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ABSTRACT. We have determined kinetic and thermodynamic constants governing binding of substrates
and products to thymidylate synthase fr&scherichia col(TS) sufficient to describe the kinetic scheme

for this enzyme. (1) The catalytic mechanism is ordered in the following mannert TRMP —

TS dUMP + (6R)-5,10-CH-Hgfolate — TS-dUMP-(6R)-5,10-CHHJfolate — TS-dTMP-Hfolate —

TS dTMP — TS as predicted previously by others from steady-state measurements. (2)When substrates
are saturating, the overall reaction rate is governed by the slow conversion of enzyme-bound substrates
to bound products as demonstrated by (i) large primary and secondary isotope effiegtarmah (ii) high

rates of product dissociation comparedkte. (3) Stopped-flow studies measuring the binding of 10-
propargyl-5,8-dideazafolate, an analog oR)%,10-CHHfolate, with the active site mutant C146A or

the C-terminus-truncated mutant P261Am enabled us to identify physical events corresponding to spectral
changes which are observed with the wild-type enzyme during initiation of catalysis. A kinetically
identifiable reaction step, FT8UMP-(6R)-5,10-CHHfolate— (TS-dUMP-(6R)-5,10-CHH folate)*, likely
represents reorientation of the C-terminus of the enzyme over the catalytic site. This seals the substrates
into a relatively nonaqueous environment in which catalysis can occur. (4) Although TS is a dimer of
identical subunits, catalysis is probably confined to only one subunit at a time. (5) The “high-resolution”
kinetic scheme described herein provides a framework for the interpretation of the kinetics of catalysis by
mutant ecTS chosen to provide insights into the relationship between structure and function.

Thymidylate synthase (TS methylenetetrahydrofolate:  for the design of chemotherapeutic agents.
dUMP C-methyltransferase, EC 2.1.1.b) catalyzes the con- 15 consists of two identical subunits with a dimeric
version of dUMP and (B)-5,10-CHH4folate (CHH.folate)  qiecylar weight of approximately 60 000. Comparison of

to dTMP and Hfolate by reductive methylation, in which 171,51 sequences for TS shows that it is among the most
CH;Hfolate serves as both methyl donor and reducing agent.higth conserved enzymes (Perry et al., 1990). The high

TS plays a critical role in pyrimidine biosynthesis by number of conserved residues is believed to be due to the

providing the onlyde nao source of dTMP, which is importance of the reaction which TS catalyzes and possibl
required for DNA synthesis. Maintaining adequate levels b . . ay P y
to the conformational dynamics occurring throughout the

of dTMP is particularly important in dividing cells where _ . - .
DNA synthesis is rapid. Because this reaction is the only protein which r_eSL_JIt fro_m substrate binding. Recombinant
knownde nao source of dTMP, TS has been a logical target 1 fomEscherichia col(ecTsS) (Dev etal., 1988; Matthews
et al., 1990a)l.actobacillus casellcTS) (Pinter et al., 1988;
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high resolution provide a framework for the structural Scheme 1: Order of Substrate Binding and Product Release
interpretation of such studies into the mechanism of catalysisduring the Catalytic Cycle of TS on the Basis of Initial
and inhibition. However, a detailed kinetic scheme for wild- Velocity and Product Inhibition Studies [Reviewed by
type enzyme has not yet been described. Therefore, inter-Carreras and Sant (1995)]
-'Ik ‘ 'lL

pretation of the results of experiments with certain mutant
enzymes is at least in some cases ambiguous. Ir kblr
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Crystallographic studies clearly indicate the presence of
aUnder certain conditions, this order may be altered with methyl-

a distinct catalytic site on each subunit. Nonetheless, in the
absence of folates, the nucleotides dUMP, dTMP, and
FAUMP bind to a single site on TS from many sources [for

example, see Galivan et al. (1976) and Dev et al. (1988)].
At least for IcTS, an equilibrium exists between non-covalent

and covalent binding involving an invariant cysteine on the
enzyme (Cysl146 for ecTS) and the 5 position of the
nucleotide, with the non-covalent complex favored (Moore
et al., 1986a). Upon binding of reduced folates such as H
folate, Hifolate, and CHH_ folate, the equilibrium is altered

enefolylpolyglutamate as substrates. The species are E, ecTS; A, dUMP;
B, CH;Hfolate; P, Hfolate; Q, dTMP. The second-order rate constants
k-a K-n, K-p, and k-4 are dissociation rate constants, arg is an
apparent first-order rate constant describing the rate of net conversion
of enzyme-bound substrates to bound products. The rate conktants

kK -g, Kb, and K-, describe formation and breakdown of abortive

so that, with dUMP and FAUMP, most nucleotide is COMPlexes.
covalently linked to the enzyme (Moore et al., 1986b). etal, 1995). Itis believed that substrate binding and product
Furthermore, for at least some complexes a second site forrelease are ordered with dUMP binding first, initially to a
nucleotide and folate binding becomes accessible, althoughsingle subunit, followed by ChHfolate binding to the same
affinity at this second site is substantially lower than at the subunit occupied by dUMP [reviewed in Santi and Danen-
first site (Galivan et al., 1976; Dev et al., 1994). berg (1984)]. The rapid conversion of dUMP to dTMP when
In the absence of nucleotides, binding of folates is CH,Hfolate is present has so far prevented characterization
sufficiently weak that it cannot be detected (Galivan et al., of the number of nucleotide binding sites in this ternary
1976). This is not surprising since bound nucleotide forms complex (i.e., TS with dUMP and GiHfolate). Dev et al.
an integral part of the folate binding site [for example, see (1994) showed by measuring the binding of folate and folate
Matthews et al. (1990a,b)]. However, the normal intracel- analogs that the two catalytic sites exhibit induced negative
lular form of folates are polyglutamates, which bind sub- cooperativity and that the asymmetric binding of ligands is
stantially tighter to both free and enzympucleotide the predominant factor that determined inhibition kinetics.
complexes. For example, the dissociation constant for Asymmetry of nucleotide binding was shown by Reilly et
pteroyltetraglutamate with IcTS was found to be:3@ by al. (1995) for the interaction of FAUMP with human TS.
equilibrium dialysis whereas no evidence of binding by TheKq for FAUMP binding to the first site was much lower
pteroylmonoglutamate was found, even at a concentrationthan at the second due to differencegdnbetween the two
of 500 uM (Galivan et al., 1977). sites. Heterodimeric TS mutants have been constructed and
The simultaneous occupancy of the folate and nucleotide should provide insights into the mechanism of cooperativity
site triggers a transition between free TS (open form) and employed by this enzyme [reviewed in Carreras and Santi
bound TS (closed form). After ligand binding, conforma- (1995)]. Nonetheless, the issue of the number of active sites
tional changes occur that sequester both ligands from theper dimer remains unresolved even though a variety of
solvent. Most notable changes are observed at the C-mutants with only a single active site per dimer are available.
terminus (Finer-Moore et al., 1993; Kamb et al.,, 1992;  The individual reaction steps involved in catalysis by TS
Matthews et al., 1990a; Montfort et al., 1990). Inthe absence may be divided into two categories: those involved in
of ligand, the C-terminus, approximately four residues, shows binding and dissociation of substrates and products (Scheme
very little constraint. Upon the binding of GH4folate the 1) and the series of chemical reactions in which enzyme-
C-terminus folds over the folate binding site and forms a bound substrates are converted to bound products (Scheme
hydrogen bonding network with several atoms of the bound 2). To further elucidate and refine the kinetic scheme we
cofactor. Disrupting the hydrogen bonding network by have generated mutant enzymes by oligonucleotide-directed
treatment with carboxypeptidase A (CPA) or directed mu- mutagenesis. C146A has the active site cysteine replaced
tagenesis results in a protein that is catalytically inactive (Aull with alanine which prevents covalent attack by TS on dUMP,
et al.,, 1974; Galivan et al., 1976; Cisneros et al., 1993; resulting in a catalytically inactive enzyme. However,
Carreras et al., 1992; Climie et al., 1992). These results processes preceding nucleotide attack by Cys146, e.g., ligand
indicate that the dramatic conformational changes occurring binding and C-terminus closure over the substrate binding
at the C-terminus, leading to the closed form of the molecule, pocket, are not affected. P261Am lacks the four C-terminal
are required for catalytic activity. The truncated enzymes, amino acid residues making it impossible for the C-terminus
however, are still able to covalently bind FAUMP and form to close over the substrate binding site. The analog PDDF
a ternary complex between FAUMP and £tfolate and to was utilized because it undergoes reactions similar to the
carry out other partial reactions like dehalogenation of first few catalytic steps. Interpretation of the kinetics with
5-bromo- and 5-iodo-dUMP. this ligand and the crippled mutants is much simpler than
Although an active site is present on both subunits, there with the wild-type enzyme and the natural substrates because
is debate as to whether the active sites function indepen-the reactions do not proceed past ternary complex formation.
dently, if catalytic activity alternates between subunits, and In this study, directly measured values of rate and equilibrium
to what degree of coordination exists between subunits constants for individual steps depicted in these schemes are
(Hardy et al., 1987; Montfort et al., 1990; Matthews et al., reported and are sufficient to define an operational kinetic
1990a,b; Bradshaw & Dunlap, 1993; Dev et al., 1994; Reilly scheme for catalysis by ecTS. This scheme provides a
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Scheme 2: Chemical Reactions Involved in Catabysis
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aUpon binding dUMP to TS, an equilibrium is established between non-covaledtUMP and covalent TSAUMP complexes (reaction 2).
Binding of CHHJfolate shifts the equilibrium in favor of TSAUMP (B). It is believed that the binding site for the folate is constructed so that it
facilitates formation of the N5-iminium ion CGH=Hfolate (A), which is subsequently attacked by the dUMP enolate ion to form a covalent
ternary complex (C). Such a covalent ternary complex has been isolated by trichloroacetic acid precipitation of enzyme within a few seconds after
mixing with both substrates (Moore et al., 1986b). Stereochemical considerations indicate that this intermediate must undergo a conformational
isomerization before eliminating#blate and a proton, generating an exocyclic methylene on the enzyme-bound nucleotide (D). The methylene is
reduced by Hfolate, and the 5,6 double bond is regenerated by elimination to form dTMP and enzyme.

framework for the interpretation of current studies into the with the template, polymerase extension of the mutagenic
kinetics of catalysis by mutant ecTS generated by oligo- strand, and transformation into MV1190 cells were carried
nucleotide-directed mutagenesis that are designed to yieldout according to the recommendations of the manufacturer.
insights into the relationship between structure and function. Single-stranded phage DNA was screened for successful
mutagenesis by sequencing over the target site. For the
EXPERIMENTAL PROCEDURES production of plasmid DNA, positive mutants were infected
Materials. dUMP, dTMP, FAUMP, folate, NADP, and into IM103 cells. The mutated fragmeBiafrH1 to Hindlll)
NADPH were from Sigma. Formaldehyde and Mg@kre was cloned into pUC8 which was used to transf&ncoli
from Fischer. H.]JFormaldehyde was from Cambridge Rue 10 cells. Ampicillin resistant colonies were cultured
Isotope Laboratories. B)-[2HINADPH (NADPD), (69)- in YT media. Wild-type TS and mutant enzymes were
Hsfolate, and ecTS were prepared essentially as describedsolated from the transformeé. coli by FPLC on Q-
previously (Beard et al., 1989; Appleman et al., 1990; Dev Sepharose (55 mL column, eluted with a 330 mM KCl
et al., 1988). (B)-5,10-CH-Hsfolate (CHH.folate) was  gradient in 50 mM Tris, 20 mM 2-mercaptoethanol, 1 mM
prepared from kfolate by incubation with formaldehyde.  EpTA, pH 7.4) and phenyl Sepharose [30 mL column, eluted
(69-6-[*H]HJfolate (H;Dfolate) was prepared by the ste- yith an initial gradient 61 M (NH4),SO; to 0.7 M (NHy)-
reostp))_ecific hreductig_r;](g‘ btlcollate Wi(tjh NADPDdusing re-d SOy to 0 M (NH,),SO,, in 50 mM Tris, 20 mM 2-mercap-
combinant human dihydrofolate reductase and converted to - -
(6R)-5,10-CH-[6-2H]H.folate (CHHsDfolate) by incubation tof.thf‘”o" LmM EDEAQ' Refr']d‘:a' d'?ydrf?fqltate,:educiase
with formaldehyde. (B)-5,10-BH,JCH,HJfolate (CDH,-  ccovity Was removed by methotrexate affinity chromatog-
raphy using gradients of-6100 mM KCI, 106-350 mM

folate) and (®)-5,10-PH,]CH,-[6-?H]Hfolate (CD:Hs- L

Dfolate) were prepared by incubation offbllate and Egl'l,'znbd ;5(}1P()02_mdM KCt:I _aII n T;'S' Z-merl(?ap_t(;)et{lanol,

HsDfolate, respectively, with?H,]formaldehyde. utier. uriied protein was frozen in figuid nitrogen
and stored at-80 °C. Enzyme purity was indicated by a

Production and Purification of Wild-Type and Mutant < X
Enzymes.Wild-type Escherichia colithymidylate synthase  Single band on SDSPAGE and non-denaturing PAGE. The

(ecTS) was isolated fror&. coli transformed with a high- absence of catalytic activity, i..e., product formation, with 5
amplifying expression plasmid containing the ecTS gene and#M C146A or 5uM P261Am in the presence of 1M

E. coli fol promoter as previously described (Villafranea ~ dUMP and 10Q:M CHzH.folate indicates the mutant enzyme
al., 1983). The ecTS gene was mutated by the method of Preparations were not significantly contaminated with wild-
Kunkel (1985) using the Bio-Rad Mut-A-Gene Mir8uitro type enzyme. Before use each enzyme was applied to a PD-
Mutagenesis Kit. Purification of U-containing ssM13MP18 10 column (Pharmacia) equilibrated in activation buffer
containing the TS gene or mutated gene, phosphorylationcomposed of 100 mM Tris, 50 mM 2-mercaptoethanol, and
of the oligonucleotides, annealing of the oligonucleotides 0.1 mM EDTA.
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E”ZYme Con?e.ntrat'onAlthOUQh the value of the molar Table 1: Primary and Secondary Kinetic Isotope Effectskan
extinction coefficiente has yet to be reported for ecTS, a ,
reasonably accurate value can be calculated from the amino > = ea So) ke ) 'SOtf)pe effect
acid composition. Since ecTS contains 18 tyr and 14 trp, g:2:4]‘:°:a‘e g"kﬂfflo'a‘e izo&i 8-(1)3 primary
éxois expected to be 1.02 1°M o latpH 13, From  GiiDioe  CDHDfolate  135:008  secondafy
this value and from the measured ratioAsk, for ecTS at
pH 7.4 and 13¢zg0at pH 7.4 is calculated to be 1.2310°
M~tcm . The latter value, which is similar to that of IcTS
(1.07 x 1® M™! cm™! at pH 6.8; Santi et al., 1974)
containing 22 tyr and 12 trp, has been utilized to determin
ecTS concentration. All reported concentrations refer to
dimeric enzyme rather than to the number of ligand binding

a|n addition to the primary effect that occurs with both substrates
S and S.

e Of transients observed during pre-steady-state catalysis, from
isotope effects on steady-state catalytic rates, or from
consideration of thermodynamic equilibria.

sites unless otherwise noted. The enzyme hast1 @1 Primary and Secondary Isotope Effects aja.kWhen
binding sites per molecule ecTS for the inhibitor 5-fluoro- CH.HsDfolate is substituted for Cittisfolate a large primary
2'-deoxyuridylate (FAUMP) in the presence of £hifolate. isotope effect is observed during steady-state catalysis (Table

1). This indicates that the reductive step involving transfer
of H6 of Hsfolate (reaction 5, Scheme 2) is rate-limiting in
the overall catalytic cycle and that dissociation of the
products must be much faster than this step. One interpreta-
tion is that after binding, substrates are rapidly converted to
“bound Hfolate and species D which slowly react to form

Experimental Conditions and Enzyme Assaleasure-
ments were made in a buffer mixture containing 100 mM
Tris, 50 mM 2-mercaptoethanol, 1 mM EDTA, pH 7.4, and
at 20 °C except where noted. ecTS was assayed by
monitoring the increase in absorbance at 340 nm ac

companying conversion of GHgfolate to Hiolate (A the final products kfolate and dTMP. However, large

=6.4mM™cm™). The sta_ndard deviation foor the reported normal secondary kinetic isotope effectslepare observed
steady?state parameters is less than 10% unless notegvhen either CBH.folate or CDHaDfolate are substrates
otherwise. (Table 1), whereas a large inverse secondary isotope effect
Equilibrium Dissociation ConstantsDissociation con- s anticipated for reaction 5. Furthermore, the ratioggf
stants for the interaction of ligands with enzymes were for CH,Hfolate to CQHfolate and CHHsDfolate to COHs-
determined by titrating the change in enzyme fluorescence Dfolate are similar (Table 1), demonstrating that the mag-
that accompanies complex formation as described previouslynitude of this secondary isotope effect is independent of the
(Appleman et al., 1988a,b, 1990) Corrections for ligand primary isotope effect. It would instead be anticipated that
fluorescence, when present, and inner filter effects were the measured secondary isotope effect should be greatly
calculated from parallel titrations in which enzyme was diminished for CHHsDfolate/CD:HsDfolate versus CbH,-
absent or replaced, respectively, with a quantity of tryptophan folate/CD:H folate if both primary and secondary isotope
with a fluorescence intensity equal to that of the enzyme. A effects are simple kinetic effects. The simplest interpretation
more complete description for the evaluation of ligand of these results is that one or more steps prior to reaction 5
binding is presented in the Appendix. are in rapid equilibrium with one another and that product

Stopped-Flow SpectroscopyThe progress of ligand formation for these intervening reaction steps are thermo-
interactions with ecTS, C146A, or P261Am was followed dynamically unfavorable. The overall reaction is driven
by stopped-flow fluorescence or absorbance spectroscopy orforward by reaction 5, which in the forward directionAH
a Hi Tech Scientific PQ-SF 53 spectrophotometer or Applied folate and dTMP formation) must be extremely energetically
Photophysics at 20C in activation buffer. An excitation favorable since th_e overall reaction is effectively irreversible
wavelength of 295 nm and emission wavelengths greater than(Carreras & Santi, 1995; Hardy et al., 1995).

330 nm were used for fluorescence measurements. Enzymes The question arises as to which of the folate intermediates
and ligands were diluted in activation buffer to concentrations in Scheme 2 (A, C, or kolate) are at highest concentration
two times that indicated within the text or in figure legends. during catalytic cycling. Although we have no direct proof
For experiments requiring preincubation of enzymes with at this point, the following lines of evidence indicate that
dUMP, incubation was on ice for at least 5 min. After the net equilibrium in reactions 1, 3, and 4 probably favors
collection, data were transferred to a Macintosh Quadra 950enzyme-bound Cht,folate versus any of the intermedi-
and computer fitted using the program Kaleidograph by ates: (1) The complex with jfblate can be eliminated
nonlinear least-squares analysis to equations describing singl@ecause of the large normal Botope effect described above,
or multiple exponential terms (see text for appropriate Whereas an inverse effect would be observed if this complex
equations). Values of?2 and variance of the experimental Predominated. (2) When FAUMP is substituted for dUMP,
data to the fitted data were utilized to determine best-fit formation of the species corresponding to C is accompanied
curves. Each experiment was repeated at least three timesPy an increase in absorbance in the near UV (readily
The standard deviation is less than 15% of the mean unlessobservable at 400 nm) that is not observed in the transient-
otherwise noted. With the exception of titration experiments State catalysis with dUMP (unpublished results). This

pseudo-first-order binding conditions were employed. indicates that C is unlikely to accumulate to any appreciable
extent during catalysis. (3) Since the bridge carbon in
RESULTS AND DISCUSSION CH,H folate retains an sghybridization state in both initial

substrate and in final product (6-methyl of dTMP), the
General Strategy In this study we have directly measured magnitude of the secondary isotope effect is surprisingly
association and dissociation constants for formation of large even with dideutero substitution. This is particularly
enzyme-ligand complexes wherever possible. Values of true since reaction 5 must be essentially irreversible (since
remaining rate constants were calculated from the time coursethe overall reaction is essentially irreversible) and will have
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et al. (1988) with ecTS and Galivan et al. (1976) with ICTS.

40 A We have also observed similar results with IcTS (data not
30 / N — ec:-nguup shown).
20 \ ’ When ecTS or the active site mutant C146A is mixed with
dUMP, the observed fluorescence intensity rapidly decreases
10 \x with time as the ligand binds to enzyme (Figure 2A). The
0 : . rate of binding is greater at high concentrations of dUMP
300 350 400 450 500 . : .
» Mem (om) than at _Iow concentrations. For a simple blr_nolec_ulgr
a4 association reaction opposed by a unimolecular dissociation
g 1:3 B reaction as depicted for dUMP binding to ecTS in Scheme
E g 1.8 1, it may be shown that under pseudo-first-order conditions
o b 1.7 ([ecTS] < Ky) the time course of fluorescence decrease at
g8 1.6 each concentration of dUMP has the forfa; = (AF)e*od
§ Y 1.5 + Fequ WhereF, is fluorescence at timie AF is the amplitude
3§ 14 ) ) -~ of the fluorescence decreadg,s is an apparent first-order
S~ "o 10 20 30 40 rate constant, anBequ is the fluorescence at equilibrium. If
" 8.5 Scheme 1 is an adequate description of dUMP binding to
8.0 c ecTS,_ therkobS = ka[QUMP_] + k_a Wherek, andk_, are
¢ site/ects _assomatlonl(c_m) and dlssoma_tlonl(,ﬁ) rate constants govern-
7-5¢ 1 ing dUMP binding, respectively. Such linear dependence
7.0t 2 -- of kopson dUMP is indeed observed (Figure 2B), and values
6.5} of kon andkyi calculated from this dependence are reported
6.0 in Table 2. Furthermore the ratio &fx/k.n should be equal

0 2'0 4.0 60 80 to the thermodynamically measured valuekqf and excel-
[AUMP] (uM) lent agreement is obtained. Results obtained with C146A

Ficure 1: Binding of dUMP to ecTS. (A) Fluorescence emission are similar to those observed with the wild-type enzyme

spectra for ecTS and its complex with dUMP when excited with (Table 2), indicating that this mutation does not substantially
light of 295 nm; enzyme concentration wagl. (B) Dependence alter the affinity for dUMP, which is in agreement with
of enzyme fluorescence on dUMP concentration as ecT@V(L results of Dev et al. (1988).

is titrated with ligand. (C) Dependence of enzyme fluorescence on : fi ;
dUMP concentration as ecTS (2M) is fitrated with ligand K In general, the results with dTMP are similar to those with

values from analysis of these data are £.9.8 and 0.4+ 0.6 uM dUMP. However, dTMP binds 3.8-fold weaker compared
for one- and two-site models, respectively. When the enzyme to dUMP. The weaker binding is a consequence of both a
concentration is treated as the fitted parametgr= 4.2 + 1.4 decrease in the rate of association (6M~* s%; 1.6-fold

uM and the concentration of enzyme is 21:8.0uM (equivalent smallerko) and faster rate of dissociation (83's2.0-fold
to 1.1 sites). larger ko).
ff

The results concerning the kinetics of nucleotide binding
are in marked contrast to those of Middlestadt and Schmerlik
(1986) with IcTS where the dependencegf on nucleotide
concentration was reported to be hyperbolic. These authors
attributed this behavior to the rapid formation of an
[cTS. dUMP complex in which dUMP was very weakly

an inverse kinetic isotope effect. It seems unlikely that
normal 2 isotope effects accompanying reaction 4 could
overcome inverse effects for reactions 2 and 5 as would be
required if A represented the preferred bound form. Thus,
by elimination, we conclude that the equilibrium rapidly

?hchleved among the bound folate intermediates must favorbounol followed by a second reaction step, probably formation
€ unaltered substrate, Githfolate. of the covalent link between enzyme and nucleotide, which
Kinetics and Thermodynamics of dUMP and dTMP produced a large increase in binding affinity. However, the
Binding. Association of dUMP to ecTS and dissociation of equilibrium between non-covalent IcT8JMP and covalent
dTMP from ecTSAdTMP are the first and last steps, |cTS—dUMP complexes is greatly in favor of the non-
respectively, in the catalytic cycle. Binding of dUMP to covalent form (Moore et al., 1986a,b), indicating that the
ecTS quenches the intrinsic protein fluorescence of the second step cannot represent covalent complex formation.
enzyme (Figure 1A). Values of the dissociation constant |n addition to the difference in enzyme sources compared
(Kq) for dUMP binding can be determined from the depen- to this study, Middlestadt and Schmerlik carried out their
dence of fluorescence intensity upon nucleotide concentrationmeasurements in Kmuffer. It is known that phosphate
(Figure 1B, Table 2). When the enzyme concentration is competes for binding of nucleotide. We therefore chose to
much greater thaKg, this dependence is also a function of examine the kinetics of dUMP binding in phosphate buffer
the concentration of nucleotide binding sites on the enzyme.in order to determine whether differences in buffer composi-
One versus two-site models for binding of dUMP to ecTS tion might be the cause of the difference in kinetic behavior
at high enzyme concentrations are compared in Figure 1C.observed with the two enzymes. We found that the
Analysis of this data indicates that only one dUMP binding dependence d,,son dUMP concentration remained linear
site per dimeric TS is available in the absence of folates asin a buffered solution containing 10 mM KBnd 50 mM
demonstrated by the much better fit of the one-site versus2-mercaptoethanol, an identical phosphate concentration to
two-site model and the good agreement in the calculatedthat used in the study with IcTS. Furthermore, the value of
value ofKq at low and high enzyme concentrations for the k,, was decreased only 2.6-fold argy was essentially
one-site model (Figure 1C and Table 2) (see Appendix for unchanged (Table 2) which is consistent with phosphate
mathematical treatment and further discussion). That only binding weakly to TS and competitively with dUMP. Also,
one binding site exists is consistent with the findings of Dev we observed that the kinetics of dUMP binding to IcTS was
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Table 2: Kinetic and Thermodynamic Constants for dAUMP Binary Complex Forniation

enzyme Kon (1078 M~1s7) Kott (71 Kofi/Kon? (1076 M) K4 (1076 M) stoichiometry
wild-type 9.8 41 4.2 3.9 1.1
wild-type (KP)® 3.8 38 10.1 1.1
C146A 14.6 53 4.1 7.8 0.9

a Standard deviation of all parameter values are less than 10%. For dUMP fluorimetric titrations, approximately 30% of the initial fluorescence
was quenched upon dUMP bindingThermodynamic dissociation constant for the formation of the binary complex calculatedk§stkas.
¢ Thermodynamic dissociation constant for the formation of the binary complex determined by dUMP titration and monitoring the accompanying
fluorescence decreastStoichiometry of dUMP binding; moles of dUMP bound per mole of dimeric enzyiResults obtained with 10 mM KPi,
50 mM 2-mercaptoethanol, 1 mM EDTA, pH 7.4, and ZD.

2 ) ' ' [auMP] Table 3: HFolate Binding to ecT&ITMP and ecTSIUMP

100 [ttt S e sodtyiabiete teto LA Mgt () (ur) complex K42 (1076 M) Aézzo(MM~Lecm™?)

ecTSdUMP-H,folate 73+ 23 12.44+1.6
ecTSdTMP-Hjfolate 66+ 17 16.1+ 1.6

a By titration. Concentrations of nucleotides and ecTS were 1 mM
and 15uM, respectively.

w
o

Fluorescence

evidence of the conversion of dTMP andfélate by ecTS
was observed. Values of dissociation constants governing
complex formation were calculated from the dependence of
Aszo On the concentration of jfblate when enzyme with
bound nucleotide was titrated with ,fdlate (Table 3).
Efforts to measure the kinetics of these processes by stopped-
flow techniques were unsuccessful, presumably because the
rate constants governing dissociation gfdtate from these
complexes are very large. For this reason, we chose to
examine the kinetics of complex formation with PDDF, a
tight-binding analog of kfolate. It is likely that PDDF and
H.folate have similar association rate constarts)( but
differ markedly in rates of dissociation. We found that the
value ofk,, for PDDF binding to both these complexes is
large 7 x 10" M~1 s71) and thatky is too small to be
measured by relaxation techniques, which is reported more
fully below. This is consistent with the tight-binding
behavior reported by others for PDDF (Pogolotti et al., 1986).
If the value ofky, for Hifolate is similar to that measured
0 : . : . with PDDF, therk is approximately 50008 (from ko =
0 10 20 30 40 50 Ka/Kon).2

[Ligand] (uM) An additional test of the accuracy of the valuekaf for
Ficure 2: Kinetics of dJUMP and dTMP binding to ecTS. (A) Time binding of Hfolate _to ECT$TMP was performed as
courses of fluorescence quenching as dUMP binds to ecTS. Thefollows: ecTS was titrated with dTMP in the presence of
concentration of ecTS is 1.08M. The enzyme was excited with ~ 100uM Hfolate, and appareiity (Kq,app for dTMP binding
light of 295 nm in order to reduce inner filter effects, and was calculated. For the sequential binding of these products
fluorescence above 320 nm was monitored. The time courses dogs shown in Scheme 1 and in the absence of catalytic

not begin at 100% due to loss of some of the time course in the . _
instrumental dead time and to some inner filter effects, particularly reaction K app= Karme/(1 + [Hfolate]Ky soiate), whereKqrve

at the higher dUMP concentrations. Both experimental data points @NdKhfolate areKgqs for dTMP binding to ecTS andJfblate
and best-fit curves are shown. The final nucleotide concentration binding to ecTSdTMP, respectively. At 10@¢M Hfolate,

is given within the figure. (B) Dependence kiys the pseudo-  the measured value &f; (6.4 & 0.6 uM) is in excellent
first-order rate constant governing the time course of ligand binding agreement with the predicted value (%®1).

to ecTS as a function of ligand concentration. ’ ) ] ]
Pre-Steady-State Experimentéd/hen ecTS is mixed with
qualitatively identical to that with ecTS (unpublished results). both substrates to initiate catalysis, a burst of absorbance
Reconciliation of or an explanation for these striking increase at 340 nm is observed (Figure 3). The burst is not
differences in kinetics of nucleotide binding will require unique to ecTS. We also observe a similar burst for IcTS
further experimentation. (data not shown). This is followed by a linear increase in
Binding of HFolate to ecTRIUMP and ecTRITMP. As Asso with time until substrate depletion and/or product
with IcTS (Galivan et al., 1976) binding of#blate to ecTS =~ accumulation leads to a decrease in the rate. Thus the time
could not be detected in the absence of nucleotides. Whencourse of increase ifss0 can be described by an equation
either nucleotide was present at saturating concentrationsof the formA; = A° + AAz(1 — e %ust) + Vg, whereA,
H.folate binding was monitored by an increase in absorbance
accompanying complex formation similar to that reported ~, This represents a minimum value and assumes that no other steps

for folate binding to IcTS (Lockshin et al., 1984). In  occyr during complex formation, such as conformational changes that
accordance with the findings of other investigators, no enhance the affinity of enzyme forsfélate and bound nucleotide.

)
)

(s71)

kobs
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Ficure 3: Time course of absorbance change at 340 nm when ecTSFigure 4: Dependence oky,st 0N CHHjfolate concentration.

is mixe_d with substrates to initiate catalysis. The concentration of Concentration of ecTS and dUMP are 2 and 200 respectively.
ecTS is 2uM. dUMP and CHHjfolate are 500 and 4(M, Values ofky,stwere obtained by analysis of reaction time courses
respectively. At this concentration of dUMR;, for nucleotide monitored by absorbance at 340 nm (filled circles) and by
binding is 0.13us so that formation of ecFBUMP is essentially  fluorescence (open circles) (excitation wavelength, 295 nm; emis-
instantaneous on the time course of this experiment. Experimentalsjon wavelengths, above 350 nm). The solid line is the best-fit curve
data points and best-fit curve to the equation described in the textpy simultaneously fitting both absorbance and fluorescence data,
are shown. and the broken line is the best-fit curve to only the fluorescence

is Aaso at timet, A° is absorbance at time= 0, AAsso iS data. See legend to Table 4 for additional details.

amplitudes of the burst phase that precede steady-ktate,  scheme 3: Binding Scheme for GHifolate (L) to

is the observed first-order rate constant governing this phase ecTSdUMP (E)

and Vg is the linear rate of increase g4 during steady- Ky K. K

state. When binding of substrates is not limiting, the E+Le—FL—F I 4 p

amplitude of the burstXAs4g) is directly proportional to the r,iso

concentration of TSAAss/uM ecTS= 0.010+ 0.001). One

interpretation of this burst is that it represents the formation complex kis, andk; s, are first-order rate constants governing
of the products kfolate and dTMP during the first round of  interconversion of ecT8#UMP-CH,H.folate and (ecTS
catalysis in which case the amount of product formed would dUMP-CH;Hfolate)*, kenem is the rate constant governing
equal 1.6+ 0.2umol of productstmol of ecTS. However, the chemical conversion of substrates to products. From our
a number of lines of evidence argue against this possibility. analysis and assumingkas: of 1.7 st andkear = Kenend (1 +

(1) When fluorescence rather than absorbance is monitoredk;s/kiso),® values ofKg, kiso, Krisor @andKenem are 63uM, 62

the burst is observed as a decrease in fluorescence intensitg !, 10 s, and 1.8 s, respectively. We surmise that the
whereas a small linear increase in intensity accompaniesconversion of ecT8IlUMP-CH,Hfolate to (ecTSdUMP:
product formation during steady state. (2) Such a burst of CH;Hsfolate)* represents reorientation of a surface loop
product formation is not anticipated unless dissociation of containing Arg21 and of the amino acid residues at the
one of the products limits the overall catalytic rate, whereas protein’s C-terminus which serves to seal off the active site
for ecTS chemical transformation steps are rate determining.(Matthews et al., 1990a). This conformational change
(3) A similar burst is observed when the inhibitor FAUMP, increases the affinity of the enzyme for the ligand 7.4-fold
which forms a complex like C in Scheme 2, is used in place (=1 + kisdk:iso)-

of dUMP. However, the linear phase corresponding to Kinetics of PDDF Binding. The interpretation of enzyme
steady-state catalysis is absent in this and other non-isomerization is consistent with results obtained with PDDF
productive complexes. (4) As with FAUMP, the amplitude binding to wild-type and mutant ecTS. When wild-type ecTS
of the burst is greater at 330 nm than at 340 nm, whereasis mixed with dUMP and PDDF, the fluorescence decreases
the extinction maximum for the reaction is 340 nm. rapidly as the ternary complex is formed (Figure 5). At high
Furthermore, the amplitudes of the burst at 330 and 340 nmdUMP concentrations the binding of dUMP is sufficiently
are nearly identical with dUMP and FAUMP. (5) Increases rapid, as indicated by thk,, values presented in Table 2,
in absorbance in this wavelength range are observed in athat the fluorescence decrease resulting from dUMP binding
number of complexes with TS, including those which do is not observed. The changes in fluorescence properties upon
not catalyze reactions (for example, ecdBMP-Hfolate). ligand binding can be utilized to determine the rate of
(6) Neither primary nor secondary isotope effects are complex formation. With respect to wild-type ecTS, the data
observed on either the amplitude or rate of the burst. For is best describedyba 2 exponential equation of the form
these reasons we would instead propose that the increase in

absorbance occurs in steps prior to the chemical reactions F.= AF, expond) + AF, exg e + Fou
depicted in Scheme 2. a
As shown in Figure 4, the dependencekafs:on CHHa- whereF, is the fluorescence at time AF is the amplitude

folate is hyperbolic. The simplest model consistent with such o the fluorescence changeysis the rate constant for each
dependence is depicted in Scheme 3 where E representygcess, andFeq, is the fluorescence at equilibrium. From
ecTSAUMP and L represents GH.folate. The initial  the linear plot okosversus the concentration of PDDF, under

binding of CHH.folate, which can be treated as a rapid pseydo-first-order conditions, the association rate constant
equilibrium step, is followed by a kinetically discernible

reaction step preceding catalysis. For such a reaction schemée The dissociation rate constants for products are sufficiently large

it may be_ ShOWﬂ_ thdtb_urst_= kiso LI/(L + Kd)_ + _kr,isq‘*' I<chgm_ ) that they are negligible in limiting overall catalytic rate and therefore
whereKj is the dissociation constant for binding in the initial have been omitted in the definition &fs:
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Ficure 5: Time courses and best-fit curves of fluorescence quenching as PDDF binds to the binary complexdif &éT £146AdUMP,

and P261AmdUMP. In each case, the final enzyme and dUMP concentrationsdvednd 500uM, respectively. The final concentration

of PDDF is 8uM. The time courses for P261Am and C146A are offset with respect to ecTS. Panels A and B represent continued time
courses over short (A) and extended (B) time ranges.

was determined to be ZBM~*s™1. The slow phase is nearly 0.026 § ' ' )
independent of the concentration of PDDF (indicating that T 0024
Kofi/kon Must be<1 uM) and reaches a maximum of 41's s
which represent&is, + k.iso. This value is similar to that ¢ oo
observed fokis, andk; iso Obtained from burst measurements E 0.020
using dUMP and CkHfolate. £ ?
Evidence that this process represents reorientation of z o 3 3
residues at the protein’s C-terminus was obtained by 0.016 SIS ATEN L%
comparing time courses observed with wild-type and mutant ¥ . ) . .
enzymes. Figure 5 shows representative time courses when 0‘0140 004 008 012 0.16 02
PDDF and dUMP are mixed with wild-type ecTS, C146A, Time (s)

and P261Am, a mutant with the four C-terminal residues Ficure 6: Time courses and best-fit curves for PDDF binding to
deleted. Like wild-type ecTS, the two mutants also show a the binary complexes of C146A.dUMP and P261Am.dUMP
fast phase and a slower phase. For both mutants the fasfnonitored by absorbance spectroscopy at 340 nm. The final

i I : concentration of enzymes and dUMP are 2 and BBD respec-
phase is linearly dependent on the concentration of PDDI:tively. The final concentration of PDDF is/@&M. The time course

with a kon Of 71 uM~* s7* for C146 and 5&M~* s* for for ecTS was virtually identical to that of C146A and is, therefore,
P261Am. Thekosfor the slow phase for C146A reaches a not shown for clarity.

maximum value of 36°S. Although two exponential terms 0., \which are kinetically similar to those observed for

are r_equired to define PDDF b‘_”diﬂg to P2_61Am, ths CH.HJfolate binding, Pogolottie et al. (1986) showed that
amplitude of the second exponential is approximately 15% ¢, mation of the covalent complex between dUMP and IcTS
the amplitude observed for C146A and wild-type ecTS, ,coirs very slowly in the presence of PDDF. Previous

|nd|cat|ng that this Zhﬁfel IS not as prc;nounc;ad for_ thel studies have also shown that the shift from the open form to
truncated mutant and likely represents the conformational e ¢josed form is not required for successful attack of the

relocation of the C-terminus. Because of the small amplitude ), ;4 nycleotide by the reactive site cysteine (Cisneros et
of this phase for P261Am an accurate determination of the 5y "1993: Climie et al., 1992). These results indicate these
maximum rate was not possible. two processes, nucleophilic attack of the bound nucleotide
When PDDF binding to wild-type ecFBucleotide is  and conformational changes, can occur independent of one
monitored by stopped-flow absorbance spectroscopy at 340another. However, both are required to proceed past ternary
nm, the first phase is silent. Figure 6 shows the absorbancecomplex formation and successful chemical transformation
changes accompanying PDDF binding to C146A and P261Am. (steps 4 and 5 of Scheme 2) of bound substrates to bound
The data are fitted to a single exponential equation. The products, as evidenced by the mutants P261Am and C146A.
maximum rate constants of 36 and 38 for C146A and Summary of @erall Kinetic SchemeWe have constructed
wild-type ecTS, respectively, are in good agreement with an overall kinetic scheme from the kinetic and thermody-
the second process observed by fluorescence monitoringnamic binding constants (Scheme 4). Key features of the
Similar to the results obtained by fluorescence spectroscopy,scheme are as follows. Binding of substrates is ordered, with
the amplitude for PDDF blndlng to P261Am is onIy 10% of dUMP binding preceding Chitsfolate. The affinity of
the amplitude observed with C146A and wild-type ecTS. The ecTSdUMP for the latter substrate complex is weak, but is
lack of the second phase for P261Am Compared with C146A enhanced by a reaction step that probab|y represents C-
and wild-type enzymes indicates this process is associatetterminus closure over the active site. Most of the chemical
with the reorientation of the C-terminus. reactions that occur while bound substrates are converted to
Because this phase is present with C146A, closure of theproducts are in equilibrium and are thermodynamically
C-terminus does not depend on nucleophilic attack of the unfavorable. The overall reaction is driven by the reduction
bound nucleotide. Our results indicate that uncoupling of of an enzyme-bound exocyclic form of dTMP by boung H
conformational changes and nucleophilic attack is observedfolate. This reaction step is presumably followed by opening
during ternary complex formation of TS, PDDF, and dUMP. of the active site by movement of the C-terminus, although
Although PDDF binds rapidly and conformational changes we do not directly observe such a step. The catalytic cycle
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Scheme 4: Kinetic Scheme for Thymidylate Synthase fiancol®

Hy CH,Hyfolate
CHyHfolate “;{;j(:c_zw
9.8uM-Is1 E H Sn<S>g-olu

— 2 o -1
ecTS+dUMP = ecTS.dUMP <= . S5 (ecTS.dUMP.CH,Hfolate)*
41 S'l Kd—63 ’,lM _ ~—
Hofolat g o® sy 1051 Ternary Complex after
K _72 oate '°‘§:° Cys 146 Closure of Protein C-terminus
a=73 UM OH of ecTS
ecTS.dUMP.H,folate dUMP 18571
Hjfolate

H»folate
83571 2 J[:jﬂ—

ecTS+dTMP =—; ecTS.dTMP —‘¥7

6.2um g1 K4=66 uM H
CH2H4fola(e SYCY.B 146
Kg>>100uM dTMP of ecTS
ecTS.dTMP.CH,Hfolate ~ Ternary Complex
274 with Products

2 The value of the rate constant governing conversion of enzyme-bound substrates to bound products was calculated from tkeg: (=& of
s ) and from the equilibrium between ecHRMP-CH;Hsfolate and (ecTRIUMP-CH,Hfolate)*.

Table 4: Comparison of Steady-State Parameter Values Obtained
by Fitting Initial Velocity Data and Derived from Transient State
Data

Michaelis— unconstrained predicted by binding
parameter Menter? fitb and transient-state data

Keat (5°9) 19 19 17
Ka.dump (M) 4.2 2.6 3.9
Km.dump (uM) 1.2 1.2 0.2
Km,CHzH4f0Iate (,MM) 11 13 10'

aValues obtained using 25 nM ecTS, 1M CHHsfolate, and
0.0 — vt ! S varied dUMP (6-50 uM) for the determination oKm qump and 50uM
0 5 10 15 20 dUMP with varied CHH.folate (0-100 uM) for determination of
[dUMP] (uM) Kmchptifoie Data were fit tov/[E] = [Slkead(Km + [S]). Substrate
FIGURE 7: Analysis of steady-state initial velocity data to an ordered inhibition was not observed for either substrate. Valuekgfare
bireactant mechanism. The solid line represents the best-fit curveidentical when either substrate was varie&teady-state data were
when the values oKcay Kagump Kmdump, and K crpHfolate @re analyzed as indicated in the text with each parameter unconstrained.
unconstrained. The dashed line represents the best-fit curve wherf Steady-state data were analyzed as indicated in the text. The value
the value ok, 0nly is unconstrained, and the remaining parameters of ks Was unconstrained while the values lgf qump Km,dume, and
are constrained to their experimentally determined values. Table 4 Kncrnjoiae Were fixed at their predicted valuesThe K, for CH;H.folate
reports the parameter values obtained from these fits. was calculated using the thermodynamic dissociation constant for
CH;Hfolate and rate constants derived from transient state fluorescence
is completed by the rapid sequential dissociation of the experiments shown in Figure 4. Fitting of only fluorescence data
products Hfolate and dTMP. Binding of ChH.folate and provides a more accurate value flg, + kiiso because the ligand

. TN . concentration can be extended to lower concentratios. was
H,folate can be trea_lted as rapid equilibrium reactions even _ .\ iated using the equatioRom crestgorste = (Kacraroatd) (siso +ﬁkche Y
on a stopped-flow time scale. (Kiso + Keiso + Kehen)-

Steady-State Catalysis:v&luation of Model. If the model
that we have derived is correct, then it should be possible tofit values from the steady-state rates, agreement is poor. This
predict the steady-state kinetics of ecTS. Values of the is particularly true folKm quve. To address this concern, the
parameterskea, Kmdume Kmcrpfoate and Kqgump were — values of the parameterqqume and Km crpHgoiae Were

determined by fitting steady-state initial velocity data to the constrained to their predicted valuelm suvp Was redefined

VIR ) 57
-3

equation for an ordered bi-reactant mechanism: as kon dumdkeat @s predicted by the model, amhghqump Was

constrained to its measured value of AM~* s71. The

VIE o = K.oddUMP][CH,H folate]/ steady-state data was reanalyzed with: as the only
. . 1

{ (K aund) Ko i olate) + K aume CHoH folate] + unconstrained parameter, which was found to be T.7The

resulting fit is shown as the solid line in Figure 7. Clearly
K et folad dUMP] + [dUMP][CH,H folate]} the steady-state data are simulated well, and the goodness
of fit is not substantially different than for the completely
Experimental and fitted data are depicted in Figure 7, and unconstrained fit. We conclude that values of the parameters
best-fit parameter values are reported in Table 4. When governing steady-state rates are not accurately determined
values for steady-state kinetic constants are determined byfrom classical analysis for this enzyme, probably due to the
fixing one substrate at a single high concentration while relative values of some of the parameters. For example, we
varying the other substrate (typically performed Michaelis  believe that the value of 12V does not represent the true
Menten treatment) and compared with values determined byK, for dJUMP and that the value of 0;2V from our analysis
experiments in which both substrates are varied, agreemenis more accurate.
is good. However, when values predicted from the definition ~We have confirmed the order of substrate binding and
of these steady-state parameters are compared with the besproduct release predicted by others from product inhibition



Kinetic Scheme for Thymidylate Synthase Biochemistry, Vol. 36, No. 14, 19974221

3.2 T e —— Scheme 5

EE >—= EEsL

wl e

E LEE 5= L«EEeL
L Kaz

[ 5]
oo
ol . . .

Fluorescence
(arbitrary units)
[ 8]

F S

—
-

]
] described in this manuscript. This view is consistent with
IcTS, in which only one nucleotide binding site is observed
. T — a even in the presence of folates (Galivan et al., 1976). It is
0 0.5 1 [dUNIIif]( M 2 2.5 3 not our intention to imply that occupancy of the second site

M) is impossible, merely that availability of the site occurs

i et for 300 e Sopfa o g s 1AVl clowly. Furthermare, i kel hat th affriy
is plotted as a function of dUMP concentration. The final for Ilgand binding at the se(_:ond site is much Iqwer t.h"’“? at
concentration of PDDF is 1M, and that for ecTS is LM (2 the first. Therefore, except in the case of very tight-binding

uM sites). complexes or at extremely high ligand concentrations,
occupancy will not be observed. Recent advances in the

patterns for this enzyme [reviewed in Santi and Danenberg generation of heterodimeric enzymes will likely aid in further

(1984)]. The products #olate and dTMP are only modestly  elucidating the mechanism of cooperativity between the two

potent inhibitors. No substrate inhibition is observed with subunits which is observed with this enzyme.

dUMP and CHH,folate. For dUMP, this is consistent with

the predicted binding sequence. In theory, substrate inhibi-ACKNOWLEDGMENT

tion_might be observed with le-H4f0Iat_e, which is knovyn We thank Dr. Raymond Blakley for his many helpful

to bind to a variety of enzymenucleotide complexes like  giscussions and suggestions during the course of this project

ecTSBrdUMP and ecTS-dUMP. However, we were  anq for his kind support. We also thank Dr. Bruce Dunlap

unable to detect Cittlfolate binding to ecTS.dTMRAG > for suggestions and comments during the drafting of the
100 uM) so that inhibition by this substrate was not manuscript.

anticipated. This poor binding is most likely due to steric
hindrance between the bridge carbon of the folate and the APPENDIX
5-methyl group of dTMP.

1.5

o . . L Scheme 5 depicts the general two-site model that was
Stoichiometry during CatalysisStructural elucidation by | sijized to evaluate ligand binding to ecTS.

X-ray crystallography clearly indicate that TS has two Sites  Ganera| equations: Jis the total concentration of ligand

potentially available for catalysis and that both sites are | . Ewtis the total concentration of enzyme; EEand L-EE
competent to bind ligands under conditions used to producea’re equivalent species, thus '

crystals for structural studies (i.e., high protein and ligand

concentrations). However, virtually every kinetic study of E.: = [EE] + [EE-L] + [L-EE-L]
TS indicates that the binding sites are asymmetric with

respect to ligand binding and ability to carry out catalysis. [L] is determined by solving for the root of
The number of sites immediately accessible (tirn@.5 s) 3 2

for dUMP binding in the presence of PDDF was determined L™+ (Kgz + 2B — L)L +

by titrating ecTS with dUMP in the presence of PDDF. As (Kg2/2 + Egt — LigpKgol — (Kga/2)K gl o
with the tight-binding TS inhbitor 1843U89 which increases

the apparent affinity of TS for dUMP by 2 orders of where 0< [L] < Lyt The concentration of enzyme forms
magnitude (Weichsel et al., 1995), binding of PDDF are calculated from

decreases the thermodynamic dissociation constant of dUMP _

sufficiently to allow for an accurate measure of the number [BE] = Bio{ 1+ 2L/Kg(1 + LK)}
of sites immediately accessible to dUMP. We found that [EE-L] = 2[EE][L)/ Ky,
there are initially 1.2 dUMP binding sites per dimeric ecTS

(Figure 8). Thus formation of a ternary complex with bound [L-EE-L] = [EE-L]LY Ky,

nucleotide and folate analog does not immediately allow

access to the second site for nucleotide binding. Similarly, Fluorescencé is calculated from
rapid occupancy of only one site by the covalent ternary

complex ecTS FdUMP—CH,H,folate is observed by spec- F=1fe[EE] + fe (EEL) + fg L -EEL] (1)
troscopy and by isolation of the covalent complex by
trichloroacetic acid precipitation (Reilly et al., 1995). The
second site is occupied on a considerably slower time scale.
Also, the amplitude of absorbance burst described in the
preceding section is consistent with occupancy at only one
site if molar extinction coefficients for complex formation
are like those measured when FAUMP replaces dUMP. Our
data indicate that only one of two potential catalytic sites g — 2

on dimeric TS is active on the time frame of the stopped- F=Fet 2PelbollKa * 2Fewll ol /Kdi(dzy

flow measurements and transient-state catalytic experiments (1 + 2[Lol/ Kgy + 2[L o] TKg1Kgp) (2)

where f's are coefficients representing fluorescence/unit
concentration for each species.
Best-fit values of parametersokEKai, Kaz, fe, fer, andfg o
can be calculated from the dependence of fluorescence on
tot-

When By < Kgs,
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