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ABSTRACT. Orotate phosphoribosyltransferase (OMP synthase, EC 2.4.2.10) forms the UMP precursor
orotidine 3-monophophate (OMP) from orotate ameb-5-phosphoribosyl-1-pyrophosphate (PRPP). Here,
equilibrium binding, isotope partitioning, and chemical quench studies were used to determine rate and
equilibrium constants for the kinetic mechanism. PRPP bound to two sites per dimerkytbf&83 «M.

Binding of OMP and orotate also occurred to a single class of two sites per dimerKyvitalues of 3

and 28QuM, respectively. Pyrophosphate binding to two sites was weak with af 960uM, and in the
presence of bound orotate, its affinity for the first site was enhanced 4Hgld=(230 uM). Preformed
E-OMP, EPRPP, EPR, and Eorotate complexes were trapped as products in isotope partitioning
experiments, indicating that each was catalytically competent and confirming a random mechanism. Rapid
guench experiments revealed burst kinetics for product formation in both the forward phosphoribosyl-
transferase and the reverse pyrophosphorolysis reactions. The steady-state rate in the forward reaction
was preceded by a bursty = 1.5/dimer) of at least 300°%. In the pyrophosphorolysis reaction, a burst

(nrev = 0.7/dimer;k = 300 s1) was also noted. These results allowed us to develop a complete kinetic
mechanism for OPRTase, in which a rapid phosphoribosyl transfer reaction at equilibrium is followed by
a slow step involving release of product. When the microviscosgity, of the reaction medium was
increased with sucrose, the forwadg; decreased in proportion tpe with a slope of 0.8. In the reverse
reaction a more limited dependencekgf (slope= 0.3) was observed. On the basis of the known structures

of OPRTase, we propose that a highly conserved, catalytically important, solvent-exposed loop descends
during catalysis to shield the active site. In the accompanying paper, the slow product release step is
shown to relate to movement of the solvent-exposed loop.

The phosphoribosyltransferases, also designated nucleotidehemotherapies aimed at slowing cell growth, for example,
synthases, catalyze the ribose 5-phosphate group transfein antiparasitic drugs7 8).
required for nucleotide synthesis, and for the formation of  The Kinetics of the Type | enzymes that have been
the nucleotide-like intermediates for tryptophan and histidine jyyestigated thus far have all been shown to be sequential.
biosynthesis 1). The nucleotide synthases constitute two | the case of OMP synthase, the mechanism is ran@m (
evolutionary families, now designated Types | and II, A functionally ordered mechanism, with PRPP binding first
enzymes are of medical importance. In humans, the ®MP 4nq schistosomalll) HGPRTases. In the human HG-
synthase reaction serves to activate the prodrug 5-fluorouracilprTase, on-enzyme phosphoribosyl transfer chemistry is
(3), and inherited defects in the nucleotide synthases lead torapig, with a burst of product formation in the forward
severe inborn disorders of metabolism, including orotic gjrection (L0).
aciduria @), 2,8-dihydroxyadenine lithiasi®), and Lesch-

Nyhan syndrome 6). The enzymes are also targets for The Type | enzymes proceed through transition states with

a high degree of oxocarbenium ion characte?)( Tao et

Towh - s should be add 4 ph (215) 707 al. (13) used multiple isotope effects to determine the
* To whom reprint requests should be addressed. Phone: - P
4495. Fax: (215) 707-5529. E-mail: cig@ariel.fels.temple.edu. transition-state structure of OMP synthase. In that case, the

 Supported by NIH grant GM48623 to C.G., and a Center grant transition state has an N1-GO(PR) axis of 5.65 A, far
from the Danish National Research Foundation to K.F.J. longer than the 2.97 A that represents the sum of the X1

FTemple University School of Medicine. and C1O distances in the ground states for OMP and PRPP.
§ University of Copenhagen.

1 Abbreviations: EDTA, ethylenediaminetetraacetic acid; GPATase, Bond orders to incoming base (0-28). and leaving pyrophos-
glutamine phosphoribosylpyrophosphate amidotransferase; HGPRTasephate (essentially 0) are low, leaving a large degree of
hypoxathine-guanine phosphoribosyltransferase; NMR, nuclear mag- electron deficiency to be filled by donation from the adjacent

netic resonance; OMP, orotidinéfmonophosphate; OPRTase, orotate i
phosphoribosyltransferase; PEI, polyethyleneimine;, RRrganic ring oxygen. Schramm has documented similar elongated

pyrophosphate; PRPR;b-5-phosphoribosyl-1-pyrophosphate; PRTase, transition states fo_r other enzymatic displacement reactions
phosphoribosyltransferase; Tris, tris(hydroxymethyl)aminomethane. at the N-nucleosidic bondL¢—16), and they are thought to
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be characteristic of enzymatic glycosyl transfets)( If cellulose were obtained from Alltech (Deerfield, IL). Yeast
PRTase reactions occur through oxocarbenium-like transitioninorganic pyrophosphatase was purchased from Boehringer-
states, how does the enzyme promote catalysis? In enzyme#&lannheim Corp. Inorganic chemicals and chromatography
utilizing pyrimidines, proton removal at the base (NK;p  solvents were from Fisher. Biochemicals (including OMP)
= 9.4 for orotate) may not be required. Similarly, the were obtained from Sigma.

moderate K, of PR (9.1; ref 18) suggests that proton Enzyme Preparation. Salmonella typhimuri@®RTase
removal at that position may not provide essential catalytic was prepared as describe&zB( and is highly homogeneous.
assistance. It has been proposed for GPATase that enzymi®rior to enzymatic assays, OPRTase stored in 65% saturation
assistance in catalysis is provided by strain and proximity (NH,),SO, at 4°C was centrifuged and desalted using G-50
effects, with substrate-assisted stabilization of an oxocarbe-gel filtration (26). The extinction coefficientetso nm, 1 mg/m)

nium ion (19). previously reported for this enzyme, calculated on the basis

Crystallographic structures of the Type | nucleotide Of the amino acid compositio27) was 0.46 §). Quantitative
synthases have revealed a conserved Rossman nucleotid@mino acid analysis, performed at the Protein Microchemistry
binding fold with a variant “hood” structure that provides Facility of the Wistar Institute, using procedures described
for binding and partial solvent occlusion of the base. The previously (L0) gave a revised value of 0.51, which is used
most obvious feature of these structures is that the remaindetthroughout this study.
of the active site is relatively solvent-exposed, and thdt C1 ~ Synthesis of Radiolabeled Substratgs!“CJOMP was
of bound nucleotide or PRPP, the reactive center, is directly prepared from [24Clorotate with the use of OPRTas¥(]-
accessible to solven2(, 21). Clearly, some protein con-  orotate (1Q«Ci) was incubated with 10 mM PRPP, 12 mM
formational event must occur to generate a solvent-occludedMgClz, 1 ug of OPRTase, and Lg of yeast inorganic
active site. Adjacent to the active site in all known Type | pyrophosphatase in 294 of 15 mM NaPi, pH 6.1, at 30
nucleotide synthases is a solvent-exposed peptide loop whos€C for 30 min. The product was purified by ion exchange
high temperature (b) factors in crystallographic studies Via high-pressure liquid chromatography (645 cm; ISCO
indicate conformational flexibility. In several cases these SAX, 5um) with isocratic elution at 1 mL/min in 15 mM
loops have recently been visualized in “down” conformations Sodium phosphate, pH 6.1. OMP elutes at 8 min, and orotate
over the active site. IToxoplasma gondiHGPRTase, an  elutes at 3.55 min. [3-**P]PRPP was prepared from-{2P]-
unliganded enzyme form is seen in which this loop is over ATP using PRPP synthase (a gift of Dr. Robert Switzer) as
the active siteZ2). Most convincingly, in GPATase, the loop ~ previously described1(). [5-*2P]PRPP was prepared enzy-
has been captured in a down position atop an active sitematically with the use of ribokinase and PRPP synth&%e}-[
occupied by a carbocyclic PRPP analogu®)( In that ~ ATP (40 «Ci) was incubated with 50@M ribose, 3 mM
complex, solvent accessibility to the active site is nil. MgCl,, and 3ug of ribokinase in 20@L of Na-HEPES K-

The biochemistry of the flexible loops is perhaps best [2-hydroxyethylpiperazine¥'-[2-ethanesulfonate]), pH 7.6,
known for OMP synthase. It has been shown that residue &t room temperature for 2 h. Ribokinase was then removed
conservation in the loop (residues 99-RKEAKDHGEGG- rom the reaction mixture using a Centricon-10 apparatus
109) is higher than in any other region of the primary (Amicon) before being used in the subsequent PRPP synthase
structure, and some residues of the loop have been showr€action. The PRPP synthesis mixture contained the enzyme-
to be essential (Arg-99 and Lys-103) or important (Lys-100) free ribokinase reaction mixture-(50uL), 1 mM ATP, 10
for catalysis 23). It was also demonstrated that Lys-103 is MM MgClz, and Sug of PRPP synthase in 6Qf. of 50
required in the active site formed by the adjacent subunit of MM KH2PG; and 50 mM triethanolamine at pH 8.0. The
the dimer, rather than that formed by its constituent peptide réaction was allowed to proceed at room temperature for 1
(24). In the closely similarEscherichia coliOPRTase, N before being appliedota 1 mL column of charcoal/
crystallization with the weakly inhibitory sulfate anion leads Whatman CF11 cellulose (1:4, w:w) and eluted with 50 mM
to an asymmetric dimer, with a sulfate anion bound to each KH2POs at pH 8.0. The fractions containing radioactivity
active site in the position occupied by tfiephosphorus of ~ Were pooled and applied to a Mono-Q column (Pharmacia,
PRPP P5). One of the loops has been visualized in a down 0-5 < 5 c¢m). The column was eluted at a flow rate of 1

position over the active site of the adjacent subunit. The other ML/min with a 20 mL linear gradient of 56500 mM NH,-
loop remains extended into the solvent. HCO; at pH 8.0. The fractions containing radiolabeled PRPP

were detected by Cerenkov radiation, and storee2Q °C
until use.

Steady-State Kinetics Assagteady-state initial velocity
experiments were conducted by monitoring absorbance
changes at 3062304 nm at 30°C in both the forward
phosphoribosyltransferase and the reverse pyrophosphoroly-
sis reactionsZ3). Assay mixtures for the forward reaction
contained 75 mM Tris-Cl, 6 mM MgG| pH 8.0, and 16
300 uM orotate at 1 mM PRPP, or 20l000uM PRPP at
EXPERIMENTAL PROCEDURES 300/1M orotate in a 1.0 mL final volume. For the reverse

reaction, assay mixtures were composed of 80 mM Tris-Cl,

Materials.[2-14C] orotic acid was synthesized at Moravek 3 mM MgCl,, pH 8.0, and 1.5100uM OMP at 2 mM PR,
Biochemicals, Inc. (Brea, CA)y[*?P]JATP was from Am- or 202000 uM PR at 100uM OMP in the same final
ersham. fP]PR was from Dupont NEN Research Products. volume. The use of 0.050.1 ug of OPRTase provided
Thin-layer chromatography plates of polyethyleneimine quantifiable linear initial rates for the calculation of kinetic

The movement of the flexible loop appears to be integral
to catalysis by Type | nucleotide synthases, both to cover
the active site and to recruit essential residues to the catalytic
locus. We would like to understand the mechanism of that
movement and how movement is coupled to substrate
binding, group transfer, and product release. In this paper,
we present experiments to document the kinetic mechanism
of OMP synthase.
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parameters. All kinetic data were analyzed using the C_Ieland Table 1: Kinetic Parameters for Wild-Tyy® typhimurium
program HYPER 28), andKy andVpnax are reported with OPRTase at 30C

their standard errors. . . substrate Keat (5°Y) K (M) KeadKnt (M1 57Y)
Chemical Quench Experimenideasurements of reaction Orotale 1115 187534 5 9% 10
kinetics were carn_ed out in an Update Instruments (Mad_lson, PRPP 18.2- 4.5 6 15 10°
WI) Precision Syringe Ram, Model 1010, equipped with a  omp 35+ 05 3.4+ 0.3 10x 10°
grid-type mixer, largely following the protocols reported for PR 30.6+2.5 1.1x 10°

HGPRTase 10). For the forward reaction, 80 mM Tris-Cl
and 6 mM MgC} at pH 8.0 was used as buffer, whereas for g gquilibrium binding solution was prepared using&0
the reverse reaction, Mg€as reduced to 3 mM. Other  opRTase 8QM [HCJOMP, and 3 mM MgCl in 80 mM
reaction components are given in the legends to the tablesyis_c at pH 8.0. The chase solution contained 4 mM OMP,
and figures. Reactions were quenched by ejection through alOO—2OOO;4M PP, 2.5 mM orotate, and 9 mM Mggin
nozzle into 0.5 mL 64 M formic acid. The acid-quenched o same buffer. The reaction was quenched and analyzed
mixtures were centrifuged to remove protein, and chromato- 4¢ qescribed above in the isotope partitioning“eorotate.
graphed on PEI cellulose plates in 0.9 M{OH, 0.3M  ajj partitioning experiments were performed on duplicate
LiCI. Under these conditions, tff& for orotate was 0.6, and o riplicate samples in conjunction with controls in which
that for OMP was 0.2. Radioactive orotate and OMP were 4gio|apeled substrates were included only in the chase
quantitated by phosphorimaging (Fuji BAS2000). solution. The amount of radiolabeled ligand bound in the
Equilibrium Binding. For the bmdmg of PRPP, OMP, equilibrium binding mixture was calculated on the basis of
orotate, and PP a centrifugal filtration method using  he K, and n values obtained from equilibrium binding
Centricon-10 apparatus (Amicon) was employ2@) (In all experiments described above.
cases, 80 mM Tris-Cl in the presence of Mg(@-15 mM, Viscosity StudiesSteady-state kinetic experiments in

as noted) at pH 8.0 was useq as buffer. Other binding miXturebuﬁers of various viscosities were performed as described
components are described in the legends to the figures. To

. above, but with 6-33% (w/v) sucrose included as a
deteclt the formation ogzanpng'g_aemtathg_lgead_ enr? microviscogen. The viscosity of the reaction mixtures was
complex, we measured’P]PR binding to OPRTase in the  yaiarmined on triplicate samples at the reaction temperature
presence of 1.5 mM orotate similarly using centrifugal

. . Y <" using an Ostwald viscometer (Fisher) in a thermostated water
dialysis. All binding data were subsequently handled using a4, ~ The viscosity dependencies of steady-state kinetic
UltraFit (Biosoft) to fit the data to a single-site mod&lp

, ! constants were analyze83j by plotting Keat)of (Kea) VS 7/,
and n values are reported with their standard errors as \ here ..., is the kinetic constant in buffers without the
determined by the fitting progam.

o o . viscogen andy/z, is the relative viscosity of a solution with
Isotope Partitioninglsotope partitioning30, 3) experi-  agnact 10 the same solution without the viscogen. The slopes
ments were performed at room temperature §|m|larly to thoseof these plots were determined by linear least-squares
described in Xu et al1Q). For isotope partitioning off-32P]- analysis.
PRPP, an equilibrium binding mixture (1) containing
40uM OPRTase, 4@&M [$-*2P]PRPP, and 6 mM Mg@in RESULTS
80 mM Tris-Cl at pH 8.0 was rapidly injected, using a
Hamilton syringe, into 80QuL of a rapidly stirred chase A complete set of macroscopic kinetic constants for the
solution containing 2.5 mM orotate, 10 mM PRPP, and 15 OMP synthase reaction was measured afGQTable 1).
mM MgCl, in the same buffer. The reaction was stopped TheKw values in Table 1 are similar, although the values
after 2-4 s by the addition of 20QL of 0.5 M EDTA. are higher, than values at 3C reported earlier (33 and 22
Radiolabeled PRPP and PRere separated by thin-layer s! for the forward and reverse reactions, respectively,
chromatography using PEI cellulose plates (pre-run in water €xpressed on a per subunit basis;3efTheke; values were
and dried) developed in 0.85 M NaPi at pH 332 and also determined at 2ZC (50 and 24 s! for the forward and
quantitated with the phosphorimager. Isotope partitioning of reverse reactions).
[32P]PRinvolved an injection of a 1@L equilibrium binding Equilibrium Ligand Binding Binding measurements for
mixture containing 45@M OPRTase, 20@M [32P]PR, and [5-*2P]PRPP were made using Centricon ultrafiltration. A
6 mM MgCl, in 80 mM Tris-Cl at pH 8.0 ind a 2 mLchase Scatchard plot (Figure 1) showed a single class of binding
solution containing 1 mM OMP, 2 mM RPand 6 mM sites. The data were fit to a model with 2 binding sites per
MgCl. in the same buffer. The reaction was rapidly quenched dimer, withKp andn values of 33+ 54M and 1.71+ 0.08
after 2 s with 500uL of 90% formic acid. Radiolabeled PRPP  mol/mol of dimer, respectively.
and PPwere separated and quantitated as described above. Binding of OMP also occurred to a single homogeneous
For isotope partitioning of [24C]orotate, 10uL of the class of sites, and gave arvalue of 1.634 0.05 mol/mol
equilibrium binding solution containing 150M OPRTase,  of dimer and aKp of 3.1 + 0.3 uM (Figure 2). Orotate
182uM [2-C]orotate, and 6 mM MgGlin 80 mM Tris-Cl binding was performed using ultrafiltration, akg andn
at pH 8.0 was injected into 800L of 1.9 mM orotate, 2  values of 283+ 45uM and 1.774+ 0.32 mol/mol of dimer
mM PRPP, and 6 mM MgGlin the same buffer. The were determined for a single class of sites (Figure 3).

reaction was rapidly quenched with 200 of 90% formic Removal of M@" from the orotate binding mixtures did not
acid after 2-4 s. [4C]Orotate and'f'C]JOMP were separated  affectKp or n values.
on PEI cellulose plates in 0.9 M GBOOH and 0.3 M LiCl Binding of [*?P]PR to OPRTase was detectable but weak.

and quantitated with a phosphorimager. Measurements ofThe formation of MgPPprecipitates above 2 mM precluded
isotope partitioning of fFCJOMP were performed similarly.  studies at high PRoncentrations. Ap of 960 M and an
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Ficure 1: Scatchard plot of [32P]PRPP binding to OPRTase using
Centricon ultrafiltration. The line represents a best fit by nonlinear
least-squares regression based on a single-site model according t
the following equation:B = n[L/(Kp + L¢)], whereB represents

the number of moles of [82P]PRPP bound per mole of OPRTase
dimer,n is the total number of binding sites per dimer, dndnd

Kp are the concentration of free [8P]PRPP and the dissociation
constant for PRPP, respectively. TKg value that generated the
fitted line was 33uM.

Bound (mol orotate/mol dimer)

FIGURE 3: Scatchard plot of!fClorotate binding to OPRTase.
Binding of [1“Clorotate to OPRTase was conducted at pH 8.0 in
the absence of Mgglsing Centricon ultrafiltration. The concentra-
tions of [1“Clorotate and OPRTase employed were-2000uM

and 57#210uM, respectively. The line is a best fit by linear least-
squares regression using a single-site model. Khandn values
were 283uM and 1.77, respectively.
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0.0 , : : : : : Ficure 4: Scatchard plots 0ffP]PR binding to OPRTase. Binding
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FIGURE 2: Binding of “C]JOMP to OPRTase using Centricon
ultrafiltration. The concentrations offCJOMP and OPRTase dimer
used were 1476 and 123 uM, respectively. The curve represents

a best fit by nonlinear least-squares regression based on a single
site model according to the following equatioB: = n[L«/(Kp +

Lf)], whereB represents the number of moles 8JJOMP bound

per mole of OPRTase dimam,is the total number of binding sites
per dimer, and_; andKp are the free OMP concentration and the
dissociation constant for OMP, respectively. Scatchard analysis of
[**C]OMP binding is shown in the inset.

n value of 1.73 were obtained for?P]PR binding to
OPRTase (Figure 4; open symbols). Binding®8P]PR was
significantly altered by the presence of 1.5 mM orotate.
Under these conditions, PBound to a single site per dimer
(n = 1.16) with aKp of 230uM (Figure 4; filled symbols).
The existence of additional sites of high€s could not be
determined.

Phosphoribosyl Group Transfe€hemical quench experi-
ments 84) conducted for the forward reaction showed a rapid
burst of F4CJOMP formation, followed by a slower steady-
state phase. The steady-state rate (3§ decreased after

@) or absence®) of orotate using Centricon ultrafiltration. The
concentrations offfP]PR and OPRTase employed in the absence
of orotate were 1001200uM and 206-275uM, respectively, and

in the presence of 2.5 mM orotate, 298500uM and 192-280

uM, respectively. Use of higheffP]PR concentrations was not
possible due to the formation of MgPR#tecipitates. Both data sets
were fit by linear least-squares regression. In the absence of orotate,
the Kp was 960uM and ann value of 1.73 was extrapolated. In
the presence of 2.5 mM orotate, was 230uM and ann value of

1.16 was extrapolated.

Since the estimation of burst rates20800 s relies heavily

on data obtained from early reaction time—@ ms),
unambiguous determination of burst rates was not possible
from these results. The magnitude of the burst was#1.5
0.1 mol of [*C]JOMP/mol of enzyme dimer. Similar results
were obtained whether PRPP was preincubated with the
enzyme in the first syringe or both substrates were contained
in the second syringe. Analogous experiments using00
PRPP vyielded results that were similar in both the burst size
and burst rate.

In the direction of *CJOMP pyrophosphorolysis, a burst
of [*“C]orotate formation was observed, followed by a steady-
state phase (Figure 5B). The steady-state rate was 20 s

several turnovers, probably due to build up of inhibitory similar to that in spectrophotometric assays at@2Figure
product OMP. The rate of the burst phase was at least as5B shows fits to burst rates of 390 and 600, Hut the data
fast as the resolving time of the instrument (2.5 ms). Figure could be accommodated by higher values. The magnitude
5A shows fits to rate constants of 390 and 600 fer the of the burst was 0.7 0.1 mol of [“C]orotate/mol of enzyme
burst phase, but faster rates could also be accommodateddimer. The values of the burst size for both the forward
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Ficure 6: Plot of the reciprocal of the relative first-order rate
constant K..)o/ (Kea) VErsus relative viscosity/n, for OPRTase in

the @) forward and Q) reverse reaction, using sucrose as a
viscogenic agent. Data from steady-state kinetic experiments were
analyzed by the program HYPERS) to obtain kinetic parameters.
The slope of the linear least-squares line is 0.8 for the forward
reaction @), and 0.3 in the reverse reactio®)( The dashed line
has a slope of 1.

results were identical to those performed using?Mg
containing equilibrium Borotate binding mixture, indicating
o 10w s that or_otate bound to OPRTase in the absence offNig
Time (msec) catalytically competent.
For isotope partitioning of*fCJOMP, variable amounts
Ficure 5. Rate of product formation in the (A) forward phospho-  f PR (100-2000xM) were employed in the chase solution,

ribosyltransferase and (B) reverse pyrophosphorolysis reactlons.and the proportion of bound“C]OMP trapped as“C]-

These rapid chemical quench studies were conducted as describe o :
in the Experimental Procedures. A burst of product formation Orotate under these conditions was analyzed using double-

followed by a steady-state phase was observed in both reactionsyeciprocal plots to determine the maximum amount of
and the burst was faster than the resolving time of the instrument. trapping of E[*C]JOMP, 37%+ 1%. Isotope partitioning
;I;]he data ere fit to lehi (esqgggorlpy;\l(Tlh— g*kobét)t kt(34) L rateSXPeriments with FPIPR showed that 36% of*{P]PR
€ program sigmakrlo , INC). € purst pnase was Tt to rates
calculated to be bound on OPRTase was trapped?®} [

(kobg Of 390 s (solid lines; data from 2 to 5 ms were not included NS . .
in the fit) and 600 st (dashed lines; all data points were utilized). PRPP, indicating that the-ER complex is also catalytically

The magnitude of the bursNf was 1.5 mol of #*CJOMP/mol of competent. The catalytic competence of all fouSEom-
dimer in the forward reaction and 0.7 mol dfCJorotate/mol of  plexes firmly established that OPRTase is kinetically random
dimer in the reverse reaction. The steady-state rat86 and 20 i o1 the forward phosphoribosyltransferase and the reverse

s™%, forward and reverse, respectively), were comparable to the . .
pyrophosphorolysis reactions.

values ofk.,; obtained at 22C from spectrophotometric measure- X ' ; : )
ments (50 and 2473). Experiments for the forward reaction were Viscosity StudiesThe microviscogen sucrose was used

performed in triplicate and for the reverse reaction in duplicate. to vary solvent viscosity. When reaction kinetics were
Error bars represent standard errors. measured under different viscositidgg: for the forward

: . _reaction was directly sensitive to viscosity, with a slope of
phosphoribosyl transfer and the reverse pyrophosphoroly3|sO.8 (Figure 6; filled symbols). In the reverse reactibi,

reactions were used to calculat&g; (Ks, below) of 2 for . .
on-enzyme catalysis. Rates of on-enzyme group transferJaVe @ slope of .0'3 .(F|ggr§ 6; open symbols). These data
chemstry of 260 and 130 5for the forward and reverse §uggest that a dlﬁu§|on-llmlted step contributes tq th‘? rate
chemistry steps, respectively, were calculated (see Disccu-:.n t_he df%rwg_rf? re_act|on, whereas the reverse reaction is less
sion), summing to 39073 for the rate of approach to on- Imited by diffusion.
enzyme equiliprium. N , ) DISCUSSION
Isotope Partitioninglsotope partitioning experiments with
[5-*?P]PRPP showed that 88% g¢f-f?P]PRPP calculated to The key conclusions from our study are that the dimeric
be bound to the enzyme was trapped®#R]PR, when orotate  S. typhimuriumOMP synthase proceeds via a random
and nonradioactive PRPP were added to start the reactionsequential kinetic mechanism in which rapid on-enzyme
When isotope partitioning of orotate was conducted at phosphoribosyl transfer chemistry is followed by a slower
systematically varied PRPP concentratioB6)( the maxi- product release process. Here we present all of the measured
mum amount of bound{C]orotate trapped as produétC]- or calculated rate and equilibrium constants for the kinetic
OMP was 55%+ 4%. These results indicate that both the mechanism which is diagrammed in Scheme 1 and tabulated
E-PRPP and rotate complexes are catalytically competent, in Table 2. Slow product release is shown to be associated
consistent with a random mechanism. Since OPRTase alsowith diffusion-controlled processes, which are investigated
binds orotate in the absence of Mgvith a similar affinity, further in the accompanying pape35.
an isotope partitioning experiment was performed to testthe Random Sequential Mechanisiihe 2.6 and 2.3 A
catalytic competency of metal-freedfotate complex. The  structures of the dimeri&. typhimuriumOMP synthase in

mol {14C]orotate formed / mol dimer
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Table 2: Rate Constants for OPRTase

constant value comments
k1 22x 10°PM st from Kp(PRPP) and-
k-1 71st NMR PRPP titration
ko 45x 10°M1s?t keaf Km(orotate) andfClorotate partitioning studies
K-> 117 st [¥2P]PRPP and‘{C]Jorotate partitioning studies
ks <5 x 1P M~ts?t k/k-3=Kz=3.6 x 10 M1
k-3 <1400 s? klk-3=K3=3.6x 1°M™*
Ka 6x 1PM~ts?t calculated to fulfill thermodynamic requirement
K4 20st? [¥2P]PRPP and‘{C]Jorotate partitioning studies
ks 260 st chemical quench studies
k-s 130 st chemical quench studies
Ke 79st [3?P]PR and 4C]OMP partitioning studies
K-e 7x 1M ts?t calculated to fulfill thermodynamic requirement
ks >200s? see Discussion
k-7 >2x 1M~ ts?t from Kp(PR) andk;
ke 79st [32P]PR and 4C]OMP partitioning studies
kg 22x 10PM st kealKm(PR) and P?P]PR partitioning studies
Ko 40-120s? [**C]OMP partitioning studies
kg 1.3-39x 10'M~1st from Kp(OMP) andkg
Scheme 1 Calculation of Rate Constanté. more complete descrip-

tion of the OPRTase kinetic mechanism is a necessary first
step toward evaluating the kinetic involvement of the
catalytic loop movement during enzymatic turnover as well
as determining the exact origin of catalytic lesions resulting
from any specific amino acid substitutions. Experiments
described here, in conjunction with steady-state measure-
ments and NMR chemical exchange studies detailed in the
accompanying papei3f), have allowed us to dissect out
individual rate constants for a minimal kinetic scheme. The
logic of net rate constants, including the net rate expression
for a branched release pathwag), was employed through-
out the following analysis. Net rate constants relate reversible
rate constants and partition coefficients to simplify math-
ematical consideration of complex kinetic mechanisms.
Following Cleland’s nomenclatur&; is used to denote the
net rate constant for a particular kinetic step. By using

E-PRPP orotate

Ky O Epp
- 1 k
PRPP % k ké/ ! ppi
kq k-z\\ ks kg k_:\(
E

E-PRPP-orotate =—— E.OMP-PPi

E
orotatexk.3 k-%m b kB\\IC'S k~% OMP

k3 k
E-orotate pppp ppi EOMP %9

complex with OMP 20) and PRPPorotate 21), respectively,
display a broad, solvent-exposed active site that is flanked
by two important protruding structures, an N-terminal
B-hairpin structure known as the “hood” and a solvent-
extended loop that appears to be highly flexible. Both active
sites occur on one face of the dimer, with the flexible loops
occupying a medial position at the dimer interface, and the
hood structures lateral to the active sites. In these structures
orotate, or the orotate moiety of OMP, lies under the hood,

w(?ereast tth?h p);lropg?s?hate Cmmgt;; Otf P'tF:\PtE IS b(;)und measuredp andk./Ky values, together with the isotope
adjacent IO eh exibie loop. do][ms en Vé' € rand om partition analysis, we were able to determine the association
sequential mechanism proposed from steady-state and equiz , gissociation rates for two of the four binary complexes
librium isotope exchange@)g One can envision any of the (E-PRPP and EDMP), and the on-rates for the formation
s_ubs_trates or products_l_)mqlmg directly fro_m Sf_""e’_“- The of the two ternary complexes. The relative values of the
pmdlng and isotope partitioning resu_lts d_escr_lbed In th's. study dissociation rates for each of the four ligands from the ternary
firmly support the _random sequential k|net|_c mechanism. complexes were also determined. The minimal values for
A bm_eactant blproduct enzyme following a ran_dom these constants and for the rates of phosphoribosyl transfer
sgquentlal me.cha.nlsm by deﬂmtlon must shpw an .ab'“ty to chemistry were then determined from the known value of
bind ?aCh of its Ilgﬁmds, and ':S ;‘)our [?[olsst_lbltTISEblnaryt tK5 by simultaneous solution of kinetic equations. Finally,
compiexes are each expected to be catalytically competenty, o ;gq of measurd€h andk., values yielded the association

Equilibrium binding experiments clearly indicated that all : L L .
. . and dissociation rates for the remaining two binary com-
four ligands were able to bind the apoenzyme. PRPP andplexes (Eorotate and EPR).

OMP bind tightly (33 and 3.1M; their Ky values are 18 ) T
uM and 3.4uM, respectively), whereas orotate and, PP The dissociation rate constant for PRRR, (71 s), was
binding were each weak (28 and 1 mM; theiry values ~ Measured by PRPP fitration usingl and *P NMR, as
are 19uM and 31 uM, respectively). More conclusive —discussed in detail in the accompanying pag#s).(The
evidence for a functionally random mechanism came from association rate constaki (2.2 x 10° M~ s!) was then
isotope partitioning studies in which trapping of each of the calculated fromKp for PRPP (33uM) and k1. The
four isotopically labeled enzyme-bound ligands was docu- @Ssociation rate constant for orotate binding t®RPP k,
mented, an indication that the four binary complexes (E (45 x 10° M™* s7), was determined from the measured
PRPP, kea/lKu for orotate (2.5x 10° M~1 s7%), and its forward
E-orotate, EOMP, and EPR) are each catalytically produc-  Partition coefficient Re(oroare) = K's/(k's + k-)). Isotope
tive. The partitioning of binary complexes varied with each Partitioning of the E{**Clorotate binary complex allowed
ligand, and allowed us to determine the dissociation rate direct measurement ¢crotare) (0.55) and thusc.

constants of ligands from the ternary complexes as discussed

in detail below. k2 = [kca/ KM(orotate;/ Pc(orota’[e)
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The dissociation rate constants of orotake,f and of
PRPP k-;) from the reactive ternary complex-BERPP
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Finally, the value ok_¢ (7 x 10° M~*s7%), the association
rate constant for OMP binding to-ER, was calculated to

orotate were not directly measured, but their relative ratios balance the equilibrium binding within the closed system
(k=2 : k-4 = 6:1) were determined by relating isotope (steps describing the formation of the@P-PR ternary
partitioning results using preformed binary complexes complex from E, oKeK; = KgKg) according to the following
E-[32P]PRPP Pcrrrry= 0.88) and E“C]lorotate Pcorotate) equation:

= 0.55) according to the following relationships:

Peerery™ Ks/(K's +K_y)

I:)c(orotate): k'5/ (k'5 + k—2)

Kg= [KD(PPi)ka—B]/ [ KD(OMP)kB]

Thus far, we have determined the association and dis-
sociation rate constants for theHRPP and EOMP com-
plexes ki, k-1, k—g, ko) and the on-rates for formation of the
two ternary complexes, ki, ks, k-g). By using the known
value of 2 forKs (ks/k-s), the known partition coefficients
for the four enzymesubstrate binary complexes, and the
From these relative rates, we were able to calculate the valued€lative ratios of the dissociation rate constants from the two
of these dissociation rate constants (see below). ternary complexesk(z/k-s and keks), we obtained the

By using the relationships of rate and dissociation con- mlmmalvalues for the mdmdual dissociation rate constants
stants for the theromodynamic box describing the formation ©f ligands from the reactive ternary complexes(k—s, ke,
of the EPRPPorotate ternary complex from BEK(K, Ks) an_d for the rates of on-enzyme phosphorlb_osyl transfer
KsKa), we calculated the association rate constant of PRPPChemistry ks andk-s) (Table 2) that were consistent with

binding to Eorotate ks (6 x 10° M~1s°1), according to the the kot values. Higher values for these rate constants could
following equation:, ’ also be accommodated by our data. Unambiguous determi-

nation of their absolute values, however, was not possible
Ky = [KD(orotatel(Zk—Zl]/ [ KD(PRPPL‘—Z]

on the basis of our results.
By using the values of 50 and 24dor the forward and
The value ofk, is in good agreement with tHg,/Ky value
for PRPP of 6x 10° M~! s! determined at 30C (Table

reversek.,: in the following equations for a branched release
mechanism36), we calculated the dissociation rate constants
1). for orotate k-3) and PP (k;). From these values and the
Following the logic of Rose30), the dissociation and  measuredp, the association rate constarksgndk_;) were
association rate constants of the binar@&IP complex Ko obtained.
and k_g) were placed within limiting values (40120 st
and 1.3-3.9 x 10° Mt s, respectively) by using the
isotope partitioning approach aik@. To derive the dissocia-
tion and association rate constants of ONPandk_¢) and
PR (ks andk_g) from the reactive ternary product complex
E-OMP-PR, we employed the same strategy as outlined 1/ sorwargy= 1/K's T 1/[(Ks + kg)/(1 + Ke/k; + Kg/ko)]
above for the EPRPPorotate substrate complex. The steady-
state kinetic parametégq/Ky for PR (8.0 x 10° Mt s ™) 1 1 n 1
in conjunction with isotope partitioning of-E?P]PR binary Ky + K )I(L + K_o/k_y + Kk )
complexes Repry = K-s/(K-s + kg) = 0.36) allowed
calculation of an on-ratek(g) of 2.2 x 16 M~* s ! for PR

k—z PC(PRPP(]‘ - Pc(orotate}

k*4 Pc(orotate£1 - Pc(PRPP)

K's = Ks(ks + Kg)/(ks + kg + k_s)
k’,s = k,5(k,2 R DIk, + Kyt ks)

kcat(reverse) K -5

The random sequential mechanism and rate constants of
binding to EOMP. Scheme 1 and Table 2 provide excellent agreement with the
available data, including all equilibrium binding, isotope
K_g = [Keaf KM(PPi)]/ Pc(PE‘) partitioning, chemical quench, and steady-state kinetic studies
(9, 23. Pre-steady-state simulations using Kinsidi7)(
The observation that approximately equal proportions-of E predict burst kinetics for both the forward and reverse
[“C]OMP and E[**P]PR binary complexes (37% and 36%, reactions with burst sizes similar to those observed in
respectively) were successfully trapped as radiolabeledchemical quench experiments. The overall equilibrium
products indicates that the values of dissociation rate ConstantKeq calculated on the basis of the derived rate
constants of OMPK) and PP(ks) from the ternary product  constants in Table 2 is 0.3, which is in good agreement with
complex EOMP-PR are comparablekiks = 1:1), on the  the measuretq value of 0.1 reported by Bhatia et af)(
basis of the following relationship: Values ofKeq for the OPRTase reaction ranging from 0.07
, to 0.7 have been reported (see9gfThe variations of Mg"
Peiomp) = K_o/(K_s+ k) = 0.37 concentrations used in our study may account for the minor
difference inKeq values.

In a random mechanism, two routes are available for
substrate binding and product release in each direction. With
ke/ks = [Pepp)(1 — Peomp)/[Peompf1 — Peep)l OPRTase, PRPP and OMP binding occurs rapidly from

moderate concentrations. In the forward direction, OMP and
This rate relationship was then utilized to obtain the values PR leave the enzyme ternary complex with nearly equal rates,
of the dissociation rate constants (see below). whereas, in the reverse reaction, orotate will dissociate first

Peery = K _of(K 5+ k) = 0.36
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about 85% of the time. For the minor pathway in which dependence of the first-order rate constantin the forward
PRPP dissociates first from the-FRPPorotate ternary phosphoribosyltransferase reactidgy is highly viscosity-
complex, we can only place broad limits on the association dependent (80%), indicating that, at saturating substrate
and dissociation rates for the &otate binary complexk§ concentrations, a diffusion-controlled step is predominantly
and k_s, respectively). One feature of some steady-state rate-limiting. Since product release is slow relative to the
random bireactant mechanisms is nonhyperba([i§] plots chemistry step, the diffusion-controlled process detected by
at intermediate concentrations of the fixed substrad&s ( viscosity is likely to be associated with product release.
However, such behavior is only observed when there is a Experiments for the pyrophosphorolysis reaction show a
kinetically preferred binding route (i.e., the two available more limited viscosity dependence &fs (30%). As the
binding routes differ by more than 10-fold in their rates). chemistry step is not expected to be viscosity-sensitive, the
Such nonhyperbolie/[S] curves have not been reported for diffusion-controlled process is also associated with product
OPRTase, although rigorous analyses have not been conrelease. We have attributed this diffusion-controlled process
ducted to detect this behavior. to the opening of the catalytic flexible loop accompanying
Rapid Phosphoribosyl Transfer Chemistrigapid on- PRPP release and have measured the rates of loop opening/
enzyme phosphoribosyl transfer chemistry with slow product closing using'H and3P NMR spectroscopy36).
release has previously been reported for two nucleotide
synthases, human HGPRTasH))( which like OPRTase

follows Type I PRTase architecture, argl typhimurium Gary Wang was supported through the M.D./Ph.D. pro-
NAPRTase 89), which is likely to be a second example of  gram of Temple University School of Medicine. We thank

a Type Il PRTase?). In HGPRTase, the forward phospho- b pavid Speicher, Wistar Institute, for quantitative amino
ribosyl transfer rate (131°9) is 22-fold more rapid than the  4.iq analysis.
overall rate of forward catalysis (6.0%. The group transfer
rate of at least 5003 in NAPRTase is also far greater than REFERENCES
the forwardk.o (2.3 s'). Rapid chemistry was expected for
OPRTase on the b"’.‘Sis of equilibriun_1 iSOtope e.XChange 2. Eads, J. C., Ozturk, D., Grubmeyer, C., and Sacchettini, J. C.
studies 9). The chemical quench experiments in this study (1997) Structure 5 47—58.
demonstrate that OPRTase undergoes rapid on-enzyme 3. Chu, E., and Takimoto, C. H. (1993) ®ancer: Principles
phosphoribosyl group transfer followed by slow product & Practice of OncologyDeVita, V. T., Jr., Hellman, S., and
release. The burst rates in both the forward phosphoribosyl Egsp?nncboet[gibh?lé dAe'|thl?gSi:))A4th ed, Vol. 1, pp 3@&B5,
transfer and the revgrse_pyrophospho_ronS|s reqctlons Were 4. Suttle, J. P Becroft, D. M. 0., and Webster, D. R. (1989) in
faster than the resolving time of our rapid quench instrument, The Metabolic Basis of Inherited Diseag8criver, C. R.,
and were consistent with a rate of approach to on-enzyme Beaudet, A. L., Sly, W. S., and Valle, D., Eds.) 6th ed., pp
equilibrium of =300 s*. The amplitude of the burst was 1095-1126, McGraw-Hill, New York.
1.5 mol of 4C]JOMP/mol of dimer in the forward direction 5. Simmonds, H. A., Sahota, A. S., and van Acker, K. J. (1989)
and 0.7 mol of }Clorotate/mol of dimer in the reverse, thus ge-gﬂge'\t/'e';abf “%E,as\‘/'\f (g In;1r?5|t\?g”|é)|s§a%rsuv)egthc 'eEf” op
summing to about 2 per dimer. The simplest interpretation 1029-1044. McGraw-Hill, New York. K
consistent with these data is that rapid chemistry allows the 6. Stout, J. T., and Caskey, C. T. (1989)Tine Metabolic Basis
establishment of an equilibrium between the substrate and  of Inherited DiseasgScriver, C. R., Beaudet, A. L., Sly, W.
product ternary complexes. The on-enzyme equilibrilh, ( f{'h a,{l‘g V$!>erl’< D., Eds.) 6th ed., pp 10667028, McGraw-
or Ks, Scheme 1) is 2, favoring the-@MP-PR ternary 7. UIIIr’nanWB. and Cater, D (199%hfect. Agents Dis. 429—
complex over EPRPPorotate. 40. T ' o

Product Inhibition.The association rate constant ofx7 8. Kanaani, J., Maltby, D., Somoza, J. R., and Wang, C. C. (1997)
108 M~t s~ for OMP binding to EPR (k-¢) approaches the Eur. J. Biochem. 244810-817.
diffusion-controlled limit for a bimolecular proces4dj. The 9. Bhatia, M. B., Vinitsky, A., and Grubmeyer, C. (1990)

. . Biochemistry 2910480-10487.

magnitude ok predicts that even small amounts of product Xu, Y., Eads, J. C., Sacchettini, J. C., and Grubmeyer, C.
OMP generated by the forward reaction will be inhibitory. (1997) Biochemistry 363700-3712.
In fact, a pronounced rate decrease is observed early in the 11. Yuan, L., Craig, S. P., lll, McKerrow, J. H., and Wang, C. C.
steady-state phase. A full time course simulation by Kinsim (1992) Biochemistry 31806-810.
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