rmsd bond lengths (Å) 0.006
rmsd bond angles (deg) 1.46
rmsd impropers (deg) 1.06
rmsd dihedrals (deg) 21.17
averageB (Å2) 23.4
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any way and is associated with the base specificity of the
enzyme. In the sulfate-ligated enzyme, the loop between
B1 and B2 is quite disordered, indicated by highB-factors.
This disorder is not as pronounced when OMP is bound to
the enzyme in the OPRTase‚OMP complex (Scapin et al.,
1994). In this structure the carboxylate of the orotate moiety

makes a hydrogen bond to the backbone nitrogen of Lys26
and the ribose O3′ forms a hydrogen bond to the Nú of the
same Lys, thereby stabilizing the fold in an induced fit.
The Dimer Interface and the ActiVe Site. The dimer

interface consists of the regions Asn41-Arg51 (helix A2),
Tyr72-Lys100 (helix A3-loop-strand B4), and Gly113-
Ser114 (strand B5), and it involves a total of 25 amino acid
residues from each monomer making direct interactions with
the other monomer (the maximum distance for an interaction
being defined as 3.9 Å). The flexible loop has no direct
amino acid interactions at the dimer interface, but it folds
over the active site and forms a bridge toward Lys26B of
the adjacent monomer (Figure 7). However, Nú of Lys103A
from the flexible loop forms a hydrogen bond to the bound
inhibitory sulfate ion, which also is hydrogen bonded to the
backbone nitrogen of Tyr72B (adjacent monomer), the
backbone nitrogen of Lys73B (adjacent monomer), Nú of
Lys100B (adjacent monomer), and Nε of Arg99A (same
monomer) (Figures 2 and 7). Lys73A and Lys73B can be
refined in two different conformations: as hydrogen bonded
to the inhibitory sulfate or as hydrogen bonded to the
conserved PRTase residues Asp125A and Asp125B from the
“PRPP-binding motif.” The binding of the sulfate ion
probably mimics the binding of pyrophosphate and the
binding of the pyrophosphate moiety of PRPP to OPRTase,
as the residues involved in hydrogen bonding to sulfate are
among the residues described to be protected against chemi-

A

B

C

FIGURE 4: (a) Ribbon diagram of the three-dimensional structure of monomer 1-213 ofE. coliOPRTase. An asterisk marks the flexible
loop. (b) Ribbon diagram of the three-dimensional structure ofE. coli OPRTase. Bound sulfates are shown as ball-and-stick models, and
the flexible loop of one monomer (grey) covers the sulfate binding site in the other monomer (black). The flexible loop is marked by an
asterisk. The non-crystallographic 2-fold axis between the two monomers can be observed in the vertical plane. The figures were generated
with the program Molscript (Kraulis, 1991). For a complete description of secondary structure elements see Table 3. (c) Schematic
representation of the topology of a monomer of OPRTase. The lower part of the figure represents the PRPP binding domain.*1 marks the
sulfate binding loop, while *2 marks the 5′-phosphate binding loop.

Table 3: Secondary Structure Elements ofE. coli OPRTase as
Defined by the Kabsch and Sander Algorithm (1983) and Calculated
by the Program PROCHECK (Laskowskiet al., 1993)

name
(as in Figure 4c) residues involved

secondary
structure

A1 2A-15A, 2B-15B R-helix
B1 17A-20A, 17B-20B â-strand
B1′ 22A-25A, 22B-25B â-strand
B2 29A-31A, 29B-31B â-strand
B2′ 33A-36A, 33B-36B â-strand
A2 42A-61A, 42B-61B R-helix
B3 66A-69A, 66B-69B â-strand
A3 73A-90A, 73B-90B R-helix
B4 94A-99A, 94B-99B â-strand
B5′ 110A-114A, 110B-114B â-strand
B5 118A-124A, 118B-124B â-strand
A4 133A-143A, 130B-143B R-helix
B6 146A-155A, 146B-155B â-strand
A5 165A-175A, 165B-175B R-helix
B7 177A-183A, 177B-183B â-strand
A6 184A-192A, 184B-192B R-helix
A7 197A-212A, 197B-212B R-helix

Crystal Structure ofEscherichia coliOPRTase Biochemistry, Vol. 35, No. 12, 19963807
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cal modification after PRPP or pyrophosphate binding,
namely, Lys100 and Lys103 (Grubmeyer et al., 1993). This
pyrophosphate binding site, like previously described phos-
phate binding sites, involves a loop from a strand-loop-
helix motif, but it additionally includes hydrogen bonds
between the sulfate and amino acid residues in segments far
away from the strand-loop-helix motif in the primary
sequence of the protein. The strand-loop-helix motif
responsible for pyrophosphate binding (B3-loop-A3) is a
highly conserved motif in the three three-dimensional
structures of PRTases, but only in the sulfate-ligatedE. coli
OPRTase has the 71-72 peptide bond been assigned as a
cis-peptide. The sulfate binding site inE. coli OPRTase
corresponds to the regulatory 5′-phosphate binding site for
AMP in amido-PRTase (Smith et al., 1994).
The other strand-loop-helix motif involved in phosphate

binding in OPRTases, the 5′-phosphate binding sites in the
B5-loop-A4 loop, showed no convincing density for sulfate
ions.

Sulfate has been found in both monomers in the same
orientation although the flexible loop has only been closed
and traceable in one monomer. Thus, the binding of sulfate
does not lead to a closed flexible loop region, although
Lys103 can form a hydrogen bond to the bound sulfate. It
rather leads to swapping between an open and a closed active
site in the monomer.

A requirement of Mg2+ ions has been observed for the
OPRTase reaction (Bhatia & Grubmeyer, 1993), in which
the Mg2+ was found to form a complex with PRPP. A pos-
sible role for Mg2+ could be to form salt bridges to pyro-
phosphate/PRPP, thereby shielding their additional charge
as compared to sulfate and giving a less flexible binding of
the more extended pyrophosphate substrates. There has been
no evidence that PRPP can bind to the enzyme in the absence
of Mg2+.

Placing OMP at the position where it was found in theS.
typhimuriumenzyme in the sulfate-ligatedE. coliOPRTase

FIGURE5: Stereodiagram of theR-carbon tracing ofE. coliOPRTase (black lines) superimposed on theR-carbon tracing of theS. typhimurium
OPRTase structure (grey lines). OMP and sulfate are shown as ball-and-stick models. An asterisk marks the flexible loop.

FIGURE 6: Stereodiagram of the (2Fo - Fc)Rcalc electron density in the 102A-108A loop region. The contouring level is 1σ. The (2Fo -
Fc)Rcalc electron density seen above the loop is a water molecule with hydrogen bonds to Lys103O (3.02 Å) and Gly109N (2.92 Å). Lys103
involved in catalysis is labeled. Figures 3 and 8 are generated with the program O, (Joneset al., 1991).

FIGURE 7: Dimer interface ofE. coliOPRTase with OMP from theS. typhimuriumstructure superimposed. Monomer 1A-213A is in black,
while monomer 1B-213B is in grey. Sulfate bound in the pyrophosphate binding site is shown as a ball-and-stick model. Ball-and-stick
side chains for Lys103A and Arg99A are in black, while the ball-and-stick side chain for Lys100B is in grey. The grey non filled ball-
and-stick main chain atoms are the main chain atoms of Tyr72B and Lys73B.
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structure (Figure 7) reveals a distance of 10 Å between OMP
ribose C1′ and Lys103Nú in the closed conformation of the
flexible loop. In this conformation, ribose C1′ of OMP is
fully accessible to solvent. This is also true for most of the
flexible loop surface, as no direct amino acid interactions
are made with the adjacent monomer. Mutation of Lys103
to alanine or glutamine (Ozturk et al., 1995a) has been shown
to decreasekcat 600-1000 fold with virtually no effects on
Km’s for PRPP or OMP, whereas no residue near ribose C1′
of OMP in theS. typhimuriumOPRTase structure has been
shown to have any significant impact on catalysis. Bringing
the ribose C1′ of OMP in proximity to Lys103Nú, in its
conformation in the closed flexible loop would require a
rotation around a bond in the 5′-phosphate group of OMP.
The flexibility in conformation observed for the 5′-phosphate
binding site could reflect this site’s ability to accommodate
a movement of this kind. However, to allow for the
movement of OMP into a more favorable conformation, with
respect to interactions with Lys103, the flexible loop must
be in a solvent exposed, open conformation. The movement
of OMP could then be followed by a closure of the flexible
loop creating a secondary OMP/orotate binding site in
proximity to Lys103 and the bound pyrophosphate. In this
way a highly reactive oxocarbonium-like transition state
would be protected against solvent and hydrolysis. A
possible role for Mg2+ could be to form a complex with the
ribose part of the OMP molecule. Such a complex would
change the OMP hydrogen bonding pattern and could hereby
facilitate the movement of OMP into a more favorable
conformation with respect to catalysis.

CONCLUSIONS

The pyrophosphate binding site and a closed conformation
of the flexible loop involved in OPRTase catalysis have been
established. The closed conformation of the flexible loop
brings the catalytically active Lys103 within hydrogen-
bonding distance of bound sulfate, inhibiting the OPRTase
reaction and mimicking the binding of theâ-phosphate from
pyrophosphate. Comparisons with the previously determined
three-dimensional structure of OPRTase in complex with
OMP show distances of 10 Å between ribose C1′ and
Lys103Nú and of 11 Å between ribose C1′ and sulfate.
Furthermore, closure of the flexible loop will only exclude
solvent from the surroundings of OMP C1′ if this molecule
is moved to a position closer to the position of Lys103 in its
closed conformation. If catalysis is to proceed through a
highly active transition state as proposed (Goitein et al.,
1978), then catalysis must involve large conformational
changes to protect the transition state against water. The
conformational changes needed will not only concern the
flexible loop, but also OMP/orotate. Structures of OPRTase
co-crystallized with a transition state analog, with orotate
and sulfate, or with OMP, Mg2+, and sulfate might confirm
the existence of a secondary orotate/OMP binding site.

The conformation of the flexible loop ofE. coliOPRTase
with bound sulfate is asymmetric. One monomer has the
loop in a closed, less flexible conformation, while the other
monomer has the loop in an open and highly flexible
conformation.
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NOTE ADDED IN PROOF

In the complex ofS. typhimuriumOPRTase, orotate, and
PRPP recently published by Scapin et al. (1995) the PRPP
is bound in a position that is closer to the conserved active
site lysine of the flexible loop than the OMP in the previously
published structure (Scapin et al., 1994).
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