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SUMMARY

A major mechanism underlying the cytotoxicity of fluoropyrimi-
dine analogs such as 5-fluorouracil and 5-fluoro-2’-deoxyuridine
(FdUrd) occurs via the formation of 5-fluoro-2’-deoxyuridylate
(FAUMP), a tight-binding inhibitor of thymidylate synthase (TS).
Genetic variation in the structure of the TS molecule is an
important determinant of response to fluoropyrimidines, because
such variation may affect the binding of FAUMP to the enzyme.
Previous studies have shown that the colonic tumor cell line
HCT116 expresses two structurally distinct TS polypeptides that
differ by the presence of tyrosine or histidine at residue 33.
Compared with the Tyr-33 form, the His-33 form confers a 3-4-
fold level of FdUrd resistance to cells; this was postulated to be
derived from the reduced affinity of the enzyme for FAUMP and
N5 N'°-methylenetetrahydrofolate, ligands required for the for-
mation of a stable inhibitory complex. In the present study, the
Tyr-33 and His-33 forms have been purified to homogeneity, and
their properties have been compared in detail. The K, values for

dUMP and N®,N'°-methyienetetrahydrofolate in the TS reaction
were not significantly different between the two enzymes. In
contrast, the catalytic efficiency (k..) was 8-fold lower for the
His-33 form. Kinetic and equilibrium binding measurements dem-
onstrated that the dissociation constant for FAQUMP binding into
the temary complex was 3-4-fold higher for the His-33 form;
this was shown to be due to both a decrease in the rate of
FAUMP association with the enzyme and an increase in the rate
of FAUMP dissociation from the temary complex. A TS form
containing phenylalanine at residue 33 was created by site-
directed mutagenesis and was shown to be very similar to the
Tyr-33 enzyme with regard to k..., pH/activity profile, and effect
on FdUrd response. Thus, it is the presence of histidine at residue
33, rather than the absence of tyrosine, that is responsible for
the alterations in catalytic and ligand-binding functions exhibited
by the His-33 form. Possible mechanisms by which the histidine
residue perturbs the structure of the TS active site are discussed.

Fluoropyrimidine analogs, such as 5-fluorouracil and FdUrd,
have been used in the therapy of carcinomas of the breast,
ovary, and gastrointestinal tract (reviewed in Refs. 1 and 2).
The cytotoxic effects of these agents may occur through several
mechanisms. One involves the formation of fluorinated deriv-
atives of dUTP and UTP, which can be incorporated into DNA
and RNA, respectively (1, 2). A second mechanism derives from
conversion of the analogs to FAUMP, a potent inhibitor of the
enzyme TS (EC 2.1.1.45) (1, 2). TS, which is a dimer containing
identical subunits of 36 kDa, catalyzes the synthesis of TMP
via the reductive methylation of dUMP by CH.H ,PteGlu (3,
4). FAUMP, being an analog of dUMP, inhibits TS activity
through formation of a stable covalent ternary complex with
the enzyme and CH,H PteGlu (3, 4). The ternary complex is
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catalytically inactive, resulting in TMP depletion, cessation of
DNA biosynthesis, and cell death.

Drug resistance is a major obstacle to the successful use of
chemotherapeutic agents in the treatment of neoplastic disease.
Investigations of naturally occurring resistance in model cell
lines provide useful insights into the mechanisms that may
underlie innate clinical resistance in patients not previously
exposed to drugs. Numerous studies have been directed at
assessing the role of TS in fluoropyrimidine resistance, and
several mechanisms have been identified. These include higher
concentrations of TS, which in some cases derive from ampli-
fication of the TS structural gene (5, 6); decreases in FAUMP
levels, resulting from either reduced conversion of FdUrd to
FdUMP, increased catabolism of FAUMP, or increased efflux
of FdUrd (7-9); changes in intracellular CH,H PteGlu levels,
impacting upon the formation and stability of ternary com-
plexes (10, 11); and structural changes in the TS polypeptide,
generating altered affinities between FAUMP or CHH PteGlu
and the enzyme (12, 13).

Recent studies of FdUrd cytotoxicity in human colonic tumor

ABBREVIATIONS: FdUrd, 5-fluoro-2’-deoxyuridine; TS, thymidylate synthase; CH.H,PteGlu, N° N'°-methyienetetrahydrofolate; FAUMP, 5-fluoro-2’-
deoxyuridylate; SDS-PAGE, sodium dodecy! sulfate-polyacrylamide gel electrophoresis; MES, 2-(N-morpholino)ethanesulfonic acid.
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cell lines have revealed the importance of TS structure in
fluoropyrimidine response. Analysis of seven cell lines estab-
lished from primary cultures of human colonic tumors revealed
one, HCT116, that had a unique phenotype. HCT116 cells were
found to be relatively resistant to FdUrd; this resistance was
not associated with particularly high levels of T'S, nor was it a
consequence of an inability to form FAUMP (12, 14). Structural
studies showed that HCT116 expresses two electrophoretically
distinguishable forms of T'S; one form is common to all cell
lines examined, whereas a variant form, having a higher pl, is
present only in HCT116 (12, 14). Of particular interest was the
finding that derivatives of HCT116 overexpressing the variant
form were more resistant to FdUrd than were derivatives ov-
erexpressing the ubiquitous form (12). Studies of ligand binding
in crude extracts indicated that the variant TS has a lower
affinity for FAUMP and CH;H, PteGlu, a property that may
account for the relative FdUrd resistance of HCT116 cells (12).

Sequence analysis of TS-specific cDNAs led to the identifi-
cation of a single amino acid substitution that distinguishes the
two TS forms (15). The mRNA encoding the variant TS
contains a thymidine to cytidine transition mutation at codon
33; this mutation, which causes the loss of a Rsal restriction
site within the TS structural gene, results in the replacement
of a tyrosine residue by histidine at residue 33 of the polypeptide
chain (16, 16). Tyr-33 is invariant among the TS polypeptides
of 18 species for which sequence information is available (17),
implying a critical role for the amino acid in TS function.
Direct demonstration that the Tyr-33 to His-33 substitution
has an impact upon FdUrd response was provided by DNA
transfer experiments, which showed that mammalian or bac-
terial cells expressing the His-33 form were 3-4-fold more
resistant to FdUrd than were cells expressing the Tyr-33 form
(16).

To acquire more detailed information on the effects of the
Tyr-33 to His-33 replacement on TS function, we have purified
the two forms to homogeniety and have shown that they differ
with regard to catalytic properties and the kinetics of interac-
tions with ligands. In addition, we demonstrate that the altered
properties of the variant TS form are caused by the presence
of histidine, rather than by the absence of tyrosine, at residue
33.

Experimental Procedures

Materials. [6-°’H]FdUMP (20 Ci/mmol) and [5-*H]dUMP (25 Ci/
mmol) were purchased form Moravek Biochemicals (Brea, CA). Folic
acid, CF, FAUMP, dUMP, and MES were purchased from Sigma
Chemical Co. (St. Louis, MO). CH;H,PteGlu was prepared from tet-
rahydrofolate as described previously (10); folate concentrations are
reported in terms of the active isomer. Bradford protein dye-binding
reagent and Gel Silver Rapid Stain were purchased from Bio-Rad
Laboratories (Richmond, CA). RPMI 1640 medium and fetal bovine
serum were purchased from GIBCO Inc. (Grand Island, NY). Fetal
bovine serum supplemented with iron was obtained from Hyclone
Laboratories (Logan, UT).

Cell culture. Cell lines HCT116/200-10 and HCT116/200-11,
which overproduce the Tyr-33 and His-33 forms of TS, respectively
(see Results), were maintained as monolayers in RPMI 1640 medium
supplemented with 10% fetal bovine serum, 100 nM FdUrd, and 10 uM
folinic acid (12). The cells were routinely monitored for Mycoplasma
contamination by using the Mycoplasma T.C. Rapid Detection System
(Gene-Probe, San Diego, CA).

Purification of TS. HCT116/200-10 and HCT116/200-11 cells
were grown for 12-14 days in drug-free medium containing 8% fetal
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bovine serum, to allow for the in situ dissociation of intracellular
ternary complexes. Enzymes were purified by previously described
procedures (18), with minor modifications. Cell-free extracts were
prepared in buffers containing 20 ug/ml leupeptin, 50 ug/ml aprotinin,
and 0.1 mM phenylmethylsulfonyl fluoride (19). Purity of the TS
preparations was assessed by SDS-PAGE, using silver staining to detect
enzyme, as described previously (18).

TS assays. TS polypeptide concentrations were quantitated by
FAdUMP binding in the presence of CH;H PteGlu (14). Enzyme activity
was assayed by measuring formation of [*H]H;0 from [5-*H]dUMP in
reactions containing 30 uM [5-°H]JdUMP and 160 uM CH;HPteGlu
(18). One unit of activity is defined as the amount of enzyme required
to release 1 nmol of [*H]H;O/min. For determination of initial veloci-
ties, reactions containing 0.013 units of purified TS, 1-60 uM [5-*H]
dUMP, and 10-200 um CH,;H.PteGlu were analyzed as described
previously (18). Michaelis constants were calculated by computer-
assisted linear regression analysis of double-reciprocal plots. The ef-
fects of pH on enzyme reaction rates were determined by incubating
0.012 units of purified TS with 30 uM [5-°H)JdUMP and 160 uM
CH,H,PteGlu (18) in the pH range of 4.5-8.5, using a buffer composed
of 60 mM MES, 60 mM acetic acid, and 120 mM Tris (20).

Kinetic analysis of FAUMP binding. Characterization of
FdUMP binding to TS was based upon previously described kinetic
models (21, 22), using specific methods that have been outlined in
detail (18). Rate constants for FAUMP association into the ternary
complex (k..) were measured in reactions containing enzyme (1.5 nM
ligand binding sites, assuming 1.7 mol of FAUMP/mol of protein
dimer), 0.5-1.5 nM [6-°’H)FdUMP, and 150 uM CH;H PteGlu; constants
were calculated from linear plots based upon a second-order rate
equation described previously (22).

Rate constants for dissociation of FAUMP from ternary complexes
(kotr) were determined from the half-lives (¢,) of preformed complexes
(21, 22). Complexes were isolated from reactions containing enzyme
(1.7 nM ligand binding sites), 30 nM [6-H]FdUMP, and 150 uM
CH;H,PteGlu. The stabilities of complexes were quantitated by char-
coal adsorption assays (18) at various times during incubation with 100
uM unlabeled FAUMP and 30-200 um CH,H PteGlu. The t,, values
were determined and k.« was calculated from the relationship ke = In
2/tu.

Equilibrium studies of FAUMP binding were carried out in reactions
containing 1.7 nM ligand binding sites, 0.5-32 nM [6-*H]FdUMP, and
150 um CH;H PteGlu. Apparent dissociation constants (K,) were de-
termined by computer-assisted linear regression analysis of data
graphed according to the Scatchard equation (23).

Analysis of a Phe-33 mutant of TS. A mutant TS cDNA with a
phenylalanine codon at residue 33 was produced by site-directed mu-
tagenesis, using methods described earlier (16). Plasmid pDHTS-S1,
containing a full length cDNA corresponding to the Tyr-33 form of
human TS in a vector designed for expression in Escherichia coli (19),
was used as template. The mutagenic oligonucleotide was the antisense
sequence 5'-TGCCCCAGGAACTGCAGCTC-3’ (the phenylalanine
codon is underlined), complementary to the codon 33 region of the TS
mRNA. The mutant plasmid was transformed into a thyA~ strain of
E. coli (x2913) (19); cells expressing functional TS were selected in
thymine-free medium. FdUrd sensitivities were measured as described
previously (16).

Results

Purification of the Tyr-33 and His-33 forms of TS.
Cell lines HCT'116/200-10 and HCT116/200-11 were used for
the purification of the Tyr-33 and His-33 forms of TS, respec-
tively. These clonal derivatives of HCT116 express one form of
TS in approximately 20-fold excess, relative to the other (12).
The purification procedure consisted of ammonium sulfate
fractionation, chromatography on AffiGel Blue-Sepharose, af-
finity chromatography on 10-formylfolate-Sepharose, and ion
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exchange chromatography using Mono Q Sepharose (18). Table
1 shows the specific activities and yield of enzymes during the
procedure. For each enzyme, approximately 250-fold purifica-
tion was achieved, with a yield of about 14-22%. Each prepa-
ration contained a single protein species of molecular mass 36
kDa, as assessed by SDS-PAGE (Fig. 1). Isoelectric focusing
gel electrophoresis of [*P]JFAUMP-containing ternary com-
plexes, which provides a very sensitive method for distinguish-
ing the two TS forms (12, 14), indicated that the purified His-
33 form was, as expected, more basic than the Tyr-33 form
(data not shown); this is consistent with the known electropho-
retic properties of the two T'S forms (12). No contamination of
either purified enzyme with the alternative form was detectable
on these gels (data not shown). Based upon the levels of

TABLE 1
Purification of the Tyr-33 and His-33 forms of TS
Total Total Specific Fold
Step actity  proten  actviy  puifcaon Yo
units ms units/mg %
Tyr-33 form
Crude 1009 320 3.2 1 100
(NH,).SO, 868 138 6.3 2 86
AffiGel Blue 565 6.0 94 29 56
Affinity 262 04 655 205 26
Mono Q 223 03 743 232 22
His-33 form
Crude 63 180 0.35 1 100
(NH,).SO, 42 64 0.65 2 66
AffiGel Blue 26 40 6.6 19 41
Affinity 13 0.2 65 186 21
Mono Q 9 0.1 90 257 14
kD
974 —
66.2 —
45 —
S W - TS
31 —
21 —
1 2

Fig. 1. Analysis of purified TS forms by SDS-PAGE. Purified preparations
of the Tyr-33 (/ane 1) and His-33 (/ane 2) enzymes were fractionated by
SDS-PAGE and detected by silver staining. Molecular mass standards,
shown on the left, were rabbit muscle b (97.4 kDa),
bovine serum albumin (66.2 kDa), hen egg white ovalbumin (45 kDa),
bovine carbonic anhydrase (31 kDa), and soybean trypsin inhibitor (21.5
kDa).

expression of the two TS forms in the tumor cell lines used for
enzyme purifications, we expected a 2-5% contamination of
each preparation, which would be detectable by the electropho-
retic methods used. Because no such contamination was ob-
served, it is likely that the two TS forms were resolved to some
extent at one or more steps in the purification procedure (18).

The specific activity of the Tyr-33 form was 743 units/mg,
which is similar to what was reported for human TS purified
from E. coli (19). In contrast, the specific activity of the His-
33 enzyme was only 90 units/mg. This difference between the
two TS forms is not an artifact of the purification, because in
crude cell-free extracts of appropriate cell lines the catalytic
activity of the His-33 form is about 8-10-fold lower than that
for the Tyr-33 form (data not shown). The large difference in
specific activities between the two T'S forms must be due to an
intrinsic difference in catalytic efficiency, i.e., Rest.

Kinetics of ligand binding to the Tyr-33 and His-33
forms of T'S. In earlier studies with crude enzyme prepara-
tions, the His-33 form of TS was observed to have reduced
affinities for FAUMP and CH,H,PteGlu, relative to the Tyr-
33 form (12). To verify this finding and to obtain more detailed
information on the impact of the Tyr-33 to His-33 substitution
on TS function, kinetic parameters describing the catalytic and
ligand-binding properties of purified preparations of the two
enzymes were compared.

K,, values for dUMP and CH,H,PteGlu were not signifi-
cantly different between the two TS forms (Table 2). However,
the catalytic efficiency (k..) differed markedly. The k., for the
Tyr-33 enzyme was 1.6 sec™!, whereas that for the His-33
enzyme was 0.2 sec™! (Table 2). This is consistent with the
difference in specific activities described above and indicates
that the Tyr-33 to His-33 substitution affects substrate turn-
over.

The binding of FAUMP and CH,H,PteGlu to TS in the
formation of the ternary complex can be considered to occur
via the following reactions (21, 22):

ko CH;H.PteGlu]

k
TS + FAUMP fl TS-FAUMP

4

TS-FAUMP-CH,H,PteGlu Scheme 1
Rates of FAUMP binding into a ternary complex with TS and
CH,H,PteGlu, described by the kinetic constant k., are a
function of the rate constants in scheme 1, according to the
following equation (21, 22):

b, = Rl CH:H.PteGlu]
"~ k; + ky{CH,H,PteGlu]

At high concentrations of CH,H PteGlu, ks[CH,H ,PteGlu] >
ke, so that k,, approximates k,. Thus, by measuring the initial
rate of [*PHJFAUMP binding into ternary complexes in the
presence of excess CH,HPteGlu, an estimate of k., can be
obtained (21, 22). Under these conditions, k., can be determined
from the following second-order equation (22):

1 [FAUMP,]([Eo] — [X])

[Es] — [FAUMP,] ™ [E)([FAUMP,] — (X))

where [Eo] is the initial concentration of binding sites, [Fd-
UMP,] is the initial concentration of FAUMP, and [X] is the
concentration of ternary complex measured at time ¢ (22); eq.
2 can be plotted as a straight line, with slope k... Rates of

(0))

=kt (2)
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Al values represent the average + standard deviation of two or three independent determinations.

Parameter Tyr-33 enzyme His-33 enzyme
Kn for dUMP 14 +03um 23 +05um
K for CHHPteGlu 36 +5um 22 +4um
Koat 1.6 + 0.3 sec™’ 02 +0.08sec™
Kon for FAUMP 1.2 +0.1 X 10®* M~ min™ 0.48 +0.06 x 10° M~ min™'
Kon for FAUMP* 0.0094 + 0.0008 min~* 0.021 + 0.002 min~*
* At 150 um CHyH.PteGlu.

FdUMP association into a ternary complex with the Tyr-33
and His-33 forms of T'S were observed to be linear with respect
to time, dependent upon the FAUMP concentration, and inde-
pendent of the CH,HPteGlu concentration above 10 uM (data
not shown). Rates were measured with 150 um CH,H,PteGlu,
and the apparent k,, values were calculated from the slopes of
the straight lines plotted according to eq. 2 (Fig. 2). For the
Tyr-33 form, k., was found to be 1.2 X 10® M~ min™ (Table
2), which is very similar to the value of 1.7 X 10® M~! min™
determined for the enzyme from human leukemic cell line
CCRF-CEM (22, 24). For the His-33 form, k., was 0.48 X 10°
M~! min™? (Table 2), representing about a 2.5-fold reduction,
relative to the Tyr-33 form.

FAUMP dissociation from the ternary complex (k.s) can be
determined by measuring the half-life (k. = In 2/t,,) of pre-
formed complexes containing [*H]JFAUMP (21, 22). Because
the dissociation of CH,H ,PteGlu from the complex precedes
the dissociation of FAUMP (see scheme 1 above), observed k.qy
values are a function of the folate co-substrate concentration,

02

[FaUMP,] (IEgI-IX])
[Eg) (IFDUMP,I-IXD)

IE)-IFUIP, )

time

(min)

Fig. 2. Determination of the k. for FAUMP binding into the temary
complex. Purified Tyr-33 (@) or His-33 (O) enzyme (1.5 nm ligand binding
sites) was incubated for various times with 150 um CH.H.PteGlu and
0.5-1.5 nm [6-*HJFAUMP. The level of bound FAUMP was measured
(18), and the data were plotted according to eq. 2 (22) (see text). Each
point represents the average of three independent determinations.

as well as ks, ks, and k,. The relationship between k. and the
concentration of CH,H PteGlu can be described by the follow-
ing equation (21, 22):

1/koxt = (ks/k2ks)[CH,H.PteGlu] + 1/k, @

Thus, a plot of 1/k.x versus the concentration of CH,H PteGlu
results in a straight line having slope ks/k:k, and intercept 1/
k. As expected, for both the Tyr-33 and His-33 enzymes the ¢y,
for FAUMP dissociation from the ternary complex was observed
to increase linearly as a function of the CH,H,PteGlu concen-
tration. At each concentration of the folate co-substrate, the
ko was significantly greater for the His-33 form than for the
Tyr-33 form (Fig. 3). For example, in the presence of 150 uM
CH.H.PteGlu, which is the standard folate concentration used
in TS analyses, k.y values were 0.0094 min~' for the Tyr-33
enzyme and 0.021 min™ for the His-33 enzyme (Table 2). Bapat
et al. (24) measured a ko of 0.0088 min~! for the enzyme from
the human leukemic cell line CCRF-CEM; this compares quite
favorably with the k. value for the Tyr-33 form in HCT116
cells.

160

140

120

100

80

(min)

60

1/Kea

40

20 E

0 1 1 1 1 1
0 50 100 150 200 250 300

(CHH,PteGlu) (uM)

Fig. 3. Determination of k.« for FAUMP binding into the temary compilex.
Temary compiex, labeled with [6-*H]JFAUMP and containing the Tyr-33
(O)orHis-aa(O)fonno'Ts was prepared as described in Experimental
Procedures; the isolated complex was incubated in the presence of
various concentrations of CHH,PteGlu and 100 um uniabeled FAUMP.
At each concentration of folate co-substrate, the ty, for FAUMP dissocia-
tion from the complex was measured (18), and k.« was calculated. Each
point represents the average of two or three independent measurements,
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The two straight lines in Fig. 3 extrapolated to nearly the
same point on the ordinate, indicating k, values of 0.024 min™
for the Tyr-33 form and 0.031 min~! for the His-33 form. The
ks/k, ratios, which measure the tendency of the binary complex
to either bind CH,H,PteGlu and form the ternary complex or
dissociate (see scheme 1), were determined from the slopes of
the lines in Fig. 3. Values of 9.87 x 10° M~ and 3.06 x 10°* M!
were observed for the Tyr-33 and His-33 enzymes, respectively;
this 3.2-fold difference between the two forms suggests that the
Tyr-33 to His-33 substitution has caused an alteration in k;,
ks, or both.

The kon/k. ratio provides an estimate of the equilibrium
dissociation constant (K;) for FAUMP binding into the ternary
complex. The K, determined in this manner was found to be
almost 6-fold higher for the His-33 enzyme than for the Tyr-
33 enzyme (Table 3). The K, for each enzyme form was also
determined experimentally by equilibrium binding studies. A
Scatchard plot of the binding data (Fig. 4) showed that both
TS forms contain a single class of FAUMP binding sites. The
K, values were similar to those calculated from k,, and k.
determinations, with the His-33 form showing about a 3-fold
higher K, relative to the Tyr-33 form (Table 3).

It is clear from the data presented above that replacement
of tyrosine by histidine at residue 33 of human TS causes an
increase in the K, for FAUMP; this increase results from both
a reduction in k., and an increase in k.y. The reduction in k,,
is due to a decrease in the rate of binding of FAUMP into the
binary complex (i.e., k;). The increase in k. reflects either
higher rates of dissociation of FAUMP from binary complexes
(i.e., k;) or reduced rates of CH,H,PteGlu binding into the
ternary complex (i.e., ks), or both.

Temperature and pH effects on the reaction catalyzed
by the Tyr-33 and His-33 forms. The effects of temperature
on enzyme catalysis were compared for the Tyr-33 and His-33
forms by measuring activities in the temperature range of 29-
41°. An Arrhenius plot of the data (Fig. 5A) showed that below
35° the activation energy was about 15.8 kcal/mol for both
enzymes; this is similar to earlier studies, where activation
energies of 16.9 and 20.9 kcal/mol, at temperatures between
27° and 35°, were measured (25, 26). Above 35° the enzymes
underwent significant inactivation (Fig. 5A). This contrasts
sharply with earlier analyses that indicated the existence of a
transition to lower activation energies at the higher tempera-
tures (25, 26). The reasons for the discrepancy between the
present results and earlier work are not known.

The pH/activity profiles for the two TS forms are shown in
Fig. 6B. Of interest was the observation that the His-33 form
appeared to be more sensitive to pH values below 7. Between
pH 6.5 and 5.5, the activity of the Tyr-33 form decreased by
2.7-fold, whereas the activity of the His-33 enzyme decreased
by 16.4-fold (Fig. 5B). Such marked pH sensitivity for the His-

TABLE 3
Dissociation constants (K,) for FAUMP binding to TS forms

K

Method

Tyr-33 enzyme His-33 enzyme

M

Kon/Kon ratio® 0.78 x 10~"°
Experimental® 1.1 +£0.1x10™"
'k..mk..mtakenfromTablez
® Experimental

determination of K, was by Scatchard anaJysls(Fig 4); values
represent the averages + standard deviations of three experimen

44 x107"°
31+£03x10™"

100 |©

BOUND/FREE

0.0

BOUND
Fig. 4. Determination of the K, for FAUMP binding into the temary

complex. Purified Tyr-33 (O) or His-33 (@) was incubated with
150 um CH,H.PteGlu and 0.5-32 nm [6-*H]FAUMP. The level of bound
FAUMP was measured (18), and the data were plotted according to the
Scatchard equation (23); each point represents the average of three
separate determinations.

33 form was also observed for enzyme expressed in E. coli (see
Fig. 6) and most likely derives from protonation of the imid-
azole nitrogen of histidine.

Mechanisms underlying the functional effects of the
Tyr-33 to His-33 substitution. X-ray structural studies have
shown that in human TS the hydroxyl group of Tyr-33, which
i8 located within an amphipathic helix, forms a hydrogen bond
with the main-chain carbonyl oxygen of Met-219, which is
located at the base of a second helix that forms part of the
active site cavity (27-29).2 Two mechanisms might be invoked
to explain the effects of the His-33 substitution on TS function.
The absence of the tyrosine residue, and its hydrogen bond,
may destabilize the relative positions of the two helices, result-
ing in a change in active site structure and a perturbation of
ligand binding. Alternatively, the presence of the imidazole ring
of histidine may alter active site conformation either through
steric effects or through unique interactions with other amino
acid side-groups in the vicinity.

To determine whether the functional alterations exhibited
by the His-33 form result from the absence of tyrosine or the
presence of histidine, the properties of a TS form containing
phenylalanine at residue 33 were studied. The Phe-33 form of
TS was generated by site-directed mutagenesis of plasmid
pDHTS-S1, which contains a human TS ¢DNA in an E. coli
expression vector (19). The mutant plasmid supported growth
of TS-negative E. coli cells in thymine-free medium, indicating

2 C. Schiffer and R. Stroud, personal communication.
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Fig. 6. Effects of pH on TS enzymes expressed in E. coli. Enzyme
activities in crude extracts of bacteria expressing the Tyr-33 (O), His-33
(A), or Phe-33 (@) form of TS were measured at several pH values. For
each form, the maximum activity was set at 100%, and activities were
expressed relative to the maximum. Each point represents the average
of two or three separate determinations.

that the Phe-33 form is catalytically active. Bacterial cells
expressing the Phe-33 enzyme were as responsive to FdUrd as
cells expressing the Tyr-33 form (data not shown); this con-
trasts with cells expressing the His-33 form, which were 4-fold
more resistant to the fluoropyrimidine analog (16). Thus, the
Phe-33 enzyme behaves similarly to the Tyr-33 enzyme, indi-
cating that the absence of the hydroxyl group at residue 33
does not, by itself, have an impact upon TS function.

This conclusion is supported by a comparative analysis of
ke values and pH/activity profiles. The k.. for each of the
three TS forms was determined in crude extracts of bacterial

A B
<1100
11p Fig. 5. Temperature and pH effects on
TS activity. Enzyme activity was measur-
d 80 erd for the Tyr-33 (O) or His-33 (@) form
of TS, under standard assay conditions
(see Experimental Procedures). A, As-
> 3 says were conducted at various -
gt.o- 4 80 3 atures, and an Arrhenius plot of the data
- ® was constructed; v is the reaction velocity
(in milliunits) and T is the temperature (in
°K). Each point represents the average of
d 40 two or three separate determinations. B,
Activities were measured at different pH
o9k values. The maximum activity for each TS
form was set at 100%, and activities were
4 20 expressed relative to the maximum. Each
point represents the average of three sep-
arate measurements; vertical lines,
standard errors.
0.8 ' 1 ' Il (]
3.2 3.3 ) 7 9
/7T 1x103) pH
cells transformed with the appropriate plasmid. The Tyr-33
and Phe-33 enzymes exhibited nearly identical k.. values of
100 } 3.0-4.0 sec™?, which are similar to the k., for the purified Tyr-
33 form of TS (see Table 2). The k.. for the His-33 enzyme
was 0.2-0.4 sec™’, which is also close to that determined for the
80 } purified enzyme (Table 2). The pH/activity profiles for the
Tyr-33 and Phe-33 forms were essentially indistinguishable,
whereas the His-33 form was markedly sensitive to pH values
» e } below 7.5 (Fig. 6); this pH sensitivity was noted for the purified
E His-33 enzyme (see Fig. 5B) and probably results from proton-
» ation of the imidazole nitrogen.
4 Discussion
Earlier studies had shown that the variant structural form of
20 | TS, which differs from the normal form by a tyrosine to
histidine substitution at residue 33, confers resistance to FdUrd
in both mammalian and bacterial cells; drug resistance was
0 presumed to be a consequence of reduced affinity between the

enzyme and ligands (FAUMP and/or CH;H,PteGlu), which
decreases both the formation and the stability of the inhibitory
ternary complex (12, 14-16). In the present study, the biochem-
ical properties of purified preparations of the Tyr-33 and His-
33 forms have been compared in detail. The results show that
the two enzymes differ in a number of parameters related to
ligand binding and catalytic function, indicating that the amino
acid substitution significantly alters TS function.

Apparent K, values for FAUMP binding into the ternary
complex were 3—4-fold higher for the His-33 form, compared
with the Tyr-33 form (Table 3). This was shown to derive from
changes in both k., and k.s. ko, which describes the rate of
FAUMP association into the ternary complex, was observed to
be about 2.5-fold lower for the His-33 form (Fig. 2). In the
presence of excess CH;H,PteGlu, k.., is essentially an estimate
of the rate of formation of the binary complex between FAUMP
and the enzyme (see scheme 1). kv, which is a measure of the
rate of dissociation of FAUMP from the ternary complex, was
greater for the His-33 enzyme (Fig. 3). k. is dependent upon
the concentration of CH,H PteGlu, as well as upon several rate
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constants describing individual steps in the formation of the
ternary complex (i.e., k;, ks, and &, in scheme 1) (21, 22). The
analysis in Fig. 3 indicates that the increased k.« for the His-
33 enzyme results from either a higher rate of dissociation of
FAUMP from the binary complex (described by k) or a lower
rate of association of CH,H,PteGlu into the ternary complex
(described by ks), or both. The current data do not allow
independent measurement of k, and ks, so ascertaining the
relative contributions of these rate constants to the k. differ-
ence between the two TS forms must await further analysis.

The Tyr-33 to His-33 substitution also affects the catalytic
properties of the TS molecule. The K,, values for dUMP and
CH_H PteGlu were not significantly different between the two
forms. However, an 8-fold lower k.. was observed for the His-
33 form. This alteration is not an artifact of the purification
process, because similar differences in catalytic efficiency can
be measured in crude extracts of mammalian or bacterial cells
expressing one or the other of the T'S enzymes (data not shown).
The k., value is therefore diagnostic of the structural difference
between the two TS forms and is independent of the state of
enzyme purity.

Because the enzymes used in these studies were purified from
cells expressing one form of TS in about 20-fold excess, relative
to the other (12), it is possible that each enzyme is contami-
nated with small amounts of the alternative form; as much as
5% contamination might be expected for each preparation,
potentially complicating the results of the kinetic studies. How-
ever, there are several reasons why we do not believe such
contamination exists. First, highly sensitive isoelectric focusing
analyses of [*P]JFdUMP-containing ternary complexes showed
no evidence of the alternative form in either enzyme prepara-
tion,® indicating that the two forms may have been separated
during the purification procedure. At present, we do not know
at which step(s) in the protocol this separation occurred. Sec-
ond, crude preparations of the Tyr-33 and His-33 forms ex-
pressed independently in E. coli displayed an 8-fold difference
in ke, as do the enzymes purified from the colonic tumor cell
lines (see Results); recent preliminary experiments indicate
that a similar difference exists for partially purified TS forms
from these bacteria.* Thus, at least with regard to k.., the TS
forms purified from enzyme-overproducing colonic tumor cells
are quite similar to the enzymes produced in E. coli. There
appears, therefore, to be little or no contamination of cell line-
derived TS preparations by alternative enzyme forms. Current
efforts are focusing on the purification and kinetic analysis of
TS forms expressed in E. coli.

Cellular sensitivity to tight-binding enzyme inhibitors, such
as FAUMP, can be defined by the following equation (30):

where IDy, is the concentration of inhibitor required for 50%
inhibition of cell growth, E, is the enzyme concentration, and
K, is the dissociation constant for enzyme-inhibitor complexes.
This equation predicts that when enzyme levels are low, i.e.,
when K; > E,, the IDg, will be directly proportional to K;. A
direct relationship between the IDs, for FdUrd and the K, for
FAUMP has been observed in mammalian and bacterial cells
expressing the Tyr-33 or His-33 TS forms (12, 16).

3 C. T. Hughey, unpublished observations.
*T. Riley, unpublished observations.

Several examples of fluoropyrimidine resistance associated
with perturbations in TS structure have been documented in
model cell lines. A FdUrd-resistant line of Ehrlich ascites
carcinoma cells expressed a TS that differed significantly from
the enzyme in parental cells (26). Purified enzyme from the
resistant line had a higher k..., a lower affinity for FAUMP as
measured by enzyme inhibition studies, and a lower activation
energy at temperatures above 36° (26). In another study, a
human leukemic cell line resistant to FdUrd was found to
produce a TS enzyme with 23-fold higher K; for FAUMP; k.,
was reduced by 14-fold, whereas k.x was increased by 1.7-fold.
It was concluded that k,; and k, were altered in the mutant TS
molecule, whereas k; and k, were not (24). Most recently,
comparisons of colonic tumor cell lines RCA and HCT-C
showed that the former is about 10-fold resistant to FdUrd,
relative to the latter (6, 10). TS purified from cell line RCA
exhibited an increase in K, for FAUMP, which was a conse-
quence of a reduction in k., (10). Direct measurements of
FdUMP binding into the binary complex verified that k&, is
reduced in the TS from the drug-resistant line (10). In none of
the examples cited above has the nature of the structural change
responsible for the functional alterations in the TS molecule
been determined.

Kinetic alterations in the TS molecule have been observed
among the TS enzymes purified directly from tumor tissues
(31). Tumors of 11 patients exhibited K; values that varied by
as much as 150-fold; this was primarily associated with altera-
tions in k,, and little change in k. (31). These results implicate
kon @8 & major variable in clinically occurring tumors. It will be
of interest to determine whether there are any associations
between k,, values and response to fluoropyrimidine chemo-
therapy.

Tyr-33 of human TS is one of 40 amino acid residues that
are invariant among the enzymes from a large variety of orga-
nisms, including viral, prokaryotic, and eukaryotic species (17).
Such a high degree of conservation suggests that this residue
must play a critical role in TS function. The three-dimensional
structures of the TS molecules from T4 phage, E. coli, Lacto-
bacillus casei, and human have been solved by X-ray crystallo-
graphic studies (17, 27-29).5 These studies show that Tyr-33
(Tyr-4 in T4 phage and E. coli and Tyr-6 in L. casei) is located
within an amphipathic a-helix that corresponds to helix A in
the L. casei enzyme (27) and is near the active site. The
hydroxyl group of Tyr-33 forms a hydrogen bond with the
main-chain carbonyl oxygen of Met-219 (Val-138 in T4 phage,
Val-170 in E. coli, and Ile-222 in L. casei), which is located at
the base of a second helix, corresponding to helix J in L. casei
(27); this helix lines the active site cavity and contains several
residues that directly participate in ligand binding (27-29).
Hydrogen bonding between helices A and J probably plays a
role in stabilizing their relative positions, thereby contributing
to the conformation of the active site. It might be predicted,
therefore, that amino acid substitutions at residue 33 would
perturb the structure of the active site through loss of the
hydrogen bond donated by the tyrosine residue. However, this
explanation is likely to be too simple, because a mutant form
of TS containing phenylalanine at residue 33 had properties
very similar to those of the Tyr-33 enzyme (see Results and
Fig. 6). Thus, the loss of the tyrosine hydroxyl group, and its

8 C. Schiffer and R. Stroud, personal communication.
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hydrogen bond, does not account for the phenotype of the His-
33 form, indicating that the functional alterations exhibited by
this form result from the presence of histidine, rather than
from the absence of tyrosine.

The precise mechanism by which the histidine residue alters
TS function is not known. Based upon the considerations
discussed above, it is likely that the imidazole moiety directly
perturbs the relative positions of helices A and J, resulting in
a change in the conformation of the active site. These effects
may occur as a consequence of unique interactions with other
amino acid groups. For example, the imidazole nitrogen, like
the tyrosine hydroxyl in the Tyr-33 form, may enter into a
hydrogen bond with the main-chain carbonyl of Met-219. Com-
puter modeling has shown that such a hydrogen bond could be
accomodated with a slight (i.e., 1-2-A) shift in the relative
orientations of helices A and J® tlns could conceivably cause a
conformational change, affecting the catalytic and ligand-bind-
ing properties of the His-33 enzyme. Another possibility relates
to the observation that the TS polypeptide undergoes large
segmental changes in conformation upon the binding of ligands
(29); these conformational shifts are most likely important
determinants of active site function and may be affected by the
presence of histidine at residue 33. Obviously, additional studies
will be necessary to define the precise mechanism(s) by which
the Tyr-33 to His-33 substitution affects TS function.
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