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SUMMARY
Thymidylate synthase (IS) is a homodimeric enzyme that cat-
alyzes the reductive methylation of dUMP by N5,N’#{176}-methyl-
ene-5,6,7,8-tetrahydrofolic acid, to form dTMP. Inhibition of IS
by the dUMP analog 5-fluoro-dUMP (FdUMP) occurs through
the formation of a covalent ternary complex containing the

nucleotide analog, N5,N10-methylene-5,6,7,8-tetrahydrofolic
acid, and the enzyme; this complex is termed the inhibitory
ternary complex (ITC). In the present report, the kinetics of
FdUMP binding into an ITC with purified preparations of human
IS were examined. Rapid chemical-quench techniques, as well
as steady state binding methods, showed that the enzyme
contains two distinct FdUMP binding sites with different affin-
ities for the nucleotide analog. Binding to the first, or high
affinity, site was rapid and reached a maximum stoichiometry of

1 .0 mol of FdUMP/mol of dimer; binding to the second, or low
affinity, site was much slower and reached a stoichiometry of
1 .7 mol of FdUMP/mol of dimer. Rate constants for FdUMP
binding to and dissociation from the ITC (k0� and k05, respec-
tively) were determined, as were equilibrium dissociation con-

stants (Kd). A naturally occurring mutant form of IS, which
contains a tyrosine to histidine substitution at residue 33 and
renders cells relatively resistant to fluoropyrimidines, exhibited

a lower affinity for FdUMP specifically at the second binding
site, with little or no change at the first. Hill coefficients were
<1 .0, with the His-33 enzyme having a significantly lower co-
efficient than the wild-type enzyme. The results, in total, mdi-
cate that the two FdUMP binding sites on the TS dimer are
nonequivalent. We suggest that such nonequivalence may be
due to negative cooperativity, where nucleotide binding to the
first subunit elicits a conformational change that results in
reduced affinity for ligand at the second subunit. This negative

cooperativity may be stronger for the His-33 mutant. Thus, the
relative fluoropyrimidmne resistance conferred by the His-33

substitution may be due to enhanced negative cooperative
effects on FdUMP binding into the ITC, thereby reducing the
effectiveness of the pyrimidine analog as an inhibitor of thymid-
ylate biosynthesis.

TS catalyzes the reductive methylation of dUMP by

CH2H4PteGIu, to form dTMP and H2PteGlu. The enzyme,

which has been purified from a number of organisms, is

composed of two identical subunits, has a total molecular

mass of 63-74 kDa, and has a relatively well conserved

primary structure (1-3). The crystal structures of TS from

Lactobocillus casei and Escherichic.t coli indicate that the two

subunits are arranged in a back-to-back fashion, with the

active site cleft of each extending almost to the subunit

interface (4-8). The active site of each subunit is lined by

approximately 30 conserved amino acids, two of which are

contributed by the other subunit.
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South Carolina Venture Fund.

1 Research reported in this paper was performed in partial fulfillment of the
requirements for the Ph.D. degree. Present address: Department of Biological
Sciences, University of South Carolina, Columbia, SC 29208.

Because it catalyzes an indispensable step in the biosyn-

thesis of dTMP, TS is critical in the replication of DNA and

has traditionally been an attractive target to which antineo-

plastic agents, particularly folate and pyrimidine analogs,

are directed (9, 10). One such agent, 5-fluorouracil, is metab-

olized in the cell to FdUMP, which acts as a mechanism-

based inhibitor of TS by forming a stable covalent complex

with CH2H4PteG1u and the enzyme; this complex is referred

to as the ITC. X-ray structural studies ofthe ITC (5) indicate

that FdUMP binds at the base of the active site cleft of the

enzyme; the pyrimidine and ribose moieties ofthe nucleotide

analog provide a docking surface for binding of the folate

cosubstrate. The ITC is held together by two covalent link-

ages, one between the methylene group of CH2H4PteG1u and

C5 of FdUMP and the other between a cysteine suithydryl

group of the enzyme and C6 of FdUMP. The carboxyl-termi-

nal region of TS, which is disordered in the ligand-free en-
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cycle) using a Branson Sonifier 450 (power level, 6; duty cycle, 60%).

Cell debris was removed by centrifugation for 30 mm at 10,000 x g

at 4#{176},and the cell-free extract was loaded onto a column of Cibacron

Blue-Sepharose (total column volume, 60 ml) that had been equili-
brated in Blue A buffer. The column was eluted with a 0-1 M KC1

gradient; fractions containing TS, which eluted at about 1 M KC1,

were pooled, brought to 250 �tM dUMP, and loaded onto a methotrex-

ate-Sepharose affinity column (18) equilibrated in buffer containing

50 mM Ths-OH, pH 7.5, 250 p.M dUMP, and 0.2% 2-mercaptoethanol

(total column volume, 10 ml). The column was washed thoroughly
with 50 mM Tris-OH, pH 7.5, 1 M KC1, 250 �.tM dUMP, 0.2% 2-mer-

captoethanol, and TS was eluted with dUMP-free buffer; fractions

containing enzyme activity were pooled, diluted with an equal vol-
ume of glycerol, and stored in 1-ml aliquots at -20#{176}.All buffers for

enzyme purification were adjusted to the appropriate pH at 4#{176},

filtered through 0.45-nm Versapor acrylic copolymer filters

(Gelman), degassed with helium for approximately 45 mm, and used
immediately after addition of reducing agent. Protein concentrations

were determined by the method of Bradford (19).
Enzyme activity measurements. TS activity was assayed spec-

trophotometrically by measuring H2PteGlu production during con-

version of dUMP to dTMP. Reaction mixtures (1.0 ml) contained

enzyme, 100 p.M dUMP, and 100 �M CH2H4PteG1u in Morrison buffer

(20), which consists of 120 mM Iris, 60 mist MES, and 60 mM acetic

acid, pH 7.5; mixtures were incubated at 25#{176},and absorbance at 340
nm due to the production of H2PteGlu was measured. One unit of

activity is defined as an amount of enzyme necessary to catalyze

production of 1 �mol of H2PteGlu/min; the extinction coefficient for

H2PteGlu at 340 nm was taken to be 6400 cm ‘ M � (21).

TS activity was also measured by the tritium exchange assay,

which monitors the production of [3H]water from [5-3H]dUMP (22).
Reaction mixtures (0.3 ml) contained the enzyme, 100 �M dUMP (2

Cilmmol), 200 �M CH2H4PteGIu, 500 p.g/ml BSA, and 0. 1% Triton
X-100 in Morrison buffer, pH 7.5; mixtures were incubated at 37#{176}.

[3HlWater was measured after charcoal extraction (22); 1 unit of

activity is an amount of enzyme required to catalyze production of 1

�mol of [3H]water/min.

Nucleotide binding assays and kinetic analyses. ITC forma-
tion was quantitated by trichloroacetic acid precipitation of com-

plexes made in the presence of[6-3H]FdUMP (22). Reaction mixtures

(0.5 ml) contained enzyme, 100 �M [6-3H]FdUMP (2-18 Ci/mmol),

100 ,�M CH2H4PteGIu, 500 �g/ml BSA, and 0.1% Triton X-100 in

Morrison buffer, pH 7.5. The mixtures were incubated at 7#{176};ITCs
were precipitated and washed in 5% trichloroacetic acid, and radio-

activity in the pellets was quantitated by scintillation counting.

Kinetic analysis of FdUMP binding into the ITC was based upon
the following ordered sequential scheme (23, 24):

k1 k3 CH2H4PteGIu

TS + FdUMP � TS-FdUMP � � ITC

In this scheme, TS-FdUMP represents the binary complex between

the enzyme and FdUMP; k1, k2, k3, and k4 are individual rate con-
stants. FdUMP binding into the ITC can be described by a rate

constant k00, which is defined by the following equation:

- k1k3{CH2H4PteG1u]
k0� - k2 + k3 [CH2H4PteGIu] (1)

The k00 value is an apparent rate constant, because ITC formation is

not strictly a bimolecular reaction (24). Under conditions where the

CH2H4PteG1u concentration is in excess, it is the case that

k3[CH2H4PteG1u] >> k2, so that k00 approximates k1 (24).

The k00 values were determined by measuring the initial rate of
[3HIFdUMP incorporation into the ITC in the presence of excess
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zyme and extends into the solvent, closes down over the

active site upon the binding ofligands, effectively sequester-

ing them from the bulk solvent. The large conformational

changes associated with ligand binding are reflected in a

3.5% reduction in the Stokes radius of the enzyme (11).

Studies of variations in fluoropyrimidine response among

human colonic tumor cell lines have led to the identification

of a naturally occurring mutant TS form that is associated

with relative resistance to FdUrd (12, 13). The altered form,

which contains a histidine residue in place of tyrosine at

position 33 (14), confers a 3-4-fold level of resistance to

FdUrd in both mammalian and bacterial cells (15). Recent

analysis of the wild-type and mutant enzymes purified di-

rectly from human colonic tumor cells showed that the mu-

tant TS has a specific activity that is 10-fold lower than that

ofthe wild-type enzyme, whereas the Michaelis constants for

both dUMP and CH2H4PteG1u are only slightly changed (16).

Analysis of ITC formation revealed that the Kd for FdUMP

binding into an ITC with the His-33 form is 4-fold higher

than that with the wild-type (i.e., Tyr-33) form (16). Intro-

duction of a phenylalanine residue at position 33 does not

alter the properties of TS (16), indicating that the functional

effects of the His-33 substitution are due to the presence of

the imidazole ring of histidine, rather than to the absence of

the �-hydroxyl of tyrosine.

In the present report, we describe kinetic analysis of

FdUMP binding into an ITC with the purified Tyr-33, His-33,

and Phe-33 forms of human TS. We provide evidence mdi-

cating that FdUMP binds the two subunits of TS in a non-

equivalent fashion. This may be due to negative cooperativity

of nucleotide binding, which is enhanced in the His-33 en-

zyme, compared with the Tyr-33 or Phe-33 form. Such en-

hancement may explain the FdUrd resistance of cells ex-

pressing the His-33 form, implicating a role for residue 33 in

the conformational changes underlying the putative cooper-

ative effects of ligand binding to TS.

Experimental Procedures

Chemicals. [6-3H]FdUMP (18 Cilmmol) and [5-3H]dUMP (15 Ci’
mmol) were purchased from Moravek Biochemicals. Folic acid,
FdUMP, dUMP, BSA, Triton X-100, glycerol, and 2-mercaptoethanol
were obtained from Sigma. Ths-OH, MES, and dithiothreitol were
products of Research Organics. CH2H4PteG1u was prepared from

5,6,7,8-tetrahydrofolic acid, as described elsewhere.2

Bacteria. Strain x29l3 of E. coli, which carries plasmid

pDHTS-S1 expressing the Tyr-33 form of human TS (17), was ob-

tamed from Dr. D. Santi (Dept. of Biochemistry, University of Cali-
fornia, San Francisco, CA). Derivatives of pDHTS-S1 encoding the
His-33 and Phe-33 forms were produced by site-directed mutagene-

sis and have been described previously (15, 16). Bacteria were main-

tamed in standard L-broth, and were cultured at 37#{176}in a shaking
incubator (15, 16).

Enzyme purification. An overnight culture (10 ml) ofthe appro-
priate bacterial strain was inoculated into 1 liter of L-broth and
grown at 37#{176}for 36-48 hr. The cells were harvested by centrifugation

at 3000 x g for 30 mm and washed with phosphate-buffered saline.
Cells (3-5 g) were placed in a sonication vessel containing 100-150
ml ofBlue A buffer (50 mist Ths-OH, pH 7.5, 0.2% 2-mercaptoethanol,

10 mM dithiothreitol) and were sonicated on ice (five cycles, 5 min/

2 W� Deng, R. J. Cisneros, R. T. Reilly, W. C. Cooper, L. F. Johnson, and

R. B. Dunlap. The mechanism of covalent inhibitory ternary complex forma-
tion between recombinant mouse thymidylate synthase and 5-fluoro-2’-de-
oxyuridylic acid, manuscript in preparation.
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CH2H4PteGIu. Under these conditions, k00 is calculated from the

following second-order equation (24):

1 [FdUMP0]([E01 - [XI)

�E0] - [FdUMP0I ln [E01([FdUMP0J - [Xl) k0�t

where [E0] is the initial concentration of enzyme binding sites,

EFdUMPO] is the initial FdUMP concentration, and [XI is the concen-

tration of ITC at any time t. The slope of a straight line plot of eq. 2

represents kon.

Reaction mixtures for determination of k00 contained 0.21 p.�i

purified TS and various concentrations of [6-3H]FdUMP (0.21-110

�tM); they were incubated at 7#{176}for various times (25 msec to 2 hr) and

quenched with trichloroacetic acid. For incubation times of < 10 sec,

quenching was performed in a PQ-53 preparative quencher (Hi-Tech

Scientific); for incubation times of > 10 sec, quenching was done

manually. After addition of the trichioroacetic acid, 3H-labeled com-

plexes were precipitated and washed, and radioactivity was mea-

sured by scintillation counting.

Equilibrium dissociation constants (Kd values) for FdUMP binding

to TS were calculated from measurements of nucleotide binding

under steady state conditions. Reaction mixtures, containing 2 ni�i

purified TS and various concentrations of[6-3HIFdUMP (0.1 n� to 25

tiM), were incubated for 6 hr at 7#{176};3H-labeled complexes were pre-
cipitated and washed with trichloroacetic acid, and radioactivity in
the pellets was measured by scintillation counting. The rate constant

for FdUMP dissociation from the ITC, k0ff, was calculated using the

equation Kd kodkon (16, 24).

Results

Purification of human TS from recombinant E. coli.

The Tyr-33, His-33, and Phe-33 forms of human TS were

purified from recombinant E. coli carrying and expressing

human TS cDNA plasmids. The normal, or Tyr-33, form of

human TS is expressed in E. coli x29l3 cells containing

plasmid pDHTS-S1 (17); derivatives ofpDHTS-S1 expressing

the His-33 and Phe-33 forms were generated by site-directed

mutagenesis (15, 16). TS levels in the bacteria were found to

increase markedly as cells entered the stationary phase and

were maximal approximately 24-36 hr after the initial inoc-

ulation (data not shown). As measured by [3HIFdUMP bind-

ing, extracts of stationary-phase cells typically contained

100-500 pmol of TS/mg of soluble protein, which represents

about 0.8-4% of total protein in the extracts.

Purification was accomplished using a two-step protocol

that involved Cibacron Blue chromatography followed by

methotrexate affinity chromatography (see Experimental

Procedures for details), a procedure that could be completed

in <9 hr. A typical purification profile is presented for each

TS form in Table 1. The purity of the enzyme preparations

was estimated by [3HIFdUMP binding activities, which were

found to be 22,000-23,000 pmol of nucleotide/mg of protein

for each enzyme (Table 1). This is the value expected from the

known molecular mass of the human TS dimer (72 kDa) and

the fact that the maximum stoichiometry for FdUMP binding

is 1.7 mol of nucleotide/mol of dimer (25). Sodium dodecyl

sulfate-polyacrylamide gel electrophoresis indicated that

each TS preparation was at least 95% pure (data not shown).

The specific catalytic activities of the purified TS forms, as

assayed by H2PteGlu formation (see Experimental Proce-

dures), were 1.2 units/mg, 0.093 units/mg, and 1.2 units/mg

for the Tyr-33, His-33, and Phe-33 enzymes, respectively.

The kcat values, calculated from the specific activities, were

1.5 sec ‘, 0.12 sec �, and 1.5 sec ‘, respectively. A low kcat

for the His-33 enzyme was noted in previous studies (15, 16)

and reflects an intrinsic property ofthis TS form, rather than

an artifact of the purification process. The Michaelis con-

stants for dUMP, as determined by the tritium exchange

assay, were 1.0 j�M for the Tyr-33 and Phe-33 forms and 2.1

p.M for the His-33 form. The Tyr-33 and Phe-33 enzymes

could be stored in 50% glycerol at -20#{176}for several months

without loss ofactivity, whereas the His-33 form retained full

activity for only about 2-3 weeks under these conditions.

Studies aimed at establishing conditions for long term stor-

age of the enzymes are ongoing.

Biphasic binding of FdUMP into the ITC. The three

purified TS forms were compared with respect to the kinetics

of nucleotide binding into the ITC by using rapid chemical-

quench techniques, as outlined in Experimental Procedures.

ITC formation was measured as a function of time at various

concentrations of [3H]FdUMP. Data for the Tyr-33 enzyme,

shown in Fig. 1, indicated that the enzyme binds FdUMP in

a biphasic manner. A rapid phase, reaching a maximum

binding stoichiometry of 1.0 mol of nucleotide/mol of TS
dimer, occurred within 4-6 sec at the highest FdUMP con-

centrations (Fig. 1A). This was followed by a second, much

slower, phase that took place over about 90 mm and reached

a maximum stoichiometry of 1.7 mol of nucleotide/mol of TS

dimer (Fig. 1B). Similar biphasic kinetics were obtained with

the purified Phe-33 and His-33 enzyme forms (data not

shown). Thus, purified TS exhibits two distinct FdUMP bind-

ing sites that form ITCs at very different rates. A similar

phenomenon has been observed for the purified mouse TS.2

TABLE 1

Purification profiles for the Tyr-33, Phe-33, and His-33 forms of TS

Fraction Volume Protein Binding units Specific binding Recovery Purification

ml mg omol of FdUMP pmol/mg % fold

Tyr-33
Crude extract 100 350 360 1 000 100 1
Blue-Sepharose 38 28 240 8,600 67 8.6
Methotrexate-Sepharose 40 8.3 1 80 22,000 50 22

Phe-33
Crude extract 1 10 300 190 630 100 1
Blue-Sepharose 82 22 125 8,500 66 14
Methotrexate-Sepharose 18 4.1 95 23,000 50 36

His-33
Crude extract 1 10 260 260 1 000 100 1
Blue-Sepharose 62 20 1 70 8,500 65 8.5
Methotrexate-Sepharose 18 5.1 1 10 22,000 42 22
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Fig. 1. Kinetics of FdUMP binding into the ITC. Reaction mixtures
containing the purified Tyr-33 form of TS, CH2H4PteGIu, and a range of
[6-3HJFdUMP concentrations were incubated for various times at 7#{176}.
ITC formation was measured by tnchloroacetic acid precipitation (see
Experimental Procedures for details). Y is the binding ratio, i.e., the ratio
of ITC to total enzyme. A, Complex formation as a function of time for
the first site; [6-3H]FdUMP concentrations were 21 0 nM (U), 420 n� (A),
1 .1 p.M (U), 2.1 �.tis1 (X), 4.2 �M (0), and 42 �M (#{149}).B, Complex formation
as a function of time for the second site; [6-3H]FdUMP concentrations
were 5.3 �M (A), 11 �tM (0), 21 �xM (A), 32 j.tM (0), and 42 p.r�i (#{149}).

Determination ofthe k0� for FdUMP association into V

the ITC. The k0� was determined at each of several FCIUMP

concentrations for both binding sites on each of the three TS

enzyme forms. The Tyr-33 and Phe-33 enzymes were very

similar at both ligand binding sites. At the first (high affin-

ity) site, the k0� values were 1.44 X 106 M � min � and 1.34 x

106 M1 min’ for the Tyr-33 and Phe-33 enzymes, respec-

tively; at the second (low affinity) binding site, values were

1.59 x i0� M � min � and 1.40 x i0� M � min ‘, represent-

ing about a 1000-fold reduction, relative to the first site. The

His-33 mutant was similar to the other two forms in dis-

playing a biphasic FdUMP binding pattern; however, the

k0� values (1.90 x iO� M � min � for the first site and 2.44 x
iO� M � min ‘ for the second) were increased by about 13-

17-fold.

Thus, human TS contains two distinct FdUMP binding

sites that differ in kon. Furthermore, the Tyr-33 to His-33

1.0

0.5

0.0

0.0 0.1 0.2 0.3 0.4 0.5 0.6
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substitution causes a significant increase in the rate constant

for FdUMP binding at each site. This was a rather unex-

pected finding, because earlier studies had shown that the

His-33 form has a reduced affinity for FdUMP (13, 15, 16).

The fact that the Phe-33 mutant is essentially indistinguish-

able from the Tyr-33 enzyme makes it unlikely that the

functional effects of the His-33 substitution are a conse-

quence of the absence of the �-hydroxyl group of tyrosine;

rather, as suggested earlier (15, 16), the effects must be due
to the presence of the imidazole ring of histidine.

Determination of the Kd for FdUMP binding. The Kd

for the interaction between FdUMP and TS was measured for

both the Tyr-33 and His-33 forms under steady state condi-

tions. Scatchard plots of the data were nonlinear for both

enzymes, indicating that the two FdUMP binding sites on the

TS dimer have different affinities for the nucleotide analog

(Fig. 2). The first, or high affinity, site was described by a

linear segment ofthe plot that extrapolated to the ordinate at

a point corresponding to a maximum binding ratio of 1

2.0

I1� B

L5�

2.0

1.s�

Y/(Free FdUMP]

Fig. 2. Scatchard plots of FdUMP binding into the ITC. Samples con-
taming purified IS forms and various concentrations of [6-3H]FdUMP
were incubated for 6 hr at 7#{176}.ITC formation was measured by trichlo-
roacetic acid precipitation, as described in Experimental Procedures. Y
is the binding ratio, i.e., the ratio of ITC to total enzyme. Insets, expan-
sion of portions of the curves corresponding to low V/free FdUMP
concentration values. A, Tyr-33 form; B, His-33 form.
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3 R. T. Reilly, unpublished observations.

FdUMP molecule/TS dimer. The slope of this segment, rep-

resenting the Kd for the high affinity site, was 0.64 nisi for the

rI�yr�33 enzyme and 0.91 nrst for the His-33 form. The second,

or low affinity, site, which reached a maximum stoichiometry

of 1.7 FdUMP molecules/dimer, was described by the nonlin-

ear portion of the plot. To calculate the Kd for this site, we

used the method of Conway and Koshland (26), which as-

sumes that the Kd for the second site is significantly larger

than that for the first and is based upon the following equa-

tion:

[FdUMPb] [Es] [FdUMPb] [E1]

[E�1 = � � Kd [E�][FdUMP1]

In this equation, [FdUMPb] is the concentration of bound

FdUMP, [FdUMP1I is the concentration of free FdUMP, and

[E�J is the total enzyme concentration (26). A plot of eq. 3

results in a straight line with slope -Kd (26). Fig. 3 shows the

Fig. 3. Determination of Kd values for the second FdUMP binding
sites. The nonlinear portions of the Scatchard plots in Fig. 2 (i.e., the
segments corresponding to the second binding site, representing bind-
ing ratios between 1 .0 and 1 .7 molecules of FdUMP/molecule of TS
dimer) were replotted according to the scheme of Conway and
Koshland (26) (see text for details). A, Tyr-33 form; B, His-33 form.
Abbreviations are defined in the text.

0 1 2 3

log (FdUMPf]
Fig. 4. Hill plots for FdUMP binding into the ITC. The data in Fig. 2
were used to construct Hill plots for the Tyr-33 (0) and His-33 (D)
forms. Y is the binding ratio, i.e., the ratio of ITC to total enzyme;
[FdUMPf] is the concentration of free, or unbound, FdUMP.

results of such a plot in the range of 1-1.7 molecules of

FdUMPPFS dimer and indicates Kd values of0.46 .tM and 1.5

�LM for the Tyr-33 and His-33 enzymes, respectively.

Thus, the Kd difference between the two sites on the TS

dimer is about 700-fold for the Tyr-33 enzyme and about

1600-fold for the His-33 enzyme. The two enzyme forms

showed little, if any, difference at the high affinity site (0.64

flM versus 0.91 nr�) but were about 3-fold different at the

second, or low affinity, site (0.46 p.M versus 1.5 p.M).

Hill plots generated from the binding data are shown in

Fig. 4. Hill coefficients, calculated from the slopes of the

resulting straight lines, were 0.24 and 0. 10 for the Tyr-33

and His-33 enzymes, respectively (Fig. 4). The fact that these

coefficients are <1.0 is consistent with negative cooperativity

(26, 27), which appears to be more pronounced for the His-33
enzyme, because its coefficient was significantly lower than

that for the Tyr-33 form.

Estimation ofk0� Rates ofFdUMP dissociation from the

ITC, described by k0ff, were calculated from the relationship

Kd k0dk0� (16, 24). As summarized in Table 2, the Tyr-33

enzyme had k0ff values of 9.22 x i0� min � at the first site

and 7.47 x i0-� min ‘ at the second; the His-33 enzyme

exhibited k0ffvalues of 1.73 x 10_2 min ‘ at the first site and

3.66 x 10_2 min ‘ at the second. Thus, whereas k0ff values

were much higher for the His-33 enzyme, relative to the

Tyr-33 enzyme, at both binding sites, the difference between

the two enzymes was more pronounced at the second site.

The k0ff can be directly determined by measuring FdUMP

exchange from the ITC (16, 24). Unfortunately, the purified
TS preparations were not stable over a sufficiently long pe-

riod of time to allow such measurements.3

Discussion

In the present study, we have examined the kinetics of

FdUMP binding to highly purified preparations of both wild-

type and mutant forms of human TS. The purification

scheme described here required only two steps and was ac-

complished in <9 hr, with an overall recovery of 50%; this

represents a significant improvement over previously pub-
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TABLE 2

Kinetic analysis of FdUMP binding into the ITC
The k0� values were determined at several FdUMP concentrations, using the rapid
chemical-quench data shown in Fig. I . The Kd values were determined from the
Scatchard plots depicted in Fig. 2. The k05 values were calculated from the
relationship Kd k0�/k0� (16, 24).

Tyr-33 Phe-33 His-33

First site
k0� (M1 mm

k0� (min1)
Kd (M)

-� 1.44 x 106

9.22 x io-�

6.4 x 10_b

1.34 x 106

ND#{176}
ND

1.90 x i0�
1.73 x 10_2

9.1 x 10_b

Second site
k0� (M1 min1)

k0� (min1)

Kd(M)

a ND, not determined.

1.59 x iO�
7.47 x io-�

4.7 x iO�

1.40 x iO�
ND
ND

2.44 x iO�
3.66 x 10_2

1.5 x 10_6

lished protocols (16-18, 28-30). Several criteria indicated

that the enzymes were pure and fully active. First, the

FdUMP binding activities of the preparations were 22,000-

23,000 pmol of nucleotide/mg of protein; this is exactly the

activity expected for a dimer that has a molecular weight of

72,000 and that binds 1.7 molecules of FdUMP/dimer (25).

Second, the specific activities (1.2 j.�mol of productlmin/mg of

protein) and kcat values (1.5 sec ‘) for the purified Tyr-33

and Phe-33 enzymes were equal to or higher than those

reported previously (16-18, 28-30). The His-33 mutant form

had a lower specific activity and kcat, reflecting an intrinsic

property of this form, rather than an artifact of the punfica-

tion process (15, 16). Third, the Km values for dUMP were

consistent with published values (16, 17, 28). Finally, poly-

acrylamide gel electrophoresis in the presence of sodium

dodecyl sulfate indicated that the enzymes were indeed pure

(data not shown).

Three kinetic parameters describing the interaction be-

tween FdUMP and the enzyme were measured for each of the

purified TS preparations. The rate constant k0�, which de-

scribes FdUMP association into the ITC, was determined by

rapid chemical-quench methods. The equilibrium dissocia-

tion constant Kd was calculated from steady state binding

measurements and Scatchard analyses. Finally, the rate con-

stant horn describing dissociation of FdUMP from the ITC,

was calculated from the relationship Kd = kodkon (16, 24).

The results clearly showed that FdUMP binding is biphasic,

indicating the presence ofnonequivalent binding sites for the

nucleotide analog. The first binding phase occurred rapidly
and reached a maximum stoichiometry of 1.0 FdUMP mole-

cule/dimer; the second, which was much slower, reached a

stoichiometry of 1.7 FdUMP molecules/dimer (Fig. 1). The Kd

was much lower at the first binding site than at the second,

primarily reflecting a large difference in kon (i.e., about 1000-

fold) between the two sites (Table 2).

The His-33 enzyme, like the Tyr-33 and Phe-33 forms,

exhibited biphasic binding kinetics; however, its rate con-

stants were significantly different from those of the other

two. The k0� was about 13-15-fold higher for the His-33 form

at both the high and low affinity sites (Table 2). The k0ff was

increased by about 19-fold for the first site and by about

49-fold for the second site (Table 2). These differences in rate

constants between the Tyr-33 and His-33 forms result in

similarKd values at the first site (i.e., 0.64 nM versus 0.91 nM)

but very distinct Kd values at the second (i.e., 0.47 ,.tM versus

1.5 p.M). The fact that the Tyr-33 and Phe-33 enzymes had

similar kon values indicates that the functional changes ex-

hibited by the His-33 enzyme are not explained by loss of the

hydrogen bond between the hydroxyl group ofTyr-33 and the

main-chain keto group of Met-216. This is consistent with

earlier evidence suggesting that substitution of phenylala-

nine at residue 33 does not detectably alter enzyme function

(16).

Several explanations for the nonequivalence of FdUMP

binding sites on the TS dimer are possible. Some sort of

enzyme heterogeniety may be present in the purified TS

preparations. We consider this to be unlikely. FdUMP bind-

ing at the high affinity site reached a maximum stoichiome-

try of 1 FdUMP molecule/dimer, as measured either by rapid

kinetic means (Fig. 1) or by steady state analysis (Fig. 2).

This was the case for a number of preparations of each of the

three TS forms. To postulate enzyme heterogeniety as re-

sponsible for the nonequivalence of FdUMP binding sites

would require that the purified TS preparations contain one

species that is consistently 59% ofthe total (1.0/1.7, the ratio

ofma.ximal binding stoichiometries at the two sites). It seems

unlikely that this would invariably be the case for multiple

preparations of each of the three TS forms.

A second possibility is that the two FdUMP binding sites

have intrinsically different conformations and bind FdUMP

with distinct kinetics. This cannot be formally excluded at

the present time. Although X-ray studies of the E. coli and L.

casei enzymes seem to suggest that the ligand-free TS dimer

is symmetrical (4-8), it is possible that subtle conforma-

tional differences between the two active sites have not been

detected.

A third explanation, and one we consider most likely, is

negative cooperativity, where the binding of FdUMP into the

ITC at one subunit (the high affinity site) elicits a conforma-

tional change that lowers the affinity for nucleotide at the

other subunit (the low affinity site). The fact that Hill coef-

ficients calculated from the steady state data were < 1 (Fig. 4)

is consistent with negative cooperativity. Interestingly, such

negative cooperativity may be enhanced for the His-33 en-

zyme, as indicated by the observation that the Kd difference

between the high and low affinity sites was about 1600-fold

for the His-33 form but 700-fold for the Tyr-33 form (Table 2).

In addition, the Hill coefficient was significantly lower for the

His-33 form, compared with the Tyr-33 form (Fig. 4), consis-

tent with a stronger negative cooperativity for the former.

This may explain the 3-4-fold level of FdUrd resistance in

cells expressing the His-33 form of the enzyme (15).

Nonequivalent ligand binding sites on TS have been noted

previously. Heterogeneous binding sites for dUMP (31, 32)

and FdUMP (33) have been observed for the L. casei enzyme.

Recently, Dev et al. (34) postulated negative cooperativity in
the binding of folate analogs to human TS. Finally, on the

basis of experiments that are similar to those reported here,

Deng et al.2 invoked subunit nonequivalence to explain the

kinetics of FdUMP and CH2H4PteG1u binding to purified

preparations of mouse TS.

Not all workers have observed subunit heterogeniety for

the TS molecule (for example, see Refs. 16, 24, and 35).

Possible explanations for the discrepancies may relate to the

specific methods used in the analyses. For example, Santi et

al. (35) conducted their studies under conditions where

FdUMP maximally binds 1 site/dimer; thus, no heterogeniety

was observed. The kinetic studies of Hughey et al. ( 16) and
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4 R. T. Reilly, unpublished observations.
5 R. Stroud, personal communication.

Lockshin and Danenberg (24) were conducted at 25#{176}and 37#{176},

respectively, conditions where the Kd difference between the

two FdUMP binding sites is significantly decreased.4 Fur-

thermore, both Hughey et al. (16) and Lockshin and Danen-

berg (24) measured ITC formation by charcoal extraction,

rather than by trichloroacetic acid precipitation; charcoal

extraction does not distinguish between covalent and nonco-

valent complexes, so that binding measurements using this

method may be very different from those using trichloroace-

tic acid precipitation.

The fact that the Tyr-33 to His-33 substitution caused an

amplification of the differences between the two subunits

implies that residue 33 must play a role in the conformations

of the two ligand binding sites on the TS dimer. Tyr-33 is

invariant among the TS molecules sequenced to date and is

located within an amphipathic a-helix (termed helix A) that

is near the active site cavity (4, 36). The �-hydroxyl group of

Tyr-33 forms a hydrogen bond with the main-chain carbonyl

oxygen of Met-216, at the base of another a-helix (termed

helix J) that comprises one wall of the active site cavity.5 The

properties of the Phe-33 enzyme indicate that this hydrogen

bond is not required either for enzyme activity or for negative

cooperativity. However, perturbation of the relationship be-

tween helices A and J, such as that caused by the His-33

substitution, does have an impact upon the subunit interac-

tions that are responsible for negative cooperativity.

EPR studies have led Carreras et al. (37) to suggest that

ligand-free TS exists in an equilibrium between “open” and

“closed” conformational states. In the open state, the carboxyl

terminus is freely moving and the active site is accessible to

ligands; in the closed state, the carboxyl terminus is tightly

positioned over the active site in such a way as to prevent

ligand binding. The addition of ligands causes a shift in the

equilibrium toward the closed conformation (37). These find-

ings are in agreement with X-ray crystallographic analyses,

which indicate that binding of ligands induces the carboxyl-

terminal region of the TS polypeptide to close down over the

active site and sequester the bound ligands from the solvent

(4-8). It is interesting to speculate that the two subunits of

the ligand-free TS dimer are continually alternating between

the two conformations. At any given instant, one subunit

may be in the open conformation, while the other is closed;

averaged over time, the two subunits are essentially equiva-

lent. It is possible that, upon the binding of FdUMP and

CH2H4PteG1u to the open site and formation of an ITC at

that site, contraction of the carboxyl terminus around the

bound ligands changes the conformation of the active site on

the second subunit. This would allow the binding of ligands

at the second site, albeit with reduced affinity. The con-

straints upon complex formation in the second subunit that

may be brought about by ligand binding at the first may lead

to the observed negative cooperativity.

The binding of dUMP, the normal substrate for TS, has not

been examined in the present report. However, in light of

previous studies (31-33), it is reasonable to expect that, like

FdUMP, it interacts with the active sites of the enzyme in a

negatively cooperative fashion. It is interesting to speculate

on the role ofthe proposed negative cooperativity in control of

TS activity and regulation of intracellular dUMP and dTMP

levels. Several studies have indicated that abnormal dUMP/

dTMP ratios can be detrimental to cells. In yeast, high levels

of dTMP are mutagenic, whereas low levels are recombino-

genic (38). High dUMP/dTMP ratios lead to DNA strand

breaks, due to misincorporation of dUTP into DNA (39). It is

essential, therefore, that substrate flow through TS be regu-

lated. Control of TS activity by product inhibition (40-42) is

one mechanism for regulation. Negative cooperativity pro-

vides another. At low dUMP levels, the availability of the

high affinity site on the TS molecule would promote the most

efficient substrate flow through the enzyme, allowing main-

tenance of basal dTTP levels and preventing excessive dUTP

accumulation. With rising dUMP levels, negative cooperat-

ivity would inhibit catalysis at the lower affinity site, thereby

attenuating the accumulation of dTTP and depletion of

dUTP. Thus, negative cooperativity allows the cell to effec-

tively maintain proper dUTP/dTTP ratios.

References

1. Takeishi, K., S. Kaneda, D. Ayusawa, K. Shimizu, 0. Gotoh, and T. Seno.
Nucleotide sequence of a functional cDNA for human thymidylate syn-
thase. Nucleic Acids Res. 13:2035-2043 (1985).

2. Grumont, R., W. L. Washtien, D. Caput, and D. V. Santi. Bifunctional

thymidylate synthase-dihydrofolate reductase from Leishmania tropica:

sequence homology with the corresponding monofunctional proteins. Proc.
Nati. Acad. Sci. USA 83:5387-5391 (1986).

3. Beverley, S. M., T. E. Ellenberger, and J. S. Cordingley. Primary structure

of the gene encoding the bifunctional dihydrofolate reductase-thymidylate

synthase of Leishmania major. Proc. Nati. Acad. Sci. USA 83:2584-2588
(1986).

4. Hardy, L. C., J. S. Finer-Moore, W. R. Montfort, M. 0. Jones, D. V. Santi,

and R. M. Stroud. Atomic structure of thymidylate synthase: target for
rational drug design. Science (Washington D. C.) 235:448- 455 (1987).

5. Matthews, D. A., K. Appelt, S. S. Oatley, and N. H. Xuong. Crystal

structure of Escherichia coli thymidylate synthase containing bound
5-fluoro-2’-deoxyuridylate and 10-propargyl-5,8-dideazafolate. J. Mol.
Biol. 214:923-936 (1990).

6. Matthews, D. A., J. E. Villafranca, C. A. Janson, W. W. Smith, K. Welsh,

and S. Freer. Stereochemical mechanism of action for thymidylate syn-
thase based on the X-ray structure of the covalent inhibitory ternary
complex with 5-fiuoro-2’-deoxyuridylate and 5, 10-methylenetetrafolate. J.
Mol. Biol. 214:937-948 (1990).

7. Finer-Moore, J. S., W. R. Montfort, and R. M. Stroud. Pairwise specificity
and sequential binding in enzyme catalysis: thymidylate synthase. Bio-
chemistry 29:6977-6986 (1990).

8. Montfort, W. R., K. M. Perry, E. B. Fauman, J. S. Finer-Moore, G. F.
Maley, L. Hardy, F. Maley, and R. M. Stroud. Structure, multiple site
binding, and segmental accommodation in thymidylate synthase on bind-
ing dUMP and an anti-folate. Biochemistry 29:6964-6977 (1990).

9. Cisneros, R. J., L. A. Silks, and R. B. Dunlap. Mechanistic aspects of

thymidylate synthase: molecular basis for drug design. Drugs Future 13:
859-881 (1988).

10. Santi, D. V., and P. V. Danenberg. Folates in pyrimidine nucleotide bio-
synthesis, in Folates and Pteridines (R. L. Blakely and S. J. Benkovic,
eds.). John Wiley and Sons, New York, 345-398 (1975).

11. Lockshin, A. 0., and P. V. Danenberg. Hydrodynamic behavior of human
and bacterial thymidylate synthetases and thymidylate synthetase-5’-
fluoro-2’-deoxyuridylate-5,10- methylenetetrahydrofolate complexes: evi-
dence for large conformational changes during catalysis. Biochemistry

19:4244-4251 (1980).
12. Berger, S. H., and F. G. Berger. Thymidylate synthase as a determinant of

5-fluoro-2’-deoxyuridine response in human colonic tumor cells. Mol.
Pharmacol. 34:474-479 (1988).

13. Berger, S. H., K. W. Barbour, and F. G. Berger. A naturally occurring
variation in thymidylate synthase structure is associated with a reduced

response to 5-fluoro-2’-deoxyuridine in a human colonic tumor cell line.

Mol. Pharmacol. 34:480-484 (1988).
14. Barbour, K. W., S. H. Berger, and F. G. Berger. Single amino acid substi-

tution defines a naturally occurring genetic variant of human thymidylate
synthase. Mol. Pharmacol. 37:515-518 (1990).

15. Barbour, K W., D. K Hoganson, S. H. Berger, and F. G. Berger. A

naturally occurring tyrosine to histidine replacement at residue 33 of
human thymidylate synthase confers resistance to 5-fluoro-2’-deoxyuri-

dine in mammalian and bacterial cells. Mol. Pharmacol. 42:242-248
(1992).

16. Hughey, C. T., K. W. Barbour, F. G. Berger, and S. H. Berger. Functional
effects of a naturally occurring amino acid substitution in human thymi-
dylate synthase. Mol. Pharmacol. 44:316-323 (1993).

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


FdUMP Binding to Human TS 79

17. Davisson, V. J., W. Sirawaraporn, and D. V. Santi. Expression of human
thyinidylate synthase in Escherichia coli. J. Biol. Chem. 264:9145-9148
(1989).

18. Bapat, A. R., C. Zarow, and P. V. Danenberg. Human leukemic cells
resistant to 5-fluoro-2’-deoxyuridine contain a thymidylate synthetase
with lower affinity for nucleotides. J. Biol. Chem. 258:4130-4136 (1983).

19. Bradford, M. M. A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye bind-
ing. Anal. Biochem. 72:248-254 (1976).

20. Ellis, K. J., and J. F. Morrison. Buffers of constant ionic strength for
studying pH-dependent processes. Methods Enzymol. 87:405-426 (1982).

21. Wahba, A. J., and M. Friedkin. The enzymatic synthesis ofthyinidylate. I.
Early steps in the purification ofthymidylate synthase ofEscherichia coli.

J. Biol. Chem. 237:3794-3801 (1962).
22. Boles, J. 0., R. J. Cisneros, M. S. Weir, J. D. Odom, and R. B. Dunlap.

Purification and characterization of selenomethionyl thymidylate syn-
thase from Escherichia coli: comparison with the wild-type enzyme. Bio-

chemistry 30:11073-11080 (1991).
23. Danenberg, P. V., and K D. Danenberg. Effect of 5,10- methylenetetrahy-

drofolate on the dissociation of 5-fluoro-2’- deoxyuridylate from thymidy-
late synthase: evidence for an ordered mechanism. Biochemistry 17:4018-

4024 (1978).

24. Lockshin, A. 0., and P. V. Danenberg. Biochemical factors affecting the
tightness of 5-fluorodeoxyuridylate binding to human thymidylate syn-
thetase. Biochem. Pharmacol. 30:247-257 (1981).

25. Donato, H., J. L. Aull, J. A. Lyon, J. W. Reinsch, and R. B. Dunlap.
Formation of ternary complexes of thymidylate synthetase as followed by
absorbance, fluorescence, and circular dichroic spectra and gel electro-
phoresis. J. Biol. Chem. 251:1303-1310 (1976).

26. Conway, A., and D. E. Koshland, Jr. Negative cooperativity in enzyme
action: the binding of diphosphopyridine nucleotide to glyceraldehyde
3-phosphate dehydrogenase. Biochemistry 7:4011-4023 (1968).

27. LeVitski, A., and D. E. Koshland, Jr. The role ofnegative cooperativity and
half-of-the-sites reactivity in enzyme regulation. Curr. Top. Cell. Regul.

10:1-40 (1976).
28. Dolnik, B. J., and Y. Cheng. Human thymidylate synthetase derived from

blast cells of patients with acute myelocytic leukemia: purification and
characterization. J. Biol. Chem. 252:7697-7703 (1977).

29. Rode, W., K J. Scanlon, J. Hynes, and J. R. Bertino. Purification of
mammalian tumor (L1210) thymidylate synthetase by affinity chromatog-
raphy on stable biospecific absorbent: stabilization of the enzyme with
neutral detergents. J. Blot. Chem. 254:11538-11543 (1979).

30. Lockshin, A. 0., R. G. Moran, and P. V. Danenberg. Thymidylate syn-
thetase purified to homogeniety from human leukemic cells. Proc. Nati.
Acad. Sci. USA 76:750-754 (1979).

31. Beaudette, N. V., N. Langerman, R. L. Kisliuk, and Y. Gaumont. A cab-
rimetric study of the binding of 2’-deoxyuridine-S’- phosphate and

5-fluoro-2’-deoxyuridine-5’-phosphate to thymidylate synthetase. Arch.

Biochem. Biophys. 179:272-278 (1977).
32. Lockshin, A. 0., and P. V. Danenberg. Thymidylate synthetase and 2’-

deoxyuridylate form a tight complex in the presence of pteroyltrigbuta-
mate. J. Biol. Chem. 254:12285-12288 (1979).

33. Murinson, D. S., T. Anderson, H. S. Schwartz, C. E. Myers, and B. A.
Chabner. Competitive binding radioassay for 5- fluorodeoxyuridine-5’-
monophosphate in tissues. Cancer Res. 39:2471-2475 (1979).

34. Dev, I. K., W. S. Dallas, R. Ferone, M. Hanlon, D. D. McKee, and B. B.

Yates. Mode ofbinding offolate analogs to thymidylate synthase: evidence
for two asymmetric but interactive substrate binding sites. J. Biol. Chem.
269:1873-1882 (1994).

35. Santi, D. V., C. S. McHenry, R. T. Raines, and K. M. Ivanetich. Kinetics
and thermodynamics of the interaction of 5-fluoro-2’- deoxyuridylate with
thymidylate synthase. Biochemistry 26:8606-8613 (1987).

36. Perry, K M., E. B. Fauman, J. S. Finer-Moore, W. R. Montfort, G. F.
Maley, F. Maley, and R. M. Stroud. Plastic adaptation toward mutations in
proteins: structural comparison ofthymidylate synthases. Proteins 8:315-

333 (1990).

37. Carreras, C. W., N. Naber, R. Cooke, and D. V. Santi. A C- terminal
conformational equilibrium in thymidylate synthase observed by electron
paramagnetic resonance spectroscopy. Biochemistry 33:2071-2077 ( 1994).

38. Barclay, B. J., B. A. Kunz, J. G. Little, and R. H. Haynes. Genetic and
biochemical consequences ofthymidylate stress. Can. J. Biochem. 60:172-

194 (1982).

39. Goulian, M., B. M. Bleile, L. M. Dickey, R. H. Grafstrom, H. A. Ingraham,

S. A. Neynaber, M. S. Peterson, and B. Y. Tseng. Mechanism of thymine-
less death. Adu. Exp. Med. Biol. 195:89-95 (1986).

40. Chalabi, K. A., and W. E. Gutteridge. Presence and properties of thymid-
ylate synthase in trypanosomids. Biochim. Biophys. Acta 481:71-79
(1977).

41. Jackson, R. C. The regulation of thymidylate biosynthesis in Novikoff
hepatoma cells and the effects ofamethopterin, 5- fluorodeoxyuridine, and
3-deazauridine. J. Biol. Chem. 253:7440-7446 (1978).

42. Rode, W., K. J. Scanlon, B. A. Moroson, and J. R. Bertino. Regulation of
thymidylate synthetase in mouse leukemia cells (L1210). J. Biol. Chem.
255:1305-1311 (1980).

Send reprint requests to: Franklin G. Berger, Department of Biological

Sciences, University of South Carolina, Columbia, SC 29208.

 at T
ham

m
asart U

niversity on D
ecem

ber 2, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/



