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ABSTRACT. The catalytically active form of monofunctional yeast orotidiriggbosphate decarboxylase

was a dimer (B). The dimer equilibrium dissociation constant was QuR6in 0.01 M MOPS N4 at pH

7.2. The bimolecular rate constant for dimer formation was L8B! s™1. The dimeric form of the
enzyme was stabilized by NaCl such that the enzyme waa EO0O mM NaCl at all concentrations of
enzyme tested. The kinetics of binding of OMP tpvitas governed by two ionizationsKp= 6.1 and

pK, = 7.7). From studies with substrate analogues, the higkewgs assigned to a group on the enzyme
that interacted with the pyrimidinyl moiety. The value of the low&r ywas dependent on the substrate
analogue, which suggested that it was not exclusively the result of ionization of the phosphoryl moiety.
During the decarboxylation of OMP, the fluorescence egfwas quenched over 20%. The enzymatic
species with reduced fluorescence was a catalytically competent intermediate that had kinetic properties
consistent with it being the initial enzymesubstrate complex. The stoichiometry for binding of OMP to

E., was one OMP per enzyme monomer. The value of the first-order rate constant for conversion of the
enzyme-substrate complex to free enzyme (38)scalculated from a single turnover experiment (f&]

[S]) was slightly greater than the valuelgfy, 20 s (corrected for stoichiometry), calculated from steady-
state data. In the single turnover experiments, the enzyme w&s \Ehereas in the steady-state turnover

the experiment enzyme waseE,. The similarity of these values suggested that the subunits were
catalytically independent such thateE, could be treated aseE and that conversion of the enzyme
substrate complex to E wis.. Kinetic data for the approach to the steady-state with OMP andetd

a bimolecular association rate complex of @82~ s~land a dissociation rate constant faSEof 60 s*.

The commitment to catalysis was 0.25. By monitoring the effect of carbonic anhydrasée pchfishges

during a single turnover experiment, the initial product of the decarboxylation reaction was shown to be
CO, not HCG;~. UMP was released from the enzyme concomitantly with, @@ring the conversion of

EeS to E. Furthermore, the enzyme removed an enzyme equivalent &hh solvent during this step

of the reaction. The bimolecular rate constants for association of 6-AzaUMP and 8-AzaXMP, substrate
analogues with markedly different nucleobases, had association rate constants of 112 akid 180,
respectively. These results suggested that the nucleobase did not contribute significantly to the success of
formation of the initial enzymesubstrate complex.

Orotidine-3-phosphate decarboxylase (EC4.1.1.23,0DCase) Silverman and Groziak have proposed covalent catalysis
is an essential enzyme that catalyzes the conversion of OMPmechanism involving nucleophilic attack at C-5 by an
to UMP (1). The first-order rate constant for decarboxylation enzymatic group with protonation of C-6 prior to decar-
of OMP in the E-FOMP complex is 1.4x 10*-fold faster

i i i i 1 Abbreviations: 6-azaUMP, 6-azauridine monophosphate; 6&NH
tshan IP:] a phySIOIOglcal.bUfLeQD'Jhe egzyme I?{OI?tZd frCirT; (S)UMP, 6-thiocarboxamidouridine’-phosphate; UMP, uridine'b
acc.aromyces cansiac has been emon,s ra}e no _0 phosphate; OMP, orotidine’-phosphate; BMP, 1-(5hosphos-p-
contain a metal cofactoB(4). Steady-state kinetic analysis  ribofuranosyl)barbituric acid; dUMP, deoxyuridineghosphate; FAUMP,
of the enzyme%—8) and studies on the state of aggregation 5-fluorodeoxyuridine 5phosphate; OxypurinolMP, oxypurinol’-5

; phosphate; 8-AzaXMP, 8-azaxanthosirgbosphate; AllopurinolMP,
have been reportedd), However, suggestions as to the allopurinol B-phosphate; ThiopurinolMP, thiopurinol’-phosphate;

mechanism of this extraordinary rate enhancement by opcase, orotidine‘sphosphate decarboxylase without regard to the
ODCase have been based largely on the results from modektate of aggregation of the enzyme; E, monomeric orotidine-5

studies. Beak and Seigel proposed a zwitterion mechanismpPhosphate decarboxylase, Elimeric orotidine-5phosphate decar-

. . R - L boxylase; &S, dimeric orotidine-5phosphate decarboxylase with one
in which a cationic nitrogen at N-1 stabilizes the incipient site occupied by S; £5,, dimeric orotidine-5phosphate decarboxylase

carbanionic intermediate generated at C-6 during the decar-with both sites occupied by i, bimolecular association rate constant
boxylation reaction 10). Lee and Houk have proposed a for enzyme and liganck-,, dissociation rate constant of the enzyme-
carbene mechanism in which protonation of O-4 could ligand complexKg, equilibrium dissociation constant for enzyme and

L . . . - ligand; K, kinetic inhibition constant; I§;, proton ionization constant
stabilize a carbene-like intermediate at C36)( Finally, of ligand or enzyme; Ig;, proton ionization constant of ligand or

enzyme; MOPS, 3N-morpholino)propanesulfonic acid; CHES, I9-(

* To whom correspondence should be addressed. Telephone: (919)cyclohexylamino)ethanesulfonic acid; TRICINE;tris(hydroxymeth-
483-4390. FAX: (919) 483-3895. E-mail: djp39807@glaxowell- yl)glycine; CAPS, 3-(cyclohexylamino)-1-propanesulfonic acid; BCECF,
come.com. 2',7'-bis-(2-carboxyethyl)-5 (and -6)-carboxyfluorescein.
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boxylation (L2). Data on kinetic isotope effect$3—15) and
substrate analogued§ 17) did not support a covalent
catalysis mechanism.

ODCase activity from microbial sources resides in a
monofunctional protein in contrast to the multifunctional
protein from mammalian sourced ). Recently, X-ray
crystallographic structures of ODCase from three microbial
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ature was 25C. Steady-state fluorescence data were col-
lected with a Kontron SFM 25 spectrofluorometer usiag

= 280-305 nm andl.em = 340—350 nm. Fluorescence time
courses presented were representative of at least three experi-
ments. Rapid reactions were monitored with an Applied
Photophysics SX.17MV spectrophotometer SX.17MV (Leath-
erhead, UK). Absorbance data was collected with a slit width

sources have been reported. The structures of the enzymef 2 mm and a path length of 10 mm. Fluorescence data
from S. cereisiae have been solved in the presence and was collected with a slit width of 2 mm, an excitation path

absence of a substrate analogd8)( Using protein from
Bacillus subtilis Appleby et al. 20) proposed an &

length of 2 mm andlex = 280 nm andiey, > 320 nm. Con-

ventional kinetic data were obtained from a UVIKON 860

mechanism in which a lysyl residue of the enzyme near C-6 spectrophotometer. Equations described below were fitted

donates a hydrogen ion concertedly with decarboxylation.
A combination of solvent and substraf€ kinetic isotope
effects onV/K for Escherichia coliODCase suggested that

to the data by nonlinear least squares using SigmaPlot from
Jandel Scientific (Corte Madera, CA). The fits of the param-
eters to the data are reported as the fitted value with the

decarboxylation and proton transfer occur in separate stepsstandard error of the least significant figure in parentheses.

(15). These results were not consistent with th@ Sech-
anism proposed by Appleby et aR(d) but were interpreted
as supporting the carbene mechanism of Lee and Hbi)k (

Preparation of EnzymeThe enzyme was prepared as
described previoush3j. The enzyme was stored atl0 °C
in 50 mM Tris-HCI, 20% glycerol, 5 mM;-mercaptoethanol

However, Appleby et al.20) have suggested that the solvent at pH 7.5. The enzyme buffer was changed to the standard
isotope effect results were not diagnostic and could be buffer by size exclusion chromatography through a 5-mL
explained if a substantial fraction were the result of substrate column of Bio-Rad P-6 resin equilibrated in the standard
binding or a protein conformational change. On the basis of buffer. Enzyme concentrations are expressed in terms of
the crystal structure of the enzyme froB. cereisiae subunit concentration that was calculated from the absor-
complexed with BMP, Miller et al. ¥9) proposed the bance of the enzyme solution at 280 nm angh = 28.8
zwitterionic mechanism of Beak and Siegél0). Finally, mM~! cm™L. Quantitative amino acid analysis gago =
from the crystal structure of the enzyme fraviethanobac- 32.3 (5) mMtcm™ (N = 3).
terium thermoautotrophiciurmomplexed with 6-AzaUMP, Assay of the Enzyme&he concentration of OMP prepared
Wau et al. 1) have proposed that destabilization of ground gravimetrically from commercially available OMP was
state plays a predominate role in the catalytic mechanism.estimated spectrophotometically from the absorbance at 267
Model studies have been reported supporting the destabiliza-nm in 100 mM HCI and the extinction coefficient of orotidine
tion of the ground-state mode22). (9.57 mMt cm2, Calbiochem). The concentration calculated
Despite the elegant studies reported above on the mechfrom spectrophotometric data and that calculated from
anism of decarboxylation of OMP by ODCase from micro- gravimetric data agreed within 5%. The change in extinction
bial sources, a consensus kinetic and chemical mechanisntoefficient for the conversion of OMP to UMP was
is lacking. However, the data presently available favor an determined from the absorbance change of a solution of OMP
electrostatic mechanism over a covalent mechanism. Becausefter decarboxylation with enzyme. The maximal absorbance
of the many mechanistic questions remaining unanswered,change was at 279 nm. The value Aky;9 from four
we initiated a detailed study of the steady-state and pre-independent determinations was Z4.2 mM-*cm. The
steady-state kinetics for the interaction of hecereisiae standard assay monitored the decarboxylation @fl@MP
enzyme with OMP and substrate analogues to address thén the standard buffer. The reaction was initiated by 100-
following points of the kinetic mechanism of this enzyme: fold dilution of stock enzyme solution~5 xM) prepared in
(i) the relative catalytic activities of the monomeric and the standard buffer. The turnover number of the enzyme was
dimeric forms of the enzyme, (ii) the interaction between typically between 14 and 185
the subunits in the dimeric enzyme, (iii) whether £ar Determination of Kinetic Parameters for Substrate-
HCGO;™ is released from the enzyme, (iv) at what stages of Induced Dimerization of E.Selected concentrations of
the catalytic cycle H is removed from solvent and when enzyme were equilibrated in the standard buffer or standard
CO, and UMP are released from the enzyme, and (v) buffer in the absence of NaCl for 3®0 s prior to initiation
interpretation of the pH rate profile for the bimolecular of the reaction with OMP. The decarboxylation of OMP was
association rate constants for substrate and substrate ananonitored spectrophotometrically at 279 nm. For long time
logues. courses ¥40 s), the UVIKON 860 spectrophotometer was
EXPERIMENTAL PROCEDURES used to monitor product, whereas for short time courses in

which initial velocities were determined, the stopped-flow

Materials.MOPS, OMP, UMP, 6-AzaUMP R-5-P, XMP,  spectrophotometer was used to monitor product. In the former
dUMP, FdUMP, MOPS, MES, CHES, sodium acetate, experiments, the concentration of enzyme in the decarboxy-
TRICINE, CAPS, and carbonic anhydrase were from Sigma- lation reaction was equal to the concentration of enzyme in
Aldrich (St. Louis, MO). BCECF was from Molecular Probes the preequilibration mixture. In the latter experiment, the
(Eugene, OR). 8-AzaXMP, AllopurinolMP, ThiopurinoIMP,  concentration of enzyme in the decarboxylation reaction was
and OxypurinoIMP were from the Burroughs Wellcome half of that in the preequilibration mixture becaused. to
compound collection.

1 dilution that occurred upon mixing substrate with enzyme.
General MethodsThe standard buffer was 0.01 M MOPS

These data were analyzed according to the simplified
(Na') with 200 mM NacCl at pH 7.2. The standard temper- dimerization model described by Scheme 1.
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Scheme 1: Simplified Model for Dimerization of E to the Pt)=P,(1— e—vmt/Km) (3c)
Catalytically Active Form (k) in the Presence of Substrate °

P To eliminate problems of time-dependent oligomerization,
the standard buffer was used for these experiments. These
data were collected with the stopped-flow spectrophotometer

k
E=—=E, =—E,S, ea and were analyzed with the first-order fitting routine included
i with the instrument. The fit range was decreased until a
S constant value fok.psWas obtained. Values fd¢, andkead

Km were calculated by dividing the values fuf, and V,/
Km by [Ef] respectively K, values were calculated from the
ratio of keat t0 keaf K. FOr these experiments, the concentra-

that only E and S, were present at significant concentration 10N of enzyme was always such thatrJ2 was less that

during the experiment so that does not contribute to the ~ 20% of the measurel, value.
kinetic process after addition of substrate. Evidence is PH Dependence ofckfKm, ke OF k. Values ofkealKm,

presented in Results that only, Bbinds substrate. The Keas @nd the bimolecular association rate constakil df

expression for the time course for decarboxylation of OMp Sélected inhibitors were measured as a function of pH. The
by a solution of enzyme that was initially monomeric is €nzyme (0.5¢M) in 0.5 mM MOPS-N&, 100 mM NaCl, at

described by eq 1 where {Eis the total subunit concentra- PH 7.2 was loaded into one syringe of the stopped-flow
tion. Derivation of this equation involved a double integra- spectrophotometer, whereas the other syringe conta!ned 0.05
tion. The expression for the time course for formation of M buffer and 100 mM NaCl at the selected pH with the

E,»S; from E was determined by integration of the differential S€lected ligand. The buffers were acetate (pt®), MES

equation describing the disappearance of-&(E]?) and  (PH 5.5-6), MOPS (pH 6.57.5), Tricine (pH 8.6-8.5),
the conservation of £ Integration of the expression for the CHES (PH 9.05), and CAPS (pH 9:30.5). The bell shaped

; ; dependencies ok../Km on pH were described by two
rate of product formationk{,{E.S;]) yielded eq 1.
P KalE2S2]) a ionizing residues (Scheme 2). For brevity, this scheme

Kot assumes that both ionizations were associated with the
[UMP(t)] = K {E+]t — % In(ktE; + 1) (D) enzyme. However, analogous equations were applicable if
f one ionization is associated with the enzyme and the other
o . ionization is associated with the substrate. Equation 4
The dependence of the initial velocity of OMP decar- gescribed the pH rate profilé({H*]) for this kinetic scheme

boxylation on [E] is given by eq 2. The derivation of this  \yherek is KeadKm, keas OF ki for ligand binding. Values for
equation is analogous to that described by Gittelman and

For derivation of equations describing this model, the
substrate concentration was much greater tharKghsuch

Matthews @3). In these experiments, {Eis the subunit K(H']) = +k (4)
kcat 2 2 1+ M + K2
Vo= g [ + K) —([E] + K~ 1617 (2 T

concentration in the stopped-flow spectrophotometer prior Keatandkea/Km Were determined as described above. Values
to dilution by one to one mixing. for ki were calculated from data from the stopped-flow
Determination of Values for and k./K.. Because the  spectrophotometer that monitored the time courses of
Kn value of yeast ODCase for OMP is approximatety2l ~ duenching of intrinsic protein fluorescencky(= 280 nm
uM (3, 5, 9) and the maximal value of the change in and iem > 320 nm) upon binding of the ligand to.E
extinction coefficient for decarboxylation of OMP is only ~Typically, the pseudo first-order rate constak{,d was
2.4 mMt cm, it is difficult to measure the steady-state determined at a single concentration of ligane-{® uM).
kinetic parameters for decarboxylation of OMP by this The value ok; was calculated by dividingesby the ligand
enzyme spectrophotometrically using initial velocity data. concentration.
Consequently, analysis of the complete product curve was Titration of E with OMP. The intrinsic protein fluores-
used herein to estimate the steady-state kinetic parameters¢ence of B was quenched transiently upon mixing enzyme
This method was usable because the product UMP is anWith OMP. This fluorescence Change was used to monitor
ineffective inhibitor of the decarboxylation reactiol; (> the binding of & to OMP. The stoichiometry for binding of
200uM, Table 1). In these experiments, the initial concen- OMP to E was determined by titrating .Ewith OMP.
tration of OMP was typically between 20 and 4M to Because th&,, of E; for OMP was significantly smaller in

obtain a good estimate &f,. The end of the product curve the absence of NaCl than in its presence and the goal of
was analyzed as a first-order process witk,@ value that these experiments was to estimate the stoichiometry of OMP

was approximately equal t6./K, (eq 3). binding to B, the titration experiment was performed in the
absence of added NaCl. The fluorescence change upon
ds(t) V,[S(1)] mixing 8.9 uM enzyme with an equal volume of selected
=- = (39) concentrations of OMP was monitored with the stopped-flow

dt [SOT+ Ky, spectrophotometer withex = 280 nm andiem > 320 nm.

Vv, These data were analyzed for the case ioidependent tight
v= —K—[S(t)] for K., > [S] (3b) binding sites per monomeric enzyme (eq 5) wherenias
m the concentration of enzyme expressed as monomeKand
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Table 1: Parameters for Interaction of Selected Ligands witin Ehe Presence of 100 mM N&Cl

ligand Ki, uM ky, uM~1st kg, st Ka, uMP pK
OMP na 62 (8) 60 (2) 1.0(3) 6.38 B)
BMP nd 100 (2) nd nd nd
6-NH.C(S)UMP nd 7.9(2) 0.00417 (3) 0.00052 (2) 8.7 (1)
6-AzaUMP 0.093 (3) 112 (5) 2.79 (4) 0.025 (1) 6.77 (8)
OxypurinolMP 0.052 (5) nd nd nd 5.27 (6)
8-AzaXMP 0.12 (1) 130 (4) 11.7 (8) 0.09 (3) 4.5 (1)
AllopurinolMP 4.0 (4) nd nd nd 8.93 (2)
ThiopurinolMP 2.5(3) 24 (1) 30 (1) 1.2(4) 7.66 (8)
XMP 24 (8) nd nd nd 5.33 (4)
UMP 410 (5) nd nd 210 (2) 9.7 (1) 6.26 (4
dump nd nd nd 170 (2) nd
FdUMP nd nd nd 250 (2) 7.90 (9)
R-5-P 500 (1) nd nd 290 (2) 6.25 (5%

aK;, ki, ko1, and (K values were determined as described in Experimental ProceddresKq value was calculated from the ratio of the values
for k-1 andk;. ¢ pK of phosphoryl group? Calculated from data monitoring quenching of intrinsic protein fluorescence.

Scheme 2: Kinetically Important Protonation States ¢f E andlem >520 nm. Enzyme (2aM) in 0.5 MM MOPS N4,

K, K, 100 mM NacCl at pH 7.2 was mixed with an equal volume
E; + H* === E,H + H*=—= EH,* of 20uM OMP in the stopped-flow spectrophotometer. The
s observed fluorescence changes were related to the change
l of [H*] by independent experiments in which x& HCI

was added to the enzyme solution containing BCECF. The
Scheme 3: Simple Kinetic Scheme for Decarboxylation of ~ contribution of CQ to the observed pH changes was

Orotidylate by E Assuming the Subunits of &re estimated by performing the reaction in the absence and
Catalytically Independent presence of 2.aM carbonic anhydrase. A double exponen-

P tial function (eq 7) or a single-exponential functiohH, =

fi\ 0) in eq 7 were fitted to the respective time courses.
k1

*SEOBS AF(t) = AF,e '+ AF,e ¥ + F_ )
was theKy, of enzyme for OMP. The derivation of this  petermination of the Value of kfor Dissociation of Bsl».
expression is analogous to that described by Setfl ( The first-order rate constant describing the dissociation of

1 Ezel, was determined in a competition experiment. BMP is
AF([OMP]) = Al:m(ﬁ)[(nET + K+ [OMP]) — a high affinity inhibitor of E that we found did not quench

T the intrinsic protein fluorescence of E significantly3%),

((nE; + K+ [OMP])? — 4nET[OMP])°"r] (5) whereas the fluorescence of the protein was quenched sig-
nificantly by 6-AzaUMP, 6-NHC(S)UMP, and Thiopu-
Determination of Pre-Steady-State Parameters from Moni- rinoIMP. Thus, addition of excess BMP to preformed com-
toring Changes in Intrinsic Protein Fluorescence upon plexes of E with these inhibitors<(L xM) would result in a
Formation of BeS; or Ezel,. The intrinsic protein fluores-  first-order increase of the intrinsic protein fluorescenee £
cence of enzyme (0-210 uM) in the standard buffer was  to that of BBMP. Demonstration that the observed rate con-
guenched upon formation ofx&,. As OMP was decar-  stant was independent of BMP concentration used in the trap-
boxylated the intrinsic fluorescence returned to that of resting ping experiments confirmed that the observed rate constant
enzyme. These changes were monitored with the stoppedwas for the dissociation of &, A single-exponential
flow spectrophotometer withex = 280 nm andlem > 320 function was fitted to these data (eq 7 witi-, = 0).
nm. The approach to the steady-state upon mixing S with  Determination of pK Values of Substrate Analoguise
E2 was analyzed by the simple mechanism of Scheme 3. Theligands selected for these studies has @ssociated with
approach to the steady-state was described by a pseudo firstthe 5-phosphoribosyl moiety and the nucleobase moiety.
order process rate constar,f). kops Was related to the  Titration of the phosphoryl group was monitored potentio-
kinetic parameters of Scheme 3 by eq 6. From the slope of metrically. OMP, R-5-P, and UMP were titrated with HCI
by this technique. The ligand-Q0 mg of the N4 salt) was
Kobs = Kal ST+ kg + Kooy (6) dissolved in 7 mL of 100 mM NacCl. The pH of the solution
was recorded between additions ofiol of HCI at room
temperature+24 °C). Equation 8 was fitted to the titration
data whereA was the micromoles of HCI required for
titration of the groupA([H *]) was the number of micromoles
of HCI required for this [H], K was the dissociation constant
of the group being titrated, and was zero.

the plot ofkyps versus [S] the value of; and the value of
the sum ofk_; and k., were estimated. The value &f;
was estimated from the value f&: and the value for the
sum of ke and k.

Changes in [H] during the Decarboxylation of OMP by
E; in a Single Turneer ExperimentSmall changes in the
pH of a weakly buffering solution (0.5 mM MOPS Nal00 A[H+]
mM NaCl at pH 7.2) were monitored by the fluorescence A(HT]) =

— 8)
changes in 0.1@M BCECF (K = 7). With ex = 500 nm (H] + K)
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The nucleobase moieties of the substrate analogues were T T ¥ T

titrated spectrophotometrically. The wavelengths used for
monitoring these titrations were 235 nm for 6-pG4S)UMP,
243 nm for 6-AzaUMP, 280 nm for 8-AzaXMP, 271 nm
for OxypurinolMP, 321 nm for ThiopurinolMP, 271 nm for
AllopurinolMP, 281 nm for XMP, 229 nm for FAUMP, and
261 nm for UMP. The absorbsance of200uM solution
of these analogues was measured at@5n the same pH
buffers used for the determination of the pH dependence of
keaKm. Equation 8 was fitted to these data wheé@H™])
was the absorbance atTH A was the maximal absorbance
changeK was the dissociation constant of the group on the
nucleobase, an@ was the absorbance for {H= 0.
Determination of the Kinetic Parameters for Interaction
of 8-AxaXMP with & In contrast to the other substrate
analogues of OMP investigated herein, 8-AxaXMP was
highly fluorescent Zex = 285 nm, Aem > 320 nm). The
fluorescence of 8-AzaXMP was enhanced upon binding to
E.. Consequently, the change in fluorescence upon binding
8-AzaXMP to the enzyme was a combination of the
guenching of intrinsic protein fluorescence and the increase
in the fluorescence of 8-AzaXMP. Consequently, experi-
ments monitoring the binding of 8-AzaXMP to the enzyme
were limited to conditions in which the enzyme concentration
(~5 uM) was greater than the concentration of 8-AzaXMP.

Under these conditions, the pseudo first-order rate constant

for the reaction of 8-AxaXMP with enzyme describe a
reaction that was first-order in 8-AxaxXMP.

Determination of KValues of & for Selected Substrate
AnaloguesThe K| values for selected substrate analogues
were estimated from the effect that the selected analogu
had on theK, of E; for OMP. The dependence of the
apparentK,, on the concentration of analogue ([l]) was

Porter and Short
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=
= 100 | -
o
= - |
2
50 |- 19.4 nM E(wt) _|
0 1 1
0 200 400
Time, s
! ! T T T T T
1or B 0.1MNaCl 1 M NacI
K 0 M NaCl )
55
) H S .
Y 0
= 0 M Nac! -
B
>
10 -
04 1 1

[EWt]pm: 1M

Ficure 1: Substrate-dependent activation of diluted ODCase. Panel
A, E (5.2uM) was prepared in 0.01 M MOPS-Na100 mM NacCl
at pH 7.2 and room temperature. The enzyme was diluted 100- or

€250-fold into 0.01 M MOPS-Naand 0.21 mg/mL bovine serum

at pH 7.2 and 25C to give final enzyme concentrations of 50.5
and 19.4 nM. The reaction was initiated 45 s after dilution with

described by eq 9. Several analogues were tested at multiplel60#M OMP. Equation 1 was fitted to these time courses to give

K& = K

m

m(l + 9)
concentrations to confirm the relation of eq 9, which
indicated analogues were competitive inhibitors. Most ana-
logues were tested at a single concentration.
Determination of the Bimolecular Association Rate Con-
stant for Association of Ewith BMP. The formation of
E-»BMP, was not associated with a significant change in
the intrinsic protein fluorescence. Consequently, a competi-
tive method was used to estimate the bimolecular rate
constant for association of,Eand BMP. Formation of
E.e6-NH,C(S)UMP, was associated with a large change in
the intrinsic protein fluorescence that could be monitored
spectrofluorometrically. Thus, the pseudo first-order rate
constant for binding of Eto 6-NH,C(S)UMP was deter-
mined as a function of BMP concentration. The amplitude

g
K.

keat= 11.26 (5) st andk = 1.56 (4)uM~t s, If the enzyme was
diluted into 140 nM 6-azaUMPK; = 25 nM (Table 1)] prior to
addition of OMP (leftmost tracing), the rate of UMP formation was
constant over the observation interval. Panel B, effect of enzyme
concentration on the initial velocity of OMP decarboxylation in
the presence and absence of 100 mM NaCl. Enzyme at the indicated
concentrations (before mixing) was equilibrated in the stopped-
flow spectrofluorometer for 2 min in 0.01 M MOPS-Navith or
without 100 mM NacCl. The equilibrated enzyme solution was mixed
with an equal volume of 92M OMP. The value of the initial
velocity was assumed to be proportional to the active dimer
concentration immediately after mixing equilibrated ODCase with
OMP (main figure). Equation 2 was fitted to these data to give

= 14.9 (2) st andK = 0.25 (5)uM.

RESULTS

Ligand Induced Enzyme Dimerizatiorhe initial velocity
of OMP decarboxylation in 0.01 M MOPS pH 7.2 was highly
dependent on whether the reaction was initiated with OMP
or with enzyme. For example, if the reaction was initiated

of the reaction decreased as the concentration of BMP wasby the addition of 50.5 nM enzyme from au®/ stock solu-

increased at a fixed concentration of 6-p{S)UMP. This
was consistent with the two ligands competing for the same

tion into 160uM OMP, the time course of product formation
was linear. In contrast, if 19.4 or 50.5 nM enzyme were

site. The dependence of the pseudo first-order rate constanequilibrated for 60 s in this buffer prior to addition of OMP,
(kobg for the fluorescence decrease on the concentration ofthe velocity of the reaction increased from a value that was

BMP was given by eq 10 whelg was the value okgpsin
the absence of added OMP alkd was the bimolecular
association rate constant of BEnd OMP.

Kops = Ki[BMP] + kg (10)

essentially zero to that observed for a reaction initiated with
enzyme (Figure 1A). The magnitude of the lag in UMP for-
mation was dependent on the length of time that enzyme
was preincubated in buffer prior to addition of OMP. Prein-
cubation of enzyme fo5 s prior to addition of substrate
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resulted in an insignificant lag in UMP formation, whereas A pivotal assumption for the derivations of eqs 1 and 2
30 and 120 s preincubations yielded significant lags of was that the affinity of monomeric enzyme for OMP was
comparable amplitudes. Bovine serum albumin at 0.21 mg/ much less than that of dimeric enzyme. In agreement with
mL, which was included to minimize absorption of the this assumption was the observation that 6,8(5)UMP,
enzyme to the cuvette, did not affect the time course of UMP a potent inhibitor of the enzym@&%), rapidly quenched the
formation. These data demonstrated that substrate inducedntrinsic protein fluorescence~60%) at high enzyme

an oligomerization of the enzyme from an inactive to an concentration but only slowly quenched the protein fluores-
active form as described by Scheme 1. This mechanismcence at low enzyme concentration. Furthermore, 6@4H
assumed that (i) monomeric enzyme did not bind substrate,(S)UMP rapidly quenched the fluorescence of 0,29

(i) the dimeric form of the enzyme was the catalytically enzyme in a monophasic reaction in the presence of 100 mM
active species, and (iii) the concentration of fregvias NaCl (conditions for which the enzyme was essentially a
insignificant at the substrate concentration used for thesedimer). This reaction was biphasic in the absence of NaCl
experiments, i.e., [OMP} K., such that dimer formation  (conditions for which the enzyme was a mixture of monomer
is functionally irreversible. Equation 1 describes the time- and dimer). In the latter reaction, the early phase was
dependent decarboxylation of OMP by enzyme that was assigned to dimeric enzyme binding inhibitor, whereas the
initially in the monomeric state. Because the concentration late phase was assigned to monomeric enzyme dimerizing

of E; was assumed to be very small ([OMB} Kp,
assumption 3), eq 1 does not include a contribution fkpm
Equation 1 withkeae= 11.26 (5) s* andks = 1.56 (4)uM~*

s taccurately described the time course for decarboxylation
of OMP at the two enzyme concentrations tested. This
finding indicated that the enzyme dimer, not a higher order
oligomer, was the catalytically active species.

If 50.5 nM enzyme was pre-equilibrated for 45 s in buffer
containing 100 mM NacCl prior to addition of OMP, the time
course for UMP formation was linear. Furthermore, if 50.5
nM enzyme was pre-equilibrated for 45 s in buffer containing

prior to inhibitor binding. An equation analogous to eq 2
was derived to describe the concentration dependence of the
amplitude of the early phase (dimer concentration) on total
enzyme concentration. The value of the dimerization constant
estimated from these data was 0.23y(l). The time course

of the late phase of the quenching reaction was similar to
that for the onset of catalytic activity (Figure 1A). The value
of the forward rate constant for dimerizatiotk)( was
estimated from the late phase of the inhibitor binding reaction
to be 2.0 (5uM~1 sL. These values fdk andK estimated
from data monitoring the binding of 6-NE(S)UMP to

140 nM 6-AzaUMP, a potent competitive inhibitor of the enzyme were similar to those estimated from initial velocity
decarboxylation reaction with I§; = 25 nM (Table 1), the  data and time course of OMP decarboxylation data described
time course for UMP formation was also linear (Figure 1). above. Because 6-NH2C(S)UMP did not quench the fluo-
These results suggested that NaCl and 6-AzaUMP stabilizerescence of monomeric enzyme significantly, the monomeric
the catalytically active dimeric enzyme. enzyme probably did not bind the ligand. Attempts to
An estimate for the value of the bimolecular rate constant measure subunit dimerization directly by monitoring changes
for association of EK) was made from the above results. in protein fluorescence were unsuccessful.
The system would be completely described with an estima- To avoid problems introduced by the time-dependent
tion of either a value for the first-order rate constant dimerization of the enzyme, all subsequent experiments were
describing the dissociation of;r a value for the overall — performed in the presence of 100 mM NaCl. Under these
equilibrium constant for dimer dissociatiol); An estimate conditions, the enzyme was essentially in the dimeric form.
of the dimer dissociation constant was made from the Steady-State Kinetic Parameters for Decarboxylation of
concentration dependence of & total enzyme concentra- OMP. The values ok and Ky, were determined from the
tion. The concentration of fin these mixtures was calculated complete time course for decarboxylation of OMP (Figure
from the initial velocity of OMP decarboxylation. Because 2A). Values forV,, and Vi/k.a: Were calculated from the
dimerization was rapid, initial velocity data were collected initial and final phases of the reaction, respectively. Kae
with the stopped-flow spectrophotometer (Figure 1B, inset). andK, values for OMP were 14.1 (1y5and 1.65 (6uM,
Solutions of selected concentration of enzyme were pre- respectively. Values for these parameters from independent
equilibrated for 120 s prior to mixing with an equal volume experiments ranged between 13 and 16 fr k. and
of 92 uM OMP. The buffer was 0.01 M MOPS-NapH between 1.5 and ZM for K. The value of thé,, for the
7.2, in the presence or absence of 100 mM NaCl. In the reaction was very dependent on the NaCl concentration. With
presence of 100 mM NacCl, the velocity of UMP formation NaCl concentrations of 0.05, 0.1, 0.2, and 0.3 M, K
was linearly dependent on enzyme concentration. However,values were 0.53, 1.6, 5.0, and 1@/, respectively. NaCl
the initial velocity for decarboxylation of OMP by 0.32v did not affect the value o Significantly.
enzyme increased 3-fold as the concentration of NaCl was The pH dependence &f./Kn, (Figure 2B) was bell-shaped,
increased from 0 to 150 mM. The concentration of NaCl which indicated two ionizations in free enzyme or substrate
that gave 50% of the maximal effect was 6 mM. In the that were important for binding. Equation 4 was fitted to
absence of NaCl, the initial velocity of OMP decarboxylation these data to givekpvalues of 6.1 (1) and 7.7 (1). The pH
was nonlinearly dependent on enzyme concentration (Figureindependent value dé../Kn was 11 (1)uM~1 s The pH
1B). Equation 2, derived for the mechanism of Scheme 1, dependence d{,:was also bell-shaped (Figure 2B). Equation
describes the dependence of the initial velocity of OMP 4 was fitted to these data to giv&alues of 4.66 (8) and
decarboxylation on the concentration of enzyme. The fit of 8.84 (8) with a pH independent value flog; of 14.4 (4) s,
eq 2 to the data of Figure 1B yieldedka; = 14.9 (2) st Pre-Steady-State Kinetic Analysis of the Interaction of
and aK = 0.25 (5)uM. The value ofk, in Scheme 1 was  OMP with E. Catalytically active enzyme was a dimer)E
calculated from the values &f andk; to be 0.16 s To demonstrate that both active sites efdtinultaneously
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Ficure 2: Kinetic parameters for the decarboxylation of OMP by
E,. The decarboxylation of 1&@M OMP by 0.6 uM E; in the
presence of 100 mM NaCl was monitored spectrophotometrically.
Panel A, the maximal velocityM,) was calculated from the data
of the main figure to be 8.46 (2)M s™*. The value oiV/Ky, was
calculated to be 5.1 (2) % from the time dependence of the end of
the reaction (formation of1 uM product) as described by eq 3c
(inset). Panel B, pH dependencekgf andk../Km. The concentra-
tion of E; was 0.5uM and the initial concentration of OMP was
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Ficure 3: Quenching of intrinsic protein fluorescence of &y

OMP. Panel A, titration of intrinsic protein fluorescence by OMP.
The fluorescence of the E (M) is rapidly quenched (not time-
resolved in this experiment) upon mixing with 4M OMP in the
standard buffer (inset). After depletion of OMP the fluorescence
returns to that of untreated E. The amplitude of the fluorescence
change AFagp-320 With 4.45 uM E, was determined in two
independent experiments (open triangles and closed squares) as a

20 uM. The time course data was analyzed as described in panelfunction of OMP concentration in 0.01 M MOPS pH 7.2. These

A. Equation 4 was fitted to thk.,/K, data to give g; = 6.1 (1),
pK, = 7.7 (1), and a pH-independent value lQf/K,, = 8.0 (8)
uM~t s71 Equation 4 was fitted to th&, data to give ; =
4.66 (8), K, = 8.84 (8), and a pH-independent valuelgf; =
14.4 (4) st.

bound substrate (i.e., the enzyme did not exhibit half-site
reactivity), the stoichiometry between substrate apav&s
determined by monitoring the large changes in the intrinsic
protein fluorescence occurring during the decarboxylation
of OMP by E (Figure 3A, inset). The fluorescence of E

data were fitted to eq 5 to give = 0.85 (7),AF., = —0.75 (3),
and K = 0.2(2) uM. Panel B, dependence of the rate constant
describing the approach to the steady-state on the concentration of
OMP. The approach to the steady-state upon reactingu/Mig,
with 4.7 uM OMP (inset) is a first-order process described by a
pseudo first-order rate constant of 410 (1}.sThe dependence of
the value of this rate constant on OMP concentration (main figure)
was 1deslcribed by eq 6 with, + ko = 70 (2) st andk; = 62 (7)

M~1 s

fitted to these data to give a value forof 0.85 (7), where
nwas the number of OMP binding sites per monomer. Thus,

was rapidly quenched to a steady-state level upon additionthe stoichiometry for binding of OMP toREvas one substrate

of 40 uM OMP to 10uM E; (not time-resolved in the inset

per monomer enzyme. The stoichiometry for binding of

to Figure 3A). The fluorescence of the enzyme returned to 6-NH,C(S)UMP to the enzyme was found to be 0.85 per
that of resting enzyme upon substrate depletion. This changeenzyme monomer. Thus, each subunit of the dimeric enzyme
in enzyme fluorescence was titrated with OMP in the absence simultaneously bound ligand with comparable affinities.

of NaCl (Figure 3A, main figure). These conditions were

The reaction of E with OMP to yield the enzyme

chosen to obtain a robust estimate for the stoichiometry of substrate complex with reduced intrinsic protein fluorescence

E. for OMP; an estimate from this experiment of the affinity
for the enzyme for OMP was of secondary importance.

(time-resolved in inset to Figure 3B) was a first-order
process. Even though the time-resolved portion of the

Decreasing the NaCl concentration from the concentration reaction did not deviate significantly from a first-order

in the standard buffer (100 mM to 0 M) decreasedKheof
the enzyme for OMP from a value of 1:6M to less than
0.1 uM. The enzyme concentration (4.48M) was suf-

process, over 50% of the fluorescence change was completed
within the dead time (1.8 ms) of the stopped-flow spectro-
photometer. Nonetheless, the extent of the missed reaction

ficiently high in these experiments that NaCl could be was consistent with the value of the observed pseudo first-
eliminated from the buffer without increasing the concentra- order rate constant describing the time-resolved portion of
tion of monomeric enzyme significantly. Equation 5 was the reaction and the dead-time of the instrument. These
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e . . FiIcure 5: Correlation of UMP formation with changes in intrinsic
Ficure 4: Single turnover of E with OMP. The reaction of 6.8 htein fluorescence during the decarboxylation of OMP by E
#M E with 0.54M OMP was monitored by the changes in intrinsic - Thg reaction of 1M E with 40 «M OMP in the standard buffer
ggﬁg;qglug:est%egﬁ/%qu—uazt;(())n(I)WsalS IIIttEdB?éh(%es(ljaiaFm@h was monitored by the absorbance changes associated with UMP

a2 1 K2 90 AL formation and by the changes in intrinsic protein fluorescence
0.205 (4), andAF., = —0.0057 (4). (Fons >320)_@279) y g P

results were consistent with, Einctioning as a single species  cance to resting enzyme. Consequently, the simple kinetic
in its reaction with OMP, i.e., the two substrate binding sites yechanism of Scheme 3 adequately describes the OMP
on B were functioning independently. The pseudo first-order decarboxylation by E

rate constants describing the approach to the steady-state Changes in [H] during Decarboxylation of OMP in a
were linearly dependent on OMP concentration (Figure 3B, gingle Turneer Experiment. The previous experiment
main tracing). These results were described by the mecha-gentified UMP formation as occurring during the conversion
nism of Scheme 3 in which &5 was the single time-  of the enzymatic species with reduced fluorescence to the
resolva_ble intermediate on the catalyyc pathway for decar- species with the fluorescence of resting enzyme. The
boxylation of OMP. Equation 6 was fitted to these data 0 chemical nature and the order of release of the other reaction
give ky = 62 (8) uM~* s~ and the sum ok-; and ket = product from the enzyme were determined by monitoring
70(2) s*. The value ofk_; was calculated to be 60 (2)s  pH changes during decarboxylation and by monitoring the
from this latter value and the value @& (15 s). The  effects of carbonic anhydrase on these pH changes. The pH
commitment to catalysiskf/ (k-1)] was calculated to be  changes were monitored with a fluorescent pH indicator

0.25. (BCECF) in a weakly buffered solution (0.5 mM MOPSNa
Because an enzymatic species with reduced fluorescenceyith 100 mM NaCl at pH 7.2). The fluorescence change
accumulated during OMP decarboxylation by, Ehe rate-  was related to a change in fHas described in Experimental

limiting step of the reaction must occur after formation of Procedures. The reaction of 12¢M E; with 10 uM OMP
this species. To estimate the rate of conversion of this speciesesulted in the transient consumption of 10.6 (dyl
to the subsequent fluorescence species, a single turnovehydrogen ions described by a first-order rate constant with
experiment was performed with {E> [S]. Changes in 3 value of 21.3 (5) & (Figure 6A). The consumption of
intrinsic protein fluorescence were monitored during the hydrogen ions was correlated with the conversion of the
reaction of 0.5¢M OMP with 6.8uM enzyme in the standard  enzyme species with reduced fluorescence to that with the
buffer (Figure 4). Most of the early phase of the reaction fluorescence of resting enzyme [27 (2)%sFigure 6A
corresponding to formation of the ES complex was not (inset)]. The pH of the reaction mixture returned to the
observed with the stopped-flow spectrophotometer. The starting value in a process described by a first-order rate
disappearance of the species with reduced fluorescence wagonstant with a value of 0.0375 (5)'s(Figure 6B).
described by a first-order rate constant with a value of 36.4  |f these measurements were repeated in the presence of
(7) s If the conversion of the species with reduced 2.5,M carbonic anhydrase, the associated changes i [H
fluorescence to the fluorescence species was the ratewere greatly reduced. Similar results were observed with 1.0
determining step, the value measured in the single turnover,M carbonic anhydrase. These results demonstrated that a
experiment should approximate the valuekgf This value  proton was consumed with the release of,Q@iDring the
was similar to that measured flg (15 s™2). conversion of the enzyme species with reduced fluorescence
If conversion of a species with fluorescence similar to that to the species with the fluorescence of resting enzyme. The
of resting enzyme occurred in the rate-determining step, anfinding that the pH changes were not completely abrogated
overshoot in the concentration of enzyme with reduced by the inclusion of carbonic anhydrase suggested that a
fluorescence should occur. Clearly from the data of Figure fraction of the proton uptake was associated with changes
5 there was no detectable overshoot in the concentration ofin the protonation of the enzyme in the enzynseibstrate
the species with reduced fluorescence. These results sugeomplex versus that in free enzyme.
gested that no enzymatic species with the fluorescence of Ligand Binding to k. The binding of selected substrate
resting enzyme accumulated in the steady-state. Finally, UMPanalogues (I) to Ewas monitored by the changes in intrinsic
formation did not occur with a burst or lag (Figure 5) that protein fluorescence upon formation gkk. The interaction
suggested that UMP was released from the enzyme duringof the competitive inhibitor 6-AzaUMP with Ewas de-
the conversion of the enzyme species with reduced fluores-scribed by a pseudo first-order rate constant (Figure 7A,
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Ficure 6: Kinetics of H" uptake and release during the decar-
boxylation of OMP by k. Changes in pH of the buffer (0.5 mM
MOPS Na&, 100 mM NaCl at pH 7.2) were monitored by the pH-
dependent fluorescence of 0,281 BCECF (lex = 500 nm,Aem >
530 nm). Panel A, early time course for changes tncdncentration
during the reaction of 12 ,8M E, with 10 uM OMP in the absence
or presence of 2.5M carbonic anhydrase. In the absence of
carbonic anhydrase, eq 7 was fitted to the data wifi} = O to
givek; = 21.3 (5) s, AF., = —10.16 (6)uM, andAF; = 11.2 (1)
uM. In the presence of 2,6M carbonic anhydrase, eq 7 was fitted
to the data withAF; = —AF, and AF., = 0 to givek; = 44 (9)

s 1, k, =31 (5) s, andAF; = 30 (3)uM. The time course for
the protein fluorescence changes in the presence ofdMBCECF
was described by a first-order rate constant of 27 (2)(mset).
Panel B, late time course for changes i Ebncentration for the
reactions described in panel A. In the presence ofi®15arbonic
anhydrase, eq 7 was fitted to the data with; = 0 andAF, = 0

to givek; = 0.0375 (5) st andAF; = —11.5 (1)uM.

inset). The value of this pseudo first-order rate constant was g_a;axmp

linearly dependent on the concentration of 6-azaUMP.
Equation 6 was fitted to these data.(= 0) to yieldk; =
112 (5)uM~1 s71. Similar determinations were made for
6-NH,C(S)UMP, 8-AzaXMP, and ThiopurinolMP. Because
BMP did not quench the fluorescence of &gnificantly,
the value ofk; for this inhibitor was estimated by a
competition experiment with N4C(S)UMP as described in

Experimental Procedures. The results from these ligand-

binding studies are summarized in Table 1.

Porter and Short

A
, >
e
o
a

1
280,>320°

400

(=4
=
o

1=
-
L3

-1
kobs’ s

200

pH

Ficure 7: Kinetics for association of Ewith 6-AzaUMP. Panel

A, concentration dependence of the pseudo first-order rate constant
describing the association of 6-AzaUMP with E. The reaction of
0.62 uM E, with 1.8 uM 6-AzaUMP was described by a first-
order rate constant of 181 (3)% The value of this rate constant
was linearly dependent on 6-AzaUMP concentration (main figure).
The slope of this linek) had a value of 112 (5)M~1 s™1. Panel

B, pH dependence of the association rate constant fowikh
6-azaUMP k;). The dependence of the association rate constant
on pH was described by eq 4 wikh substituting fork.,. Equation

4 was fitted to these data to gike = 130 (2JuM~1 s7%, pK; =

6.6 (2), and g, = 8.0 (2).

Table 2: pH Dependence of the Apparent Association Rate
Constantsk; or k.a/Km) for E; and Selected Ligands

ligand K1 pK> ki or (KealKm), uM~1s72
OMP 6.1(1) 7.7(1) 11 (1)
6-NH,C(S)UMP  5.8(1) 8.79(9) 7.7 (3)
6-AzaUMP 6.6(2) 8.0(2) 130 (2)
53(1) 8.2(1) 81 (5)

Dissociation of ke6-AzaUMRB. The intrinsic protein
fluorescence of B6-AzaUMP, was reduced relative to that
of EeBMP,. Consequently, the fluorescence change associ-
ated with the dissociation of,k6-AzaUMP; in the presence
of excess BMP to form #BMP, was a convenient method
for monitoring the ligand exchange reaction (Figure 8).
Because the observed rate constant was similar with two
concentrations of BMP, it was assigned to the dissociation

pH Dependence of the Bimolecular Association Rate of E;6-AzaUMP.. The dissociation rate constants for

Constants for the Reaction of; Bvith Selected Analogues
(ky). The pH dependence & was determined for 6-Aza-
UMP (Figure 7B). Equation 4 was fitted to these data to
give Ky = 6.6 (2), K. = 8.0 (2), and a pH-independekt
=130 (2)uM~tsL. Similar determinations were made with
6-NH,C(S)UMP and 8-AzaUMP. These results are sum-
marized in Table 2.

EzeNH,C(S)UMPB, Eze8-AzaXMP,, and EeThiopurinolMP,
were determined in a similar manner (Table 1).

Effect of NaCl Concentration on the Association and
Dissociation Rate Constants of Eor Selected Analogues.
NaCl had a pronounced effect on enzymatic activity that was
reflected in changes in the values of the dimerization constant
and the K. Consequently, the effects of NaCl on the
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Scheme 4: Expansion of Scheme 3 Describing the

015 7 Decarboxylation of Orotidylate by E
1 P\ k' P\ Keat
>, 010 - fk‘\ g
z_ ] 2+ S = »S kl E;S
'i:: 0.05 . by the inclusion of NaCl in the buffer. Concomitant with

the shift in the monomerdimer equilibrium, NaCl increased

the K, of the enzyme for OMP significantly. The value of
the K was 1.5uM in the presence of 100 mM NacCl,
whereas the value of this parameter appeared to extrapolate
to a value less than 04M as the NaCl concentration was
decreased to zero. The mechanism by which NaCl decreased
FiGuRE 8: Kinetics of dissociation of £6-AzaUMP. Ex6-Aza- the affinity of OMP for the enzyme was more than simply
UMP; was formed by equilibration of 1.24M E, with 1.284M ~  Na* or CI~ competing for the OMP binding site. The
6-azaUMP for 5 min in the standard buffer. This solution was mixed association rate constant for the substrate analogue, 6-Aza-

with an equal volume of ZM BMP. Formation of ksBMP, was .
monitored by the increase in intrinsic protein fluorescence as YMP, was 7-fold greater in the absence of added NaCl than

E#6-AzaUMP; dissociated and #BMP, formed. The reactionwas  in the presence of 100 mM NaCl. This observation might
described by a first-rate rate constant with a value of 2.7817) s appear consistent with a simple competition between ligand

The value of the first-order rate constant was similar with\8 and Na or CI- for a common site on the enzyme. How-
1 . ..

BMP [3.43 (4) 57 ever, the dissociation rate constants gédAzaUMP, and

— Ez¢6-NH,C(S)UMP, were 3- to 4-fold larger in the pres-
Table 3: Effect of NaCl on the Dissociation Rate Constahts, ( f 100 mM NaCl th L b Table 3). If
s™1) and Association Rate Constants, @M~ s™%) for E; with ence o m a an in its absence ( fa_ e 3).
Sel)ected Ligands w ) ? t_hese sa_lt e_ffect_s were only the_z r_esult of competition for the
ligand-binding site, the dissociation rate constant fed £

0.00 [ 1 1 . [
0 1 2
Time, s

NaCl], M 6-AzaUMP 6-NHC(S)UMP OMP .
[NaCl] za HC(S) should have been independent of NaCl. These results
ko, st ko, st k-4, 571 . . . .
0 0.84 (1) 0.00105 (8) nd suggested that the salt effects involve interactions at sites
01 2.79 (4) 0.00417 (3) 60 (2) other than the ligand-binding site. To eliminate complica-
ki, uM~1s71 ki, uM~1s71 ki, uM~1s71 tions in our kinetic studies resulting from the time-de-
0 700 (1) 37(2) >300 pendent monomerdimer equilibration of the enzyme, 100
01 12 (5 794 62 (8) mM NacCl was included in the standard buffer. Under these

o ) o conditions, kinetic studies suggested that the enzyme was
association rate constants and the dissociation rate constantg, the dimeric state at protein concentrations as low as 5.0

of E; for selected ligands were determined. The concentration,, \vith yeast ODCase, monomer formation is probably
of enzyme in these experiments was sufficiently high thgt It an artifact of the in vitro assay system. In the yeast cell,
was present as,Hn the absence of NaCl. The results with  opcase has been estimated to be between 260 and 375 nM
OMP, 6-AzaUMP, and 6-NbC(S)UMP are summarized in - (18) with the cellular salt concentration and this enzyme

Table 3. concentration, the enzyme would be present essentially as
the dimer.
DISCUSSION Because the enzyme was a dimer under the conditions of
In contrast to the bifunctional uridin€-phosphate syn-  our assay, two potentially nonequivalent ligand-binding sites
thase from mammal sources that contains both ODCase andkexist as described by Scheme 4. The crystal structure of the
phosphoribosyltransferase activitiek8), yeast ODCase is  yeast enzyme ligated with BMP revealed that the active site
a monofunctional protein that lacks the phosphoribosyltrans- of each subunit of the dimeric enzyme was fully occupied
ferase activity 9). This greatly simplifies mechanism studies. by ligand (L9). Similar results were observed in the X-ray
Nonetheless, the state of oligomerization of the yeast enzymestructures of enzyme fromil. thermoautotrophicurand B.
is dependent on the presence of allosteric effect@rdg). subtilisligated with 6-AzaUMP and UMP, respective®Q
Sedimentation studies demonstrated that the enzyme was ir21). If, however, the binding of the substrate to the enzyme
a monomet-dimer equilibrium 9, 18). Recent X-ray crystal-  exhibited negative cooperativity, only one of these sites might
lographic studies demonstrated that the yeast enzyme crystalbe catalytically active and the stoichiometry of substrate
lized as the dimer both in the absence and presence of liganddinding would be 0.5 mol of substrate per mole of monomer.
(19). As a prelude to our kinetic analysis of yeast ODCase, The titration of the enzyme with substrate showed that 0.85
the rate at which the monomedimer equilibrium was mol of substrate was bound per mole of monomer. This result
established and an estimate of the dimerization constant werendicated that both subunits bound substrate with comparable
determined. Surprisingly, the attainment of the monomer  affinities. The effect of active site occupancy &g: was
dimer equilibrium was very rapidi(; < 10 s with 50 nM estimated by comparison of the steady-state valuk.of
enzyme). Mammalian uridineg phosphate synthase, which  which was obtained by extrapolation to infinite substrate, to
has ODCase activity, also undergoes a rapid monemer the value ofk' in which a single subunit was occupied by
dimer equilibration in the presence of OMBg]. The dimer substrate (Scheme 4). The valuekbfwas derived from a
dissociation constant for the yeast enzyme was pM5n single turnover experiment ([S¥ [E]) in which the first-
0.01 M MOPS N4 at pH 7.2. Formation of Fwas favored order rate for disappearance of a spectrofluorometrically
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competent intermediate in catalysis was determined. Theand not bicarbonate (Figure 6, panels A and B). The reaction
value ofk. was typically 14-16 s!, whereas the disap- catalyzed by Eis given by eq 11.

pearance of the kinetically competent intermedi&tgwas

36 s'*. The value ok, was dependent on accurate estimates
of enzyme concentration ame,7 for product formation,
whereas the value df' was independent of an accurate
determination of enzyme and OMP concentrations. In view
of the errors associated with the values for active enzyme
concentration and\e,7g, it is Not unreasonable to propose
that the observed values fég, and k' are similar, if not
equivalent. Thus, each monomer of the dimeric enzyme
functions independently even though crystallographic data
identified subunit-subunit interactions upon formation of Because the hydration of G@s slow in the absence of
the catalytically competent enzym#9j. carbonic anhydrase?{), a proton was initially taken up

The kinetic characterization of subunit oligomerization from solvent during the decarboxylation of OMP by (q
described here is not inconsistent with the function of Asp96 11a). Proton uptake was correlated with conversion«# E
and Thrl00 suggested from the comparison of the crystalto resting enzyme. The recovery of the proton consumed in
structures of native and BMP ligated yeast ODCak®). ( the formation of UMP (eq 11a) occurred slowly as £O
When ligand was bound, the polypeptide loop formed by was hydrated to KCOs, which ionized rapidly to bicarbo-
residues 95103 of the second subunit was repositioned to nate ()X = 3.8) as described by eqs 11b and 11c. Because
allow interactions among these residues, the ligand, andmost of the proton uptake did not occur in a burst prior to
residues of its partner subunit that forms the active site. This the conversion of & to resting enzyme, the substrate was
movement enables contacts to be established with the 2 not preferentially binding to a protonated form of the en-
OH of BMP and with thes-amino group of the active site  zyme that was minor species at pH 7.2. When carbonic
Lys93 in addition to placing the Asp9g-carboxylate in anhydrase was included in the single turnover experiment,
proximity to putative position of the carboxylate of OMP. proton uptake was nearly abrogated. This result suggested
These interactions, which are absent within individual that CQ was released during the conversion ofSEto
subunits, could explain the obligatory relation between dimer resting enzyme such that GCollowing its hydration and
formation and catalysis. Given the similarity in peptide fold ionization, compensated for the uptake of a proton ob-
observed for the mono functional ODCase proteins|(19 served during the decarboxylation reaction. However, the
21), the relationship between decarboxylation and ODCaseproton changes were not completely eliminated by carbonic
domain dimerization described for the bifunction eukaryotic anhydrase implying that a small fraction of the proton
UMP synthase might also result from participation of changes resulted from OMP sequestering a proton on the
residues from both ODCase domains in cataly24.( enzyme during the binding step. Nonetheless, @@nation,

The addition of substrate to enzyme initially quenched the proton uptake from solvent, and UMP formation occurred
intrinsic protein fluorescence of,Bielding an enzyme during the conversion of & to resting enzyme. Conse-
substrate complex designatedSE After OMP was dear-  quently, the enzymatic speciese@ with reduced fluores-
boxylated, the fluorescence of the enzyme returned to thatcence represents the enzynsibstrate complex prior to the
of resting enzyme. The approach to the steady-state level ofoccurrence of chemistry at the C-6 position of the pyrimidine
fluorescence quenching was a first-order process (Figure 3B).ring.

OH

CO,+ H,0 ——— H,CO, (11b)

(110)

H,CO, + H

HCO;

Thus, conversion of E to ES was a bimolecular process
involving no intermediates formed aftes&with fluorescent
properties significantly different from that ofef. These

The pH dependence &f./Kn gives information about the
pK values on free enzyme and free substrate that are critical

for binding 28). In the case of ODCase and OMP, th¢ p

observations suggested Scheme 3 appropriately described thealues determined were 6.1 and 7.7, which were similar to

kinetics of OMP decarboxylation by, which each subunit

those values reported previoushii4f. Because of the

of E; functions independently. From an analysis of the value difference in catalytic activity between the monomeric and
of the pseudo first-order rate constant for the approach to dimeric form of the enzyme, the observeld palues in the
the steady-state, the valuelof, was 60 s*. From this value pH rate profile could be the result of pH-dependent shifts in
andkgs (15 s1) the commitment to catalysikgik-1) was the monometdimer equilibrium of the enzyme. We con-
estimated to be 0.25. This relatively low commitment to sidered this to be unlikely for the following reason. In the
catalysis agreed with the observation of essentially a-%GH pH rate profile studies, the enzymatic reactions were initiated
isotope effect 14, 15). by dilution of enzyme equilibrated in 0.1 M NaCl and 0.5
The finding that ES formation was readily reversible mM MOPS at pH 7.2 into the buffer of interest. Thus, the
suggested that the release of products had not occurred duringnzyme was initially presented as a dimer to the substrate at
the formation of the complex with reduced fluorescence the pH of interest. If the enzyme were dissociating into the
designated as«S. This was confirmed by two observations. monomer during the reaction, a time-dependent decrease in
First, an enzyme equivalent of UMP was not formed in a catalytic activity should have been observed. Because the
burst as the steady-state was reached. Second, changes iime courses for product formation were linear over the first
[H*] during the course of the reaction were consistent with several seconds of the reaction at all pH values investigated,
CO, being released as ES returned to resting enzyme. Thewe have concluded that dissociation of dimeric enzyme to
effect of carbonic anhydrase on the time-course of][H inactive monomeric enzyme was not the source of the
changes indicated that GQvas released from the enzyme observed pH dependencies.



Kinetic Analysis of Orotidine-5phosphate Decarboxylase

From a comparison of substrate analogues witlvalues
differing from those of OMP, it was concluded that a
negatively charged pyrimidine ring had a favorable interac-
tion with the enzyme at low pH and an unfavorable
interaction at high pH. This conclusion was based on the
observation that a residue with K palue of 8 was important

Biochemistry, Vol. 39, No. 38, 20001799

constant of BUMP was not determined directly. However,

it could be calculated from the value of th& (450 uM)

and an estimated value for the association rate constant that
was a median value of the association rate constants for the
inhibitors of Table 1 £50 uM~1 s%). From these values,

the dissociation rate constant o§UBVIP was~20 000 s?,

for binding of substrate or substrate analogues to the enzymewhich was 300-fold greater than the value foxCBMP and

whenever the i of the pyrimidinyl moiety was less than
7.7-8. If the (K of the pyrimidinyl moiety was greater than
8 as was the case of NB(S)UMP (K = 8.7), the K in

the pH rate profile was shifted to a higher value. On the
basis of X-ray structural data and mutagenesis9j, the
e-amino group of Lys-93 is an obvious candidate responsible
for this pK in the pH rate profile data. TheKpof this lysyl
group, however, would have to be perturbed significantly
from that of free lysine, possibly through its proximity to
Asp-91 and Asp-96 in the active sité9). The lower K
(6.1 and 5.8) in the pH rate profile for OMPKp= 6.1) and
6-NH,C(S)UMP (K = 5.8) was probably the K of the
phosphoryl group of the ligand Kp6.2). For the yeast

over 5 x 1(f-fold greater that the value foreB-NH,C(S)-
UMP (Table 1). These results suggested than strongly
attractive forces between enzyme and the substrate were
dissipated during the decarboxylation of OMP. Furthermore,
the kinetic data presented herein were consistent with the
formation of BS that subsequently reverted to resting
enzyme with concerted proton uptake, UMP formation, and
CO, release occurring with reversal of the fluorescence
change observed during the formation eSEThus, dimeric
ODCase must direct the potential forces associated with
formation of BS into decarboxylation of the OMP in a
functionally single-stepped process.

enzyme, the crystal structure shows that the phosphoryl groupACKNOWLEDGMENT

forms hydrogen bonds with the guanidinium group of Arg-
235, the hydroxyl of Tyr-217, and the peptide amide of Gly-
234 (19). These interactions are consistent with the phos-
phoryl dianion being the kinetically important species for
ligand binding to enzymel@). However, this K can be
overshadowed by ionization on the pyrimidinyl or purinyl
ring. With 6-azaUMP, which has &pvalue for ionization
of the pyrimidinyl ring of 6.8, the value of the aciKpof
the pH rate curve was shifted to 6.6. Similarly, the apparent
pK value in the acid limb of the pH rate curve was shifted
to 5.3 with 8-AzaXMP, which has alpvalue for ionization
of the purinyl ring of 4.5. If the value of the acidKp
describing the pH rate profile were only the result of
phosphoryl group ionization, then its value should have
equaled that of the phosphoryl group [thi€ palues of the
phosphoryl group of OMP, R-5-P, and UMP were 6.3 (Table
1)]. The observation that the value varied with varying
purinyl analogues suggested that it was a complex func-
tion of ionizations of the purinyl ring and the phosphoryl
group.

The bimolecular rate constant for association gfnih
OMP or with substrate analogues approached the diffusion-
controlled limit. It was surprising that 6-AzaUMP, which

was sterically expected to be a good substrate analogue, had™™

a value fork; (112uM~* s71) that was very similar to that
(130uM~1 s71) for the much bulkier analogue 8-AzaXMP.
Bulky purine nucleotides such as AllopurinolMP had been
reported earlier to be effective inhibitors of ODCase decar-
boxylase 29). These results were consistent with the
openness or solvent accessibility of the active site seen in
the crystal structure of unligated yeast enzy®.(TheKy

value of substrate analogue was more dependent on the value

of the dissociation rate constant than the value of the

association rate constant (Table 1). Values for the dissociation
rate constants for the five substrate analogues tested, varied
3 orders of magnitude, whereas the values for the association 18.

rate constants varied over only 1 order of magnitude. Thus,
the relative stability of the Eligand complex was deter-

mined largely by the value of the dissociation rate constant,
which in turn was determined by attractive forces between
the ligand and enzyme. The value of the dissociation rate

We thank B. Miller for informative discussions during the
course of this work and T. Kalman for the gift of the
6-NH,C(S)UMP used in these studies. We also thank M.
Moyer for performing the quantitative amino acid analysis
on the enzyme.
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