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ABSTRACT. Experimental evidence for a 5-exocyclic methylene-dUMP intermediate in the thymidylate
synthase reaction was recently obtained by demonstrating that tryptophan 82 mutantsaaftfacillus
caseienzyme produced 5-(2-hydroxyethyl)thiomethyl-dUMP (HETM-dUMP) (Barret, J. E., Maltby, D.
A., Santi, D. V., and Schultz, P. G. (1998) Am. Chem. Sod 20, 449-450). The unusual product was
proposed to emanate from trapping of the intermediate fivitiercaptoethanol in competition with hydride
transfer from Hfolate to form dTMP. Using mutants of the C-terminal residue of thymidylate synthase,
we found that the ratio of HETM-dUMP to dTMP varies as a function of.Bfblate concentration.

This observation seemed inconsistent with the conclusion that both products arose from a common
intermediate in which CkHsfolate was already bound to the enzyme. The enigma was resolved by a
kinetic model that allowed for differential partitioning of the intermediate formed on each of the two
subunits of the homodimeric enzyme in forming the two different products. With three C-terminal mutants
of L. caseiTS, HETM-dUMP formation was consistent with a model in which product formation occurs
upon occupancy of the first completely bound subunit, the rate of which is unaffected by occupancy of
the second subunit. With one analogdascoli TS mutant, HETM-dUMP formation occurred upon
occupancy of the first subunit, but was inhibited when both subunits were occupied. With all mutants,
dTMP formation occurs from occupied forms of both subunits at different rates; here, binding of cofactor
to the first subunit decreased affinity for the second, but the reaction occurred faster in the enzyme form
with both subunits bound to dUMP and GHiifolate. The model resolves the apparent enigma of the
cofactor-dependent product distribution and supports the conclusion that the exocyclic methylene
intermediate is common to both HETM-dUMP and dTMP formation.

Thymidylate synthase (TSEC 2.1.1.45) catalyzes the in terms of structure, mechanism, and mutagendsis (
conversion of dUMP and 5,10-methylene-5,6,7,8-tetrahydro-
folate (CHHJfolate) to dTMP and 7,8-dihydrofolate ¢H ) — :
folate). In all cases examined, TS is a highly conserved dimer __ Abbreviations: ' TS, thymidylate synthase; @folate, 5,10-

. . o . . ethylene-5, 6,7,8-tetrahydrofolate; .felate, 7,8-dihydrofolate;
of identical subunits; the enzyme has been extensively studleog]UMp, 2-deoxyuridine 5monophosphate; dTMP, thymidine 5

monophosphate; HETM-dUMP, 5-(2-hydroxyethyl)thiomethyl-dUMP;
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The salient features of the chemical pathway of the TS
reaction are shown in Scheme 1. Within the reversible TS
dUMP—CH;Hfolate complex, nucleophilic attack by the
thiol of a cysteine residue (Cys 198 lractobacillus casei
TS?) at C-6 of dUMP converts the 5-carbon of dUMP to the
enoll. This is followed by covalent bond formation between
C-5 of dUMP and the one-carbon unit (C-11) of &H-
folate to produce intermediaté. The C-5 proton ofll is
removed, leading to thg-elimination of Hfolate to give
the intermediatéll . Finally, hydride transfer from Holate
to the exocyclic methylene group tf and g-elimination
of the enzyme result in the productsfblate and dTMP.

Direct evidence for the exocyclic intermedidté was
recently obtained by studies &f caseiTS W82 mutants
(2). These mutants produced 5-(2-hydroxyethyl)thiomethyl-
dUMP (HETM-dUMP) in addition to dTMP. It was proposed
that the unusual product was derived from trapping of
intermediatdll with S-mercaptoethanol, a component of the
assay buffer, in direct competition with the reaction of
hydride from Hfolate (Scheme 2). In the course of studies
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dTMP formation by three C-terminal mutants bf casei

TS and one C-terminal mutant &f coli TS. The enigma of
cofactor-dependent product distribution was resolved by a
model, in which the two subunits of the homodimeric enzyme
catalyze formation of the two products at different rates. That
is, there is a cofactor-induced nonequivalency of sites that
results in different partitioning of intermediatd at each

of the two subunits.

MATERIALS AND METHODS

Materials. (6R)-CH;H,folate was a gift from EPROVA
AG (Schaffhausen, Switzerland). pThyA containing the
E. coli TS gene was originally a gift from Frank Maley,
New York Department of Public Health, Albany, NY3)(
Unless otherwise specified, all materials were obtained from
commercial sources.

TS MutantsTheL. caseiTS mutants V316Am, V316G,
V316R, and W82Y have been previously describéds).

E. colil264Am was prepared by mutagenesis of pThyA using
the QuikChange site-directed mutagenesis kit (Stratagene,
La Jolla, CA) with --GGCATTAAAGCGCCGGTGGCT-
TAGTAATTACGAAACATCC-3' and its reverse comple-
ment as mutagenic primers; the underlined TAG amber
codon replaces the wild-type ATC. The resultant pThyA
(1264Am) was used to transforf. coli strainy2913recA

(4), and the colonies resistant to ampicillin were selected
(6). The mutation was confirmed by sequencing.

For expression and purification of I264Am, a single colony
was inoculated into 100 mL of LB containing 5@/mL
ampicillin, and after growth at 37C overnight, the culture
was transferredbt4 L of LB containing 5Q«g/mL ampicillin.
Cells were harvested by centrifugation at 5000 rpm for 10
min and lysed by sonication, and the protein was purified
by a modification of the procedure described for wild-type
E. coli TS (3). After the phenyl sepharose procedure, about
5 mg of the total protein was applied to a POROS 20 HQ
column (4.6x 50 mm) previously equilibrated with 25 mM
phosphate, pH 7.5, containing 20 mBME. The enzyme
was eluted using an 18 mL gradient 6f0.6 M NaCl in 25
mM phosphate containing 20 mMME, pH 7.5. The
recovered protein~4 mg) was>95% homogenous by
SDS-PAGE. The total yield of pure 1264Am fro 4 L of
culture was~100 mg.

TS HPLC AssayReaction mixtures (50QL) contained
250uM dUMP, varying concentrations of f§-CH,H,folate,
and 4.QuM L. caseiTS V316Am or a 1.«M concentration
of other mutants in TES buffer (50 mM TES, 25 mM MgCl
6.5 mM formaldehyde, 1 mM EDTA, 75 mi@ME, pH 7.4).
After 150 min forL. caseimutants or 60 min folE. coli

directed at understanding how extensive this reaction was|264Am, reactions were quenched by the addition oftBO

in our library of TS mutants, we observed that the ratio of
HETM-dUMP to dTMP varied as a function of GHfolate

of 20% TCA (w/v). Following centrifugation at 10 000 rpm
for 10 min, the supernatant was neutralized by vortexing with

concentration. Since this seemed inconsistent with the an equal volume of 0.5 M tm-octylamine in dichloro-

previous conclusion that HETM-dUMP and dTMP arose
from partitioning of the common intermediatél , we
undertook a more detailed study of the reaction.

In the present work, we investigated the effect of 8l
folate concentration on the kinetics of HEMT-dUMP and

methane 7). The aqueous layer was collected, and a 200
uL aliguot was chromatographed on a Beckman Ultrasphere
IP column (4.6x 250 mm) using a Hewlett-Packard 1090
HPLC equipped with a diode array detector. Solvent A was
5 mM KH,PO, (pH 7.0) containing 5 mM TBAHS, and
solvent B was a 1:1 mixture of 10 mM KIRO, (pH 7.0)

2TS amino acids are numbered appropriately for each source: V316 containing 10 mM TBAHS and 100% acetonitrile. A gradient

of L. caseiTS corresponds to 1264 d&. coli TS.

of 0—20 % B was achieved in 30 min and 280% B in
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Ficure 1: Rate of formation of dTMPA) and HETM-dUMP () versusthe concentration of CiiH, folate at 25QuM dUMP for V316G,
R, and Am. Data were fit using the HeniMlichaelis—Menten equation for a single-site system.

another 10 min. Each peak was scanned from 220 to 400 Data ProcessingKinetic and thermodynamic parameters

nm and identified by its retention time (dUMP, 17.5 min;
dTMP, 21 min; HETMdUMP, 27 min)imax (AUMP, 263
nm; dTMP, 269 nm; HETM-dUMP, 270 nm), and comigra-

tion with authentic standards. Nucleotide concentrations were

were determined by nonlinear least-squares fits of data to
the appropriate equations using the program KaleidoGraph
3.0.2 (Abelbeck Software) run on a Macintosh Power PC.

determined by integrating the area under the peak at 265RESULTS AND DISCUSSION

nm and comparison to calibration standards.

The CHHfolate concentrationS) at the time of measure-
ment ¢) was calculated by subtracting the dTMP formed
from the initial cofactor concentratioisf). Note that HETM-
dUMP formation is not accompanied by GHtifolate con-
sumption; rather, kolate is formed, which is recycled to

L. casei C-Terminal Mutant®evelopment of the Model
Three TS V316 mutants were chosen for the present work:
V316G, V316R, and V316Am. dTMP and HETM-dUMP,
and only these products, were produced by each of the
mutants, but in different relative amounts. Under saturating
concentrations of dUMP and GHfolate, HETM-dUMP

CHzH.folate in the presence of the excess formaldehyde. Therepresents a small amount of the total product with V316G
average ChH.folate concentration over the rate measure- (3494), a moderate amount with V316R (44%), and a large

ment was calculated aS(+ S/2, and the overall rate was
calculated as$ — S)/t. For kinetic analysis, average G-

amount with V316Am (78%).
In early experiments we demonstrated that the HETM-

folate concentrations and overall rates were calculated for 4 mP/dTMP formed was constant over time and varying
each data point and used in fitting the data to the appropriateqypnp concentration (data not shown). However, the HETM-

equation §).

Preparation of HETM-dUMPA solution (8 mL) contain-
ing TES buffer, 1.25 mM dUMP, 1.25 mM CHfolate,
and 13.5uM W82Y was incubated at room temperature
overnight. After TCA precipitation of protein, the products

dUMP/dTMP was affected by CHfolate concentration.
Figure 1 shows the initial rates of formation of dTMP and
HETM-dUMP for the three mutants studied under conditions
of saturating dUMP concentration and varying concentrations
of CH,Hfolate. In all cases, the apparent gtffolate K,

were isolated as described above. The aqueous layer wagalues for HETM-dUMP formation are lower than those for

applied to a DE52 column (20 mL) equilibrated with 5 mM

dTMP formation, and the rate of formation of HETM-dUMP

ammonium bicarbonate. After the column was washed with achieved saturation at lower cofactor concentration than that
the same buffer, nucleotides were eluted with a 200 mL linear of JTMP. Further, in all mutants the initial rate of HETM-

gradient of 16-100 mM ammonium bicarbonate. HETM-
dUMP was further purified by chromatography on a Vydac
C-18 HPLC column (10« 250 mm) with solvent A as 0.1%
TFA in H,O and solvent B as 80% acetonitrile plus 20% A,
using a linear gradient of-620% B in 20 min. ThéH NMR

of the purified HETM-dUMP was identical to that reported
).

The concentration of HETM-dUMP was determined
spectrophotometrically, assuminga.x identical that of to
dTMP (€270 = 9650 Mt cm™1). Known concentrations of
HETM-dUMP (0.056-6.4 nmol in 200uL) were injected
onto a Beckman Ultrasphere IP column (46250 mm)

dUMP formation at low cofactor concentrations appears to
be greater than that of dTMP formation, although with two
mutants (V316G, V316R) th¥nax is lower. Interestingly,
V316Am, which produces dTMP very slowly, produces a
relatively large amount of HETM-dUMP.

The formation of dTMP and H2folate is energetically
favorable and essentially irreversiblg @). However, there
is no a priori reason to believe that the reaction of inter-
mediatelll with SME to give HETM-dUMP and Hfolate
would be irreversible. It was considered possible that at low
cofactor concentrations, Jfblate would irreversibly escape
from the enzyme after HETM-dUMP formation, whereas

and the peak areas at 265 nm determined. A calibrgtion curvewith high cofactor concentrations, the increasegoldte
of HETM-dUMP versus peak area served to estimate the present in equilibrium with ChHafolate might effectively
concentration of nucleotides in the samples following HPLC reverse the reaction and result in an increased partitioning

separations.

Stability of HETM-dUMP in the Presence of V316G and
Hsfolate. A solution (500 mL) containing TES buffer, 200
mM HETM-dUMP, 200 mM Hfolate, and 10 mM V316G

of Il to dTMP. If correct, the folate dependence of the
HETM-dUMP/dTMP might simply be explained by product
inhibition. To test this possibility, we prepared HETM-dUMP
and examined its ability to undergo a reverse reaction with

was incubated at room temperature for 16 h. After removal Hsfolate to form dUMP or dTMP. When 200M HETM-
of the protein and neutralization as described above, thedUMP and 20quM Hfolate were treated with V316G for

products were subjected to HPLC analysis.

20 h, HPLC analysis showed no new nucleotide peaks. Thus,



2432 Biochemistry, Vol. 39, No. 10, 2000 Variath et al.

T T T T
u K1=K2 N

-
o

Mole Fraction

CH,H, folate (mM)

Ficure 2: Simulation of the mole fractions of various enzyme forms as a function gHgFblate concentration. The three panels show
the relative population of enzyme forms with differéttvalues (A, 0.1 mM; B, 0.3 mM; C, 1 mM) at a fixed value Kf (0.1 mM). The
solid line represents EdUMP,, the dotted line EdUMP,—CH,Hfolate, and the dashed linetUMP,—CH,Hfolate,.

under the experimental conditions used here, the formationformation of the intermediateSecond, both bound enzyme
of HETM-dUMP and Hfolate is effectively irreversible, and forms are active in producing either product; thus, the
the reverse reaction does not account for the cofactor-apparenKy, andk. values obtained by a single-site model
dependent change in HETM-dUMP/dTMP. are each composed of two unresolved microscopic constants.
Third, we assume tht, for either product is rate determin-
It has been well established that the two subunits of the ing (i.e., preequilibrium formation of reversibly bound

homodimeric TS are occupied by both substrates, althoughenzyme forms), as shown for dTMP formation with wild-
binding to the first decreases, and under some conditionstype E. coli enzyme {, 9). Thus, the rate of formation of
prevents, binding of the secon@i{14). Regardless, others either product as described by eq 1 expands into one for the
and we have usually assumed a conventional single (orrapid-equilibrium mechanism in eq 2. Here, the formation
independent equivalent) site system for kinetic analysis of products is described as a function of the dissociatiin (
because the different sites are sufficiently similar that kinetic and rate ) constants, an&, values reflect dissociation
differences are not easily resolved. Scheme 2 shows theconstants of the cofactor.

two-subunit model pathway we have used to describe the

TS-catalyzed formation of dTMP and HETM-dumP; Y~ Ky[E—dUMP,—CH,H folate] +

the model is depicted and analyzed under conditions of k[E—dUMP,—CH,H,folate,] (1)
saturating dUMP concentration and varying concentrations K

of CH;Hiolate. E-dUMP, represents the heterodimer p= ! +
saturated with dUMP but not containing Ghtifolate, Ky/[CH,H folate] + 1 + [CH,H, folate] K,
E—dUMP,—CH,Hfolate is the form with both subunits K,

occupied by dUMP and a single subunit site occupied by [E] (2)
CH.H,folate, and E-dUMP,-CH;H,folate; is the form with K;K,/[CH,H,folatef + 1 + K,/[CH,H folate]

both sites occupied by both dUMP and @Hifolate. In this
model,K; andK; areK, values assumed to be dissociation
constants for the referred-to enzyme forms, &nénd k,
represent thé, values for the formation of either product
by E—dUMP,—CH;H,folate and E-dUMP,—CH,Hfolate,,
respectively. Figure 2 shows simulations of concentrations
of the three enzyme forms as a function of Ehfolate
concentration assuming; = Kj, K, = 3K;, andK; = 10K;.
Here, E-dUMP,—CH,Hfolate increases to a maximum

when K; < [CH:H4olate] < K, then decreases, and 3 . - o

A reviewer suggested a model in whichfélate dissociates from
approaches zero as [GHufolate] > K, and E-dUMP,— the enzyme-exocyclic methylene intermediate before 2-mercaptoet-
CH;H,folate, predominates over other enzyme forms. It can hanol enters to react with it. The increasedfdtate present in

; _ equilibrium at higher cofactor concentrations would result in higher
,be seen from Flgure§ 1 and 2 that 8UMP,—CH,H.folate occupancy of the complex, which might explain increased partitioning
is not the sole reactive form for dTMP or HETM-dUMP  of the intermediate toward dTMP at high cofactor concentration. If
formation; otherwise, th¥max values would decrease at high  correct, ex?jger_lc;]us3 éfblatﬁ wofuld hav§5tohe s’\j\n:jeu :/Iffsct. Tds W82A
; was treated witl mM cofactor, m , and varying
cofactor concentrations. H.folate concentration without added formaldehyde, and the dTMP and
Th . d din th . Vi HETM-dUMP were measured. With increasingfélate concentration,
e assumptions and tenets used In the ensuing analySigne rate of product formation decreased in accord with competitive

are as follows. First, as previously propose?) poth inhibition with aK; of about 150 mM. However, over a range of-15

This result argues against the suggestion that increased partitioning

covalent ternary complexil, so the formations of both  yoyarg dTMP results from loss offolate from the enzymeexocyclic
products have the same pathway up to and including methylene intermediate.

Since theK; andK; values for cofactor binding must be
the same for both reactions, and since the HETM-dUMP
reaction shows a lower appardf than dTMP formation,
we conclude that the HETM-dUMR,, reflectsK; and the
apparent dTMRK,, reflects a composite of and lies between
K: and K. Importantly, rate saturation for HETM-dUMP
formation occurs in apparent accord with occupancy of a
single site; however, as previously argued, the reaction cannot
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Table 1: Kinetic Parameters for HETM-dUMP and dTMP Formation

HETM-dUMP dTMP
TS ke (min-?) kP (minD) K @M) Kz (uM) ke (min-?) KD (MY Kmapd M) Ke© (M) Ko (uM)
V316G 0.22(0.25) 0.22 73 e 0.074 (0.078) 0.59 554 73 626
V316R  0.30(0.36) 0.35 54 e 0.11 (0.11) 0.52 249 54 322
V316Am  0.070 (0.061) 0.070 160 e 0.007 §) 0.04 848 163 953
I264Am  0.34-0.35(0.50) ©6-0.0034  29-30 270-280 0.34-0.35 (0.27) 1.32 144 2930  216-220

a Parenthesized; values were experimentally obtained by extrapolating plot§ofersusSto S= 0 to give Ky/Vmax (8).  The k, values for
HETM-dUMP formation withL. caseimutants and for dTMP formation aigy values derived fromVmax values; forE. coli I264Am-catalyzed
HETM-dUMP formation, the range d& is the best fit within limits set by experimental datd:or L. caseimutants K; is theK, for the cofactor
obtained from fits of the data for HETM-dUMP formation to the Michaehdenten equation. FdE. coli 1264Am, K; was determined by the best
fit of the data for HETM-dUMP formation to eq 2 as described in the téXhe apparent cofactdf,, values for dTMP formation are from best
fits of the data to the MichaeksMenten equation for a single-site system. Other constants were obtained by best fits of the data to eq 2 with
constraints as described in the textUndeterminable with the current datahe rate was too slow to obtain a reliable experimental estimate.
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Ficure 3: Partitioning of intermediatéll to HETM-dUMP in (A) L. caseiV316G and (B)E. coli 1264Am at different CHHfolate
concentrations. Experimental values are shown for HETM-dUMIPand dTMP ), and the solid lines are calculated from eq 3 using
values from Table 1. FOE. coli mutant the solid line indicates calculated values using 0.34,k, = 0.0034, anK,; = 268 uM for
HETM-dUMP formation andg = 0.35,k, = 1.31, andK, = 268 uM for dTMP formation.

occur solely from the enzyme form with single-subunit concentration § were in excellent agreement with those
occupancy; otherwise, the concentration ofdMP,— obtained from eq 2. It is noted that the data for dTMP
CH,H,folate and therefore the reaction rate would decreaseformation can be fit equally wellR? = 0.99) to eq 2 or the
at high cofactor concentration. To explain this apparent Henri—Michaelis—-Menten equation for a single (or two
enigma in context of the enzyme forms present under varying equivalent independent) site(siR?(= 0.99), and in the
cofactor concentration (Figure 2, Schemeknust be equal  absence of other information the differential activity of the
to k; for HETM-dUMP formation; in effect, occupancy of two sites cannot be resolved.
the second subunit by both substrates does not affect the The partition coefficient of intermediatdl , Kqgrm—dumpe/
rate of HETM-dUMP formation. As indicated in Figure 2, (Kuetv-dump T+ Katmp), from either of the two reactive enzyme
if k, were lower thark;, at high concentrations of GH,- forms may be calculated from the values in Table 1. The
folate, E-=dUMP,—CH;H folate, would predominate and the  partitioning oflll in the fully occupied enzyme can also be
rate would decrease; ik, were greater thark;, at high experimentally determined as the fraction of HETM-dUMP
concentrations of ChHsfolate, E-=dUMP,—CH,Hsfolate, (i.e., HETM-dUMP/[HETM-dUMP + dTMP]), formed at
would predominate and the rate would increase. Since neithersaturating cofactor concentrations where all enzyme is present
is the case, we conclude thkt = k, for HETM-dUMP as E-dUMP,—CHHsfolate,. Finally, the fraction oflll
formation. simultaneously formed from all enzyme forms at any
From the rate dependence of HETM-dUMP formation concentration of the cofactor may be calculated by using eq
versus[CHzH,folate] (Figure 1), we directly obtaing¢h (K,) 3 and the constants given in Table 1. As shown in Figure 3,
andk; (from Viay). With these constants as constraints, best there is excellent agreement between values calculated from
fits of the data for HETM-dUMP formation to eq 2 showed eq 3 and the experimental data obtained at varying cofactor
thatk; values were essentially identical kg (Table 1). As concentrations.

expected, sincéy = ky, k; values were insensitive ti,
values used in eq 2. ([dTMP])/([HETM-dUMP] + [dTMP]) =

In dTMP formation, both sites are active and the apparent  [K,[CH,H 4folate]k1( atmp) T [CHH 4folate]2k2( dTMPJ/
Km for the cofactor is a composite & andK,. To fit the

experimental data to eq 2, we used #evalue measured [Ko[CH,H folate]kygrvp) + Kiem-aumey

from HETM-dUMP formation andk, from theVmaxof dTMP [CH,H 4folate]2(k2(dTMP) + Kyperv—aump)] (3)
formation (Figure 1). Usind<; andk, as constraints, best

fits of the data to eq 2 yielded the values keiandK; given E. coli 1264Am Verification of the ModelWe felt that

in Table 1. Experimentally determined valueskgbbtained structural studies of a mutant that produced HETM-dUMP
by extrapolating plots ofSv versus Sto zero cofactor might reveal information regarding how this unusual product
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Ficure 4: Rate of I264Am-catalyzed formation of HETM-dUMP and dTM#susCH,Hfolate concentration. For HETM-dUMP formation,
data were fit to eq 2 assumirlg = 0. For dTMP formation, data were fit to eq 2 as described in the text; (dottedKiremd K; as
constraints; solid linek; andK; as constraints). Points are experimental data.

was formed. Of the mutants described thus fargaseiTS
V316Am produced the largest amount of HETM-dUMP over

agreement with those reported aboke € 0.4, k, = 1.4
min~%; Figure 4). The appareft, for dTMP using a single-

dTMP, and thus seemed an appropriate candidate forsite model (144:M) lies intermediate to the two microscopic

structure determination. We prepared the corresponling
coli TS 1264Am since ternary complexes of tiie coli

dissociation constant§; andK,. Finally, for E. coli1264Am,
the partitioning oflll to products at any cofactor concentra-

enzyme have been found to be more amenable to crystal-tion calculated from eq 3 is in excellent agreement with the

lization (15). However, kinetic characterization of the mutant

revealed properties different from those observed with the

corresponding.. caseimutant.

At saturating cofactor concentratioB, coli TS 1264Am
was~30-fold more active at dTMP production thancasei
TS V316Am but much less efficient at HETM-dUMP
production (Table 1). Moreover, with varying cofactor

experimental data (Figure 3, panel B).

SUMMARY

Using data obtained from three C-termirial caseiTS
mutants and one analogolscoli TS mutant, we constructed
a congruent model for the reaction pathways leading to the

concentration the rate of HETM-dUMP formation increased formation of HETM-dUMP and dTMP. The model embraces

to a maximum at about 10@M CH Hsfolate and then

the original proposal that the two products emanate from a

decreased with increasing concentrations (Figure 4). Com-common steady-state intermedia2 (t explains the cofactor

parison of Figure 4 to Figure 2 shows that with varying
cofactor concentration th&. coli TS 1264Am-catalyzed
formation of HETM-dUMP tracks the enzyme form occupied
at a single subunit, E(dUMP),—CH,Hfolate. The data were
fit to eq 2 by constraining, over the range of-90.07 min?;

dependence of the relative amounts of products formed by
different partitioning of the steady-state intermedikktein
forms of the homodimeric enzyme that are occupied by
substrates at ongersustwo subunits. In the case bf casei
V316 mutants, HETM-dUMP formation can be explained

the latter is the last data point sampled, and represents arby a model in which the unusual product forms upon

upper limit. The best fitsR? > 0.99) occurred withk; =
0.34,k, = 0—0.003,K; = 29—30uM, andK;, = 270 to 280
uM. The k; obtained is in excellent agreement with the
experimentally determined value obtained by a ploSef
vs S(0.38 minmY). Thus, withE. coli1264Am, E-=dUMP,—
CH;Hsfolate is active in the formation of HETM-dUMP, but
in contrast to the correspondirlg caseiTS mutant, full

occupancy of the first bound subunit, and the rate is
unaffected by occupancy of the second. Forcoli TS
[264Am, HEMTM-dUMP is formed upon occupancy of the
first bound subunit, but is inhibited by occupancy of the
second. For all mutants studied, dTMP formation emanates
from occupied forms of both subunits at different rates; there
is a cooperative effect in which binding of cofactor at the

occupancy of both subunits causes a complete or near-first subunit decreases binding to the second, and the reaction

complete inhibition of the reaction (i.& = 0—0.003). The
differential behavior of the fully occupied enzyme forms of
the E. coli and L. casei C-terminal deletion mutants in
HETM-dUMP formation, together with their excellent fits

occurs~4—8-fold faster in the completely occupied enzyme
form. Utilizing the K, values obtained from HETM-dUMP

formation with these TS mutants enabled resolution of
differences in the kinetic parameters of the two subunits

to eq 2, adds credence to the model proposed in Scheme 2in dTMP formation that are not easily determined by

dTMP formation byE. coli TS 1264Am behaved as did
the L. caseiTS mutants, with both sites active in forming
product. The rate data were fit to eq 2 by constrairkago
the range obtained for HETM-dUMP formation and to the
ko for dTMP formation R? = 0.99; Figure 4). Th&, andk;
values thus obtained were 23820 uM and 0.34-0.35
min~?, respectively. When eq 2 was constrainedkayand
K, obtained from HETM-dUMP formation, the fit was also
excellent R? = 0.99) and the calculated values were in

conventional steady-state kinetic analysis. Indeed, we can
confidently assign the different rate and cofactor binding
constants associated with the singly and fully occupied
subunit forms of the homodimeric enzyme. Further, the
approach should be generally applicable to other hetero-
dimeric systems (e.g., wild-type TS and other mutants),
provided an independent method is available to determine
Ki. With the ability to dissect the dependency of product
formation versuscofactor concentration, we are now in a
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position to proceed with studies directed toward further These expanded equations were substituted into the rate
understanding the mechanistic details of HETM-dUMP expression

formation in various TS mutants. v = k[E—dUMP,—CH,H,folate] +
k,[E—dUMP,—CH,H,folate,] (1)
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k2

ati - - E]l (2)
The derivation of eq 2 is based on the pathway shownin - CH.H folateP + 1 + K./[CH.H folate [
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