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ABSTRACT

We have reported previously the development and application of sev
eral monoclonal antibodies to thymidylate synthase (TS). In this study, we
used a series of overlapping 17-mer peptides that spanned the entire TS

protein to map the epitope recognized by three TS monoclonal antibodies
(TS 106, TS 109, and TS 110). Using an ELISA, we identified two peptides
(RI26-F142 and Lm-R147) that bound all three antibodies, which suggests

that each antibody recognized a similar epitope on TS. A second set of
peptides, representing sequential single-residue truncations from either
the amino terminus or the carboxyl terminus starting with a G -B
17-mer, was synthesized. A 10-amino acid sequence P133-F142 (PVYG-

FQWRHF) was identified as the binding epitope for all three antibodies.
Further investigation via substitution ntutational analysis of each residue
within this epitope revealed that residues F137, W"9, R140, H141, and F142

were critical for maximal binding of TS 106 and TS 110. TS 109 showed
a similar pattern except in regard to R140, with which there was no

apparent loss of binding. In addition to the utility of the three antibodies
in detecting and measuring TS levels, identification of the binding locus
permits the potential application of these antibodies in the investigation of
TS enzymatic and regulatory function.

INTRODUCTION

TS2 catalyzes the methylation of dUMP to dTMP in the presence of

the cofactor 5-10 mÃ©thylÃ¨netetrahydrofolate. Because this enzymatic

reaction provides the only de novo source of thymidylate, a critical
precursor for DNA synthesis, TS is a central chemotherapeutic target
for inhibitors such as 5-FU, one of the more effective chemotherapy
agents for the treatment of certain solid tumors (1-3). In vitro and in

vivo studies have reported increased TS protein levels and gene
amplification in tumors that are resistant to 5-FU (4-7). In addition,

a direct relationship has been shown between TS protein levels and
the sensitivity of cells to 5-FU, which suggests that a tumor's ability

to overexpress TS protein may be related to its resistance to 5-FU (7,

8). One mechanism of TS overexpression involves an autoregulatory
feedback pathway in which the TS protein controls its own transla-

tional efficiency (9).
Given the importance of TS expression, monoclonal antibodies to

human TS were produced and characterized by our laboratory to
assess immunologically the localization and quantification of TS
protein in human cells and tissues (10). The utility of TS 106 has been
demonstrated using ELISA and immunohistochemistry, immunofluo-

rescence, immunoblotting, and immunoprecipitation assays (6, 10,
11). TS 106 has been used in immunohistochemical studies to meas
ure TS protein expression in studies of human rectal, breast, and head
and neck cancers (12, 13). These studies have demonstrated the
clinical significance of TS expression as a predictor of survival and
chemotherapeutic benefit. In a study of primary rectal cancer patients
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enrolled in a National Surgical Adjuvant Breast and Bowel Project
protocol, TS expression was found to be an independent predictor of
disease-free and overall survival. In a study of patients with advanced

stage head and neck cancer, TS expression predicted the response to
neoadjuvant 5-FU-based chemotherapy (13).

In this study, we describe the localization of the epitopes for three
monoclonal antibodies to human TS by first using a series of over
lapping 17-mer peptides spanning the entire TS protein and then using

a set of peptides with sequential truncations of the proposed epitope
area. We then determine the critical residues within this epitope using
a set of peptides with each single residue mutated to alanine. The
localization of these epitopes may contribute to future regulatory and
enzymatic studies of the TS enzyme.

MATERIALS AND METHODS

Monoclonal Antibodies. The production and characterization of the mono
clonal antibodies TS 106, TS 109, and TS 110 have been described previously
(10). All three antibodies are of the IgGI isotype. Hybridomas were grown in
Life Technologies, Inc. RPMI 1640 with 10% fetal bovine serum.

Peptides. The peptides (synthesized by Chiron Technologies) were joined
to biotin at the amino terminus by a serine-glycine-serine-glycine spacer. The
first set of peptides consisted of 61 17-mers. which spanned the entire length

of the TS protein with an overlap of 12 residues per peptide. A second set was
designed to span amino acids G'2M-E145,the epitope-containing region that was

identified from initial ELISA experiments using the first set of peptides.
Sequential, one-residue truncations of this 17-mer region were made from

either the amino terminus or the carboxyl terminus. A third set of peptides was
designed to reveal the contact points of the antibody within the defined epitope.
Each residue in this 10-mer was sequentially substituted with an alanine

residue. Each individual peptide was received as a dry powder and reconsti
tuted in 1 ml of a 40% acetonitrile-water mixture.

ELISA. Ninety-six well plates (Nunc-Immuno maxisorb plates) were

coated with 100 /j.1of a 5 /ig/ml streptavidin solution (Sigma) for l h and left
to air-dry overnight. Nonspecific absorption was blocked with 1% BSA in PBS

and 0.1% Tween 20 solution for a period of 1 h. The peptides, diluted 1:1000
from a stock solution of 1.5 mg/ml, were added to each well (100 ^il/well) and
incubated for 1 h; they were then washed four times (Nunc immunowasher).
The primary antibody in the form of hybridoma supernatant was then added
(100 Â¿Â¿I/well)at various dilutions (1:10. 1:100, and 1:1000) for 1 h. After the
removal of the antibody, the plates were washed (Nunc immunowasher) four
times with PBS and 0.1% Tween 20. 100 Â¿ilof horseradish peroxidase-labeled

secondary antibody (Kirkegaard and Perry Laboratories) was added to each
well and incubated for 1 h. Each well was again washed four times with PBS
and 0.1% Tween 20. Peroxidase was detected with ABTS Peroxidase substrate
(Kirkegaard and Perry Laboratories) added to each well. Plates were read at
405 nm after a green color had developed (approximately 5 min after being
added).

Immunohistochemistry. The avidin-biotin complex (Vector Laborato

ries) immunohistochemical technique was used for detection of TS in tissue
specimens. Six-jnm sections of colon carcinoma tissue specimens were cut

and placed on a glass slide. The slides were deparaffinized in three changes
of xylene for 21 min and then were subsequently rehydrated in 100%, 90%,
and 70% ethanol for 4 min each. The slides were then washed in 1x PBS
for 5 min. and endogenous peroxidase activity was quenched in 3% HiCK
for 10 min. Slides were washed again in 1X PBS for 10 min and incubated
with normal horse serum for 30 min. Excess blocking serum was aspirated,
and the sections were then incubated with TS 106 antibody (in the form of
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hybridoma supernatant) for 45 min alone or with TS 106 antibody that had
been preincubated with an epitope-specific or -nonspecific peptide (3

jj.g/ml) for 1.5 h at room temperature. Tissues were then rinsed in PBS for
10 min, and a biotinylated secondary antibody was applied for 30 min.
After an additional wash in PBS for 10 min, slides were incubated with the
avidin-biotin complex for 30 min. After being washed, the slides were
incubated with 3,3'-diaminobenzidine (Sigma) for 15 min. Slides were

rinsed again in two changes of PBS and counterstained in Gill-2 hematox-

ylin (Shandon) for 3 min. The tissues were then dehydrated in ethanol,
cleared in xylene, and mounted with permount.

RESULTS

ELISA. For each of the antibodies, TS 106, TS 110, and TS 109,
initial ELISAs identified two adjacent peptide fragments, R126-

F142 (REEGDLGPVYGFQWRHF) and L'31-R147 (LGPVYG-

FQWRHFGAEYR), within the first set of peptides with high
absorbancy (Fig. 1). Peptide fragments adjacent to these demon
strated less intense absorbancy; absorbancy dropped to background
levels in the peptide fragments LI2'-F137 (LGFSTREEGDLG-
PVYGF) and H'4I-G157 (HFGAEYRDMESDYSGQG). The de

creasing absorbance of the peptide fragments flanking either side
of these peptides suggested that the epitope was within a region
represented by I26R-F142 and I3'L-R147. Inasmuch as the peptides

in the set overlapped by 12 amino acids, we were able to eliminate
amino acids in these peptides because of the sequential decline in
absorbance in adjacent peptides. By using this approach, we de
termined that the epitope lay within the region GI29-E145 (GDL-
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Fig. 1. Graph of ELISA absorhance for three monoclonal antibodies to human TS for each peptide in a sel of 61 overlapping 17-mer peptides that spanned the entire TS protein.

A, TS 109; B, TS 110; C, TS 106.
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Fig. 2. Graph of ELISA absorbance using TS
monoclonal antibodies TS 106. TS 109, and TS 110
for a set of peptides that spanned the TS sequence
G129-E14^ and with sequential truncations of single

residues from either the amino terminus or the
carboxyl terminus.

>- o
Â£Â£o Â£
d 3
O Q

O

I I

I i
o

Io
3
Ã›
o

E
QÂ£

I
O
;>â€¢

a;
I

UJ<2XUJ<Â£IUJ<ZUJEIUJiEUJ<_32Z m m

< <
Z Z

333

GPVYGFQWRHFGAE). The second set of 23 peptides was com
prised of sequential truncations from either the carboxyl terminus
or the amino terminus of this peptide. With these peptides (Fig. 2),
ELISA absorbancy remained relatively constant with the amino-
terminal truncation of peptides GI29-G132(GDLG); however, with
the truncation of the P133 residue there was a decline in absor
bancy, which finally dropped to background levels with the F137

truncation. Sequential truncation of the carboxyl terminus of the
peptide fragment G129-E145revealed a consistent absorbancy with
truncation of residues GI43-E145 (GAE); however, with the F142

residue truncation, a marked decrease was noted, and absorbancy
reached background levels with the truncation of H14'. Again, each

of the three antibodies showed a similar absorbance pattern.
Substitution analysis that used a third set of peptides revealed the

importance of each amino acid within the defined epitope p'33_F142

(PVYGFQWRHF). For each antibody, ELISA results showed no drop
in absorbance when each of the P133, V134, Y135,G136, and Q138

residues were substituted with alanine (Fig. 3). However, with sub
stitution of the W139,H'4', and F142residues, there was a significant

drop in absorbance with all three antibodies. This was particularly true

Fig. 3. Graph of ELISA absorbance for TS 106. TS
109, and TS 110 using the defined epitope peptide
PVYGFQWRHF and analogues of this peplide, each
with alanine substituted for a single residue; bold, mu
tated residue. Also, note thai the absorbance for the
17-mer peptide GDLGPVYGFQWRHFGAE is the
same for PVYGFQWRHF, which confirms the observa
tion that the epitope boundaries are within pl:i3.p142

(PVYGFQWRHF).
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Fig. 4. /\. colon carcinoma stained with TS 106
monoclonal antibody coincubated with (excess of
the epitope containing peptide) PVYGFQWRHF.
Note the absence of staining in (he tumor, ÃŸ,the
same section stained with TS 106 incubated with
excess nonspecific peptide SELVKIAWRE. Note
the positive staining in the tumor.

B

.

with the substitution of the W139 residue because nearly all binding
was lost with each antibody. Substitution of the F137and R14<>residues

also resulted in a modest drop in absorbance for TS 106 and TS 110.
TS 109 demonstrated a change in binding with the substitution of F137
but not with the substitution of R140. Comparison of the original

full-length 17-mer peptide identified as containing the epitope (GDL-
GPVYGFQWRHFGAE) with the 10-mer PEPTIDE (PVYG

FQWRHF) identified as the epitope boundary showed identical levels
of absorbance, thus confirming the 10-mer as the epitope of each of

the antibodies.
Immunohistochemistry. The peptide PVYGFQWRHF success

fully inhibited all staining of the tumor sections, whereas a non
specific peptide (SELVKIAWRE) of the same length did not
inhibit staining (Fig. 4). To be certain that the blocking was not due

to nonspecific blocking of the signal because of the peptide
charges, we selected two other peptides (17-mer), one containing

the identified epitope and one without the sequence but both with
identical isoelectric points. The same results were demonstrated
with these peptides; the epitope-containing peptide blocked the

tissue staining, and the nonspecific peptide did not diminish the
signal.

DISCUSSION

Using a set of synthetic overlapping peptides spanning the entire TS
protein, we localized the TS 106, TS 109, and TS 110 epitopes to
within the region G'29-E145 (GDLGPVYGFQWRHFGAE). Sequen

tial truncations from each terminus of this 17-mer region down to six
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Fig. 5. Ribbon diagram ol the E. coli TS en
zyme. Both dimers of the enzyme are shown. Ma
genta and purple, epitope; yellow, active site of
enzyme.

residues revealed the epitope boundaries for all three antibodies to be
within the primary sequence of the TS protein, P133-F142(PVYG-

FQWRHF; Fig. 5).
The similarities of the antibodies epitope specificity may be

explained by the fact that all three are from one mouse, and it is not
uncommon for a variety of antibodies to be produced to one
antigenic site (14, 15). Earlier work done by our group (10)
indicated that although the antibodies demonstrate the same spec
ificity to one antigenic site, they do show different affinities, a fact
that may be explained by differences in antibody hypervariable
regions (15).

Our immunohistochemistry experiments confirmed our ELISA re
sults. The epitope peptide PVYGFQWRHF successfully blocked an
tibody binding to endogenous TS protein in tissue, whereas a non
specific sequence SELVK1AWRE did not inhibit staining. The same
results were obtained when an epitope-specific peptide and a nonspe
cific peptide with similar charges were used, confirming that the
epitope peptide was specifically competing with the endogenous TS in
the tissue for antibody binding.

To address the question of which individual amino acids within
our defined epitope region were essential for antibody binding, we
used substitution analysis of the defined epitope p"3-F142 (PVYG

FQWRHF), sequentially substituting an alanine residue for each
amino acid. A clear absorbance pattern was evident, revealing that
five of the 10 residues (F137, W13V,R' H' and F ) were
important to TS 106 and TS 110 antibody binding; of those five,
three (W, H, and F) showed the greatest impact on binding. TS 109
showed a similar pattern with the exception of R140, for which

there was no apparent loss of binding with substitution. It is
important to note that this method of substitution analysis is
somewhat limited in that the potential chemical and/or structural
contributions to antibody binding of the residues in the epitope
may be simulated by the substituted alanine residue. This would
result in no apparent loss in antibody binding when residue sub
stitution occurs, which might indicate that perhaps the residue is
not involved in binding. However, although the residue may not be

a contact point for the antibody or essential to binding, it may
contribute either chemically or structurally to the antibody/protein
interaction. This may explain why the P133, V134, and Y135 resi

dues showed no significance to binding in the mutational analysis
experiments, whereas the set of peptides using truncations of these
same residues demonstrated decreases in absorbancy. These resi
dues may not be the critical contact point for binding but perhaps
contribute in a nonspecific chemical or structural manner such that
binding requires the presence of an amino acid but not a specific
amino acid.

Our results are also consistent with prior observations in our
laboratory of the TS 106 antibody in its inability to recognize
either the Escherichia coli or the Lactobacillus casei TS proteins in
Western blot assays and ELISAs. The homologous amino acid
sequence for the TS proteins from these organisms varies in the
F137, H141, and F142 residues of the epitope (Â£.Coli) and in the
P133, F137, H'4', and F142 residues (L. Casei), the same residues
identified (with the exception of P133)by our ELISA experiments

as critical for antibody binding.
The active site of the human enzyme has been defined within the

region of 180-204 (16), and work with the human TS enzyme has

implicated residues outside of this active site that are highly
conserved specifically among eukaryotic organisms, implying a
critical but at present unknown function. One such area is the
region between 146-153 (16), which lies only three residues
downstream of the F'42 residue of the epitope. In addition to their

value in quantitating and localizing TS levels, these antibodies may
also contribute to future studies of regulatory and catalytic func
tions of this important enzyme.
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