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Abstract-Thymidylate synthase (TS; EC 2.1.1.45) is an important therapeutic target for fluoro- 
pyrimidine cytotoxic drugs that are widely used for the treatment of solid tumors. Using the monocfonal 
antibody TS 106, we have developed an ultrasensitive enzyme-linked immunoassay (ELISA) for the 
detection and quantitation of TS. Using a chemiiuminescent ELISA technique, TS was detectable in 
serially diluted lysates from NC1 H630 and HCT 116 human colon carcinoma cell lines. The ELISA 
assay was reliably able to detect activity down to a level of 30 attamol of TS protein above background 
(PZ = 0.016). The usable range of detection was from 0.03 to 500 fmol of enzyme. There was a close 
correlation between the optical density signal and the total TS enzyme between both cell lines (? = 
0.96). The ELISA was used to measure TS in cytosolic extracts from human tumor samples, and it 
was able to quantitate TS levels using as little as I-mg rumor biopsy samples. The mean total TS 
measured by ELISA in seven tumor samples from patients with breast cancer and sarcomas was 131 fmol/ 
mg cytosolic protein (range 60-240) compared with a mean TS of 85 fmol/mg cytosolic protein (range 
35-163) using the fluorodeoxyu~dine monophosphate binding assay. While the TS levels were uniformly 
higher when measured by ELISA, there was close proportional agreement between both assays (? = 
0.84). Thus, the chemiluminescent TS ELISA would appear to be an extremely sensitive and specific 
assay that may be used to quantitate TS in tumor tissue specimens. 

~ymidyIate synthase (TSI; EC 2.1.1.45) catalyzes 
the methylation of deox~~dine monophosphate 
(dUMP) to deoxythymidine monophosphate 
(dTMP), an essential step in DNA biosynthesis 
[l, 21. TS is also a critical target for the 
fluoropyrimidine drugs that are widely used for the 
treatment of gastrointestinal, breast, and epithelial 
cancers of the upper aerodigestive tract [3-6]. 
Both 5fluorouracil (5.FU) and fluorodeoxyuridine 
(FUdR) are converted in tumor cells to fluoro- 
deoxyuridine monophosphate (FdUMP), which 
forms a tight-binding covalent complex with TS 
in the presence of the folate cofactor 5,lQ 
methyienetetrahydrofolate (CH2H4PteGlu). 

The conventional methods of quantitation and 
detection of TS have been by enzymatic bi~hemical 
assays that measure the amount of radiolabeled 
FdUMP bound to TS following extraction of the 
enzyme from cells and tissues or the catalytic activity 
of the enzyme in intact cells or cell-free systems [7- 
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91. These assays have several limitations, pa~icul~ly 
when applied to the measurement of TS activity in 
human tissue samples and cell lines. Both the 
catalytic and FdUMP binding assays require that the 
enzyme is active; therefore, they are limited to 
prospective studies using fresh or fresh-frozen tissues 
with the caveat that no enzyme degradation has 
occurred during tissue harvesting and preparation. 
The lower range of sensitivity of the TS FdUMP 
binding assay is 5 fmol of TS enzyme [9]. While 
previous studies have demonstrated a large variation 
of TS levels in tumor tissue, 10-500 fmol/mg tumor 
cytosol, the majority of tumors have TS leveb at the 
lower range of sensitivity of the FdUMP assay given 
the small amount of tumor available in patient 
biopsies [lo, Ilf. 

We recently developed several mon~lona~ 
antibodies to human TS that are highly specific and 
detect TS in the cytoplasm of human cells and tissues 
[ 12,131. A TS enzyme-linked immunoassay (ELISA) 
using these antibodies would have the advantage of 
being a convenient method to measure TS in small 
samples of cell lysate or tumor tissue. It would 
facilitate the study of primary and metastatic tumor 
samples and allow detailed correlations to be made 
between the level of TS and various clinical and 
morphological parameters. Thus, the development 
of a quantitative TS ELISA would help determine 
whether the quantity of TS within a given tumor or 
cell provided information that is valuable in patient 
selection for therapy and prognosis. 

In this study we describe the development of an 
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ultrasensitive ELISA for the quantitation of TS in 
human tumors using the monoclonal antibody 
TS 106. The utility and reliability of this assay for 
measuring TS levels are evaluated by comparison to 
a standard biochemical assay. 

MATERIALS AND METHODS 

Cell culture. The characteristics of the human 
colon cancer cell lines HCT 116 and NC1 H630 have 
been described previously [14,15]. The cells were 
maintained in RPMI-1640 (Biofluids Inc., Rockville, 
MD) with dialyzed fetal bovine serum (Gibco Inc., 
Grand Island, NY) plus 2 mM glutamine and grown 
in 75cm2 plastic culture flasks (Falcon Labware, 
Oxnard, CA). Dextran (clinical grade), bovine 
albumin fraction V, and acid-washed activated 
charcoal were purchased from the Sigma Chemical 
Co. (St. Louis, MO). [6-3H]5-FdUMP (sp. act. 18 Ci/ 
mmol) was obtained from Moravek Biochemicals 
(Brea, CA). Chemiluminescent ELISA kits were 
obtained from Tropix (Bedford, MA). Microlite II 
ELISA plates were purchased from Dynatech 
(Chantilly, VA). All other chemicals were obtained 
from Sigma or the National Institutes of Health 
(Bethesda, MD) stores. 

Preparation of tumor and cell lysates. Tumor 
biopsies were obtained from patients with breast 
cancer at the time of surgery and immediately frozen 
on dry ice. The tumor tissue was weighed and cut 
into small fragments using a scalpel. Fat and fibrous 
tissue were removed. Tumor fragments were 
incubated in 500 PL of 0.1 M potassium phosphate 
(KHzPO,), pH 7.4, containing protease inhibitors 
[O.l mM phenylmethylsulfonyl fluoride (PMSF), 
3.3 pg/mL aprotinin, 10 pg/mL leupeptin]. Tumor 
samples were subsequently homogenized at 4” using 
a ground-glass tissue homogenizer followed by 
sonication using a Branson sonicator equipped with 
a microtip. The lysates were centrifuged at 5OOOg 
for 30 min at 4” and the supernatants collected. 

The human cell lines in the log phase of growth 
were washed with phosphate-buffered saline (PBS) 
twice, harvested, and resuspended in 1 mL KHZPO,, 
pH7.4. Cell lysis was accomplished using three 3- 
set bursts from a Branson sonicator. The cell lysates 
were processed in a fashion similar to the tumor 
lysates . 

TS chemiluminescent ELBA. A Microlite II 96- 
well plate (Dynatech) was coated with 5OyL of 
serially diluted cell lysate in coating buffer (0.015 M 
NaHC03, pH 9.0). Each well was subsequently dried 
in an oven at 60”. One row of each ELISA plate 
contained 1 pg/mL casein as an internal protein 
control. The wells were washed two times with wash 
buffer (0.2% I-block reagent, 0.1% Tween 20, in 
PBS) and incubated with 100 PL of blocking buffer 
(0.5% I-block reagent, 0.1% Tween, in PBS) for 
2 hr. After washing the wells in 50 PL wash buffer, 
lOpg/mL mouse monoclonal antibody TS 106 was 
added and incubated at room temperature for 2 hr; 
lOpg/mL control mouse IgG, was also added to 
separate wells as a control. The unbound antibody 
was removed with four additional washes using wash 
buffer, then incubated with an alkaline phosphatase- 
conjugated secondary antibody (l/10,000 dilution in 

0.2% I-block reagent, 0.1% Tween, in PBS) for 
30 min. The unbound secondary antibody was 
removed with four further washes in wash buffer and 
two washes in assay buffer (0.1 M diethanolamine, 
1 mM MgC12, 0.02% sodium azide). Substrate 
solution containing Sapphire Enhancer (lo%), 
adamantyl-1 ,Zdioxetane phosphate (AMPPD 
0.24 mM) in assay buffer was added and incubated at 
room temperature for 20 min. The chemiluminescent 
signal was measured after 20-, 30- and 40-min 
incubations using a Chemiluminescent ELISA reader 
(Dynatech). 

TS FdUMP binding assay. The assay was 
performed according to previously published 
methods [9] in a total volume of 200 PL containing 
50 PL tumor cytosol or cell lysate, 75 PM CHzH4Pte- 
Glu, 3 pmol [3H]FdUMP, 100 mM 2-mercapto- 
ethanol, and 50 mM KHzP04, pH 7.4. Samples were 
incubated at 37” for 30 min, and subsequently 1 mL 
of albumin-coated charcoal slurry (prepared by 
mixing 10 g acid-washed activated charcoal with 2.5 g 
bovine albumin, 0.25 g dextran, and 100 mL ice-cold 
water), pH7.2, was added. The mixture was 
vortexed, allowed to stand at room temperature for 
10 min, and then centrifuged for 30 min at 5000g. 
The residual radioactivity representing enzyme- 
bound FdUMP in the supernatant was counted by 
liquid scintography. The results were standardized 
for cytosolic protein measured by the method of 
Bradford [16] and expressed in femtomoles of 
enzyme per milligram of cytosolic protein. 

RESULTS 

We initially determined the total TS activity in 
NC1 H630 and HCT 116 cells using the FdUMP 
binding assay. The total TS levels in NC1 H630 and 
HCT 116 cells were 0.31 + 0.05 and 0.22 + 0.03 
pmol/mg cytosolic protein, respectively. Serial 
dilutions were then made from each cellular lysate 
into Microlite II 96-well plates. The total amount of 
TS present in each well was calculated using the 
dilutional factor. Lysates from each cell line 
were run in triplicate at each dilution. The 
chemiluminescent light-emission signal for each TS 
concentration was calculated by subtracting the 
background signal (signal generated by the non- 
specific mouse IgGi antibody) from the mean TS 
signal. 

To determine the lower level of sensitivity of the 
assay, replicate experiments were compared using 
the signed rank test to determine whether the 
observed TS signal (observed value - background 
value) wassignificantly different from the background 
value for low TS concentrations (Fig. 1). Based on 
this analysis, TS protein of 30 attamol or above gave 
signals that were reliably above background in both 
cell lines (P2 = 0.016). 

The range of TS that could be quantitated using 
the chemiluminescent ELISA in NC1 H630 and HCT 
116 cells was from 30 attamol to 5OOfmol of TS 
enzyme. There was close agreement between the 
optical density measurements and the total TS 
enzyme and between both cell lines for individual 
ELISA assays (fi = 0.96) (Fig. 1). 

Measurement of TS levels in tumor cytosok Tumor 
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Fig. 1. Correlation of TS activity as measured by the 
radiolabeled FdUMP binding assay versus the ELISA assay 
in NCI H630 (0) and HCT I16 (m) cells. The inset 
represents the lower range of sensitivity of the chemi- 
luminescent ELISA assav in NC1 H630 cells. The dotted 
tines represent the average background optical density 
signal. These values are means + SD of six separate 

experiments. 
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Fig. 2. Correlation of TS activity as measured by 
radiola~led FdUMP binding assay versus ELISA in four 
breast tumor (EI) and three sarcoma (+) specimens. Each 
cytosol was assayed for TS using the FdUMP binding and 
ELBA assay on three separate occasions, and the values 

are means c SD. 

cytosols were prepared from four breast tumor and 
three sarcoma specimens obtained at surgery. Each 
cytosol was assayed for TS using the FdUMP binding 
assay on three separate occasions. By FdUMP 
analysis the TS level in these tumors ranged from 
35 to 163 fmol/mg cytosolic protein, with a mean TS 
of 85 fmolfmg cytosolic protein (breast = 69.5 fmol/ 
mg, sarcoma = l~fmol/mg) (Fig. 2). The tumor 

cytosols used in the biochemical assay were also 
analysed using the ChemiIuminescent assay. The NC1 
II630 ceil cytosol was used to determine the 
standard curve for each Microhte II plate. The 
chemilumines~nt ELISA assay was able to detect 
TS with optical density readings that were at least 
an order of magnitude greater than background. By 
ELISA analysis the TS levels ranged from 60 to 
24Ofmol/mg cytosolic protein, with a mean TS 
concentration of 131 fmol/mg cytosolic protein 
(breast = 123 fmol/mg, sarcoma = 140 fmol/mg). A 
comparison of both assays revealed that the TS 
levels in tumors were uniformly higher (36%) when 
measured by ELISA assay compared with the 
FdUMP binding assay; however, there was a close 
linear agreement between both assays (r? = 0.84) 
(Fig. 2). 

We aiso performed the ELISA on several smal1 
pieces of tumor tissue (25,lO and 1 mg in weight) 
to determine the sensitivity of the assay using tumor 
tissue. TS enzyme was detectable in all three 
specimens assayed by the ELISA method. Fifty 
microliters of supernatant from a 1-mg sample of 
tumor tissue that had been homogenized in 200~L 
lysate buffer (0.25 mg protein) gave signals that were 
t2-fold background activity. Using the entire tissue 
sample for the FdUMP binding assay, only 
background counts could be obtained from each of 
these small samples (l-25 mg). Thus, the TS 
chemiluminescent ELISA assay is a specific and 
sensitive technique and can be reliably applied to 
the measurement of TS in tumor cytosols. 

DISCUSSION 

TS is an im~rtant cellular enzyme that plays a 
role in DNA nucleotide synthesis and represents 
a therapeutic target for the fluoropyrimidine 
antineoplastic group of drugs. In the present 
study, we have described the development of an 
ultrasensitive ELISA using the monoclonal antibody 
TS 106 to quantitate TS protein in human tumor 
cytosols. 

Our results have demonstrated that the ELISA 
assay is a reliable and sensitive technique for the 
quantitation of TS enzyme in human tumor cytosols. 
We have shown that the values obtained by the 
ELISA assay are directly proportional to the amount 
of TS measured by the FdUMP binding assay in 
human cancer cell lines (r? = 0.96). Moreover, we 
have demonstrated previously that the chemi- 
luminescent signal generated by the TS antibody- 
TS protein interaction is highly specific as demon- 
strated by the presence of a single 36 kDa band on 
chemiluminescent western immunoblotting (131. 
The ELISA technique is capable of detecting as little 
as 30 attamoles of TS protein and represents a 200- 
fold increase in sensitivity compared with the 
published sensitivity of the conventional FdUMP 
binding assay (Sfmol) [9). Despite the apparent 
sensitivity of the FdUMP binding assay using tissue 
culture cells, previous investigations have found the 
sensitivity of this assay to be more limited in tissue 
samples (lO-2Ofmol) [ll, 171. 

Close agreement was also noted between both 
assays when applied to the measurement of TS in 
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tumor tissue (3 = 0.84). The enhanced sensitivity of 
the ELBA permitted the quantitation of TS using 
as little as one quarter of the cytosol obtained from 5. 

1 mg of tumor tissue. In cytosolic extracts from 
tumor tissue, the mean TS value was significantly 
higher when measured by ELISA (131 fmol/mg 

6. 

cytosolic protein) compared with the FdUMP binding 
assay (85 fmol/mg cytosolic protein). The ELISA is 
standardized to TS extracted from cell lines and 7. 
measured by the FdUMP binding assay. The 
discrepancy between the two assays may represent 
degradation of TS resulting from tissue proteolytic 
activity during procurement and processing. Previous 8. 

studies from this laboratory have shown that the 
addition of soybean trypsin inhibitor leupeptin, 
chymostatin, aprotinin and EDTA is important for 9. 
maintaining the functional activity of the enzyme 
[ll]. Thus, tissue-associated proteolysis would result 
in underestimation of TS levels by the FdUMP 
binding assay. Another reason for this discrepancy 
would include the presence of an inactive form of I LO. 

TS within the cell or the presence of high 
concentrations of dUMP within the cytosol that 
could potentially inhibit [3H]FdUMP binding. In 
contrast, the ELISA assay is able to detect all Ll. 
immunoreactive enzyme regardless of its functional 
integrity. 

The clinical importance of TS in the development 
of tumor resistance has been suggested by studies 
that have demonstrated an acute induction of TS 12. 

protein as well as stable gene amplification of TS 
[l&21]. While the underlying mechanisms involved 
in enhanced TS expression have not been fully 
defined, these in vivo and in vitro studies suggest 13. 
that the ability of a tumor to overexpress TS in 
response to cytotoxic agents may play a role in the 
development of tumor resistance. Thus, the 
measurement of TS enzyme may be critical to 
understanding the biochemical and molecular 14. 

mechanisms involved in antimetabolite resistance 
and as a potential prognosticator of survival and /or 
response to fluoropyrimidine-based regimens. 1.5 

In summary, this study demonstrates that 
the chemiluminescent TS ELISA is a reliable 
ultrasensitive test that may be applied to the 
quantitation of TS in human tumor specimens. The 
availability of sensitive quantitative ELBA for 
detecting total TS will permit a determination of the 
prognostic importance of TS levels in patient tumor 
samples. 

of interaction of thymidylate synthase with 5- 
fluorodeoxyuridylate. Biochemistry 13: 471-480, 1974. 
MoertelCG,Currentconceptsincancer:Chemotherapy 
of gastrointestinal cancer. N Eng! J Med 299: 1049- 
1052, 1978. 
Hardy LW, Finer-Moore J, Montfort W, Jones M, 
Santi DV and Stroud RM, Atomic structure of 
thymidylate synthase: Target for rational drug design. 
Science 235: 448-455, 1987. 
Lockshin A and Danenberg PV, Biochemical factors 
affecting the tightnessof5-fluorodeoxyuridylate binding 
to human thymidylate synthase. Biochem Pharmacol 
30: 247-257, 1981. 
Lockshin A and Danenberg PV, Thymidylate synthase 
and 2’-deoxyuridylate form a tight complex in the 
presence of pteroyltriglutamate. J Biol Chem 254: 
12285-12288, 1979. 
Moran RG , Spears CP and Heidelberger C, Biochemical 
determinants of tumor sensitivity to 5-fluorouracil: 
Ultrasensitive methods for the determination of 5- 
fluoro-2-deoxvuridvlate and thvmidvlate svnthase. Proc 
Nat1 Acad SC; USi 76: 1456-i460,. 1979.. 
Spears CP, Antranik AH, Moran RG, Heidelberger C 
and Corbett TH, In uivo kinetics of thymidylate 
synthase inhibition in 5-fluorouracil-sensitive and 
-resistant murine colon adenocarcinomas. Cancer Res 
42: 450-456, 1982. 
Swain SM, Lippman ME, Egan EF, Drake JC, 
Steinberg SM and Allepra CJ. Fluorouracil and hieh- 
dose leucovorin in pr&iously treated patients with 
metastatic breast cancer. J Clin Oncol 7: 890-896, 
1989. 
Johnston PG, Liang C-M, Henry S, Chabner BA and 
Allegra CJ, The production and characterization of 
monoclonal antibodies that localize human thymidylate 
synthase in the cytoplasm of human cells aid tissues. 
Cancer Res 51: 6668-6676. 1991. 
Johnston PG, Drake JC, Trepel J and Allegra CJ, 
Immunological quantitation of thymidylate synthase 
using the monoclonal antibody TS106 in 5-fluorouracil- 
sensitive and -resistant human cancer cell lines. Cancer 
Res 52: 4306-4312, 1992. 
Park JG, Oie HK, Sugarbaker PH, Henslee JG, Chen 
TR, Johnson BE and Gazdar A, Characterization of 
cell lines established for human colorectal carcinoma. 
Cancer Res 47: 6710-6718, 1987. 
Brattain MG, Fine WD, Khaled FM, Thompson J and 
Brattain DE, Heterogeneity of malignant cells from a 
human colonic carcinoma. Cancer Res 41: 1751-1756, 
1981. 

16. Bradford MM, A rapid and sensitive method for the 
quantitation of microgram quantities of protein utilizing 
the principle of protein dye binding. Anal Biochem 72: 
248-254, 1976. 

REFERENCES 

1. SantiDVandDanenbergPV,Mechanismsofinteraction 
of thymidylate synthase with 5-fluorodeoxyuridylate 
folates in pyrimidine nucleotide biosynthesis. In: 
Folates and Pterins (Eds. Blakley RL and Benkovic 
SJ), pp. 345-398. Wiley Press, N;w York, 1984. 

2. Heidelberger C, Fluorinated pyrimidines and their 
nucleosides. In: Handbook of Experimental Phar- 
macology (Eds. Sartorelli AC and Johns DG), pp. 
192-231. Springer, New York, 1975. 

3. Danenberg-PVTThymidylate synthase: A target enzyme 
in cancer chemotherapy. Biochim Biophys Acta 473: 
73-92, 1977. 

17. Spears CP, Gustavsson BG, Berne M, Frosling R, 
Bernstein L and Hayes AA, Mechanisms of innate 
resistance to thymidylate synthase inhibition after 5- 
fluorouracil. Cancer Res 48: 5894-5900, 1988. 

18. Berger SH, Chung-Her J, Johnson LF and Berger 
FG, Thymidylate synthase overproduction and gene 
amplification in fluorodeoxyuridine-resistant human 
cells. Mol Pharmacol28: 461-467, 1987. 

19. Clark JL. Berger SL, Mittelman A and Berger FG, 
Thymidylate synthase gene amplification in a colon 
tumor resistant to fluoropyrimidine chemotherapy. 
Cancer Treat Rep 71: 261-265, 1987. 

20. Washtein WL, Increased levels of thymidylate synthase 
in cells exposed to 5-fluorouracil. Mel Pharmacol25: 
171-177, 1984. 

21. Chu E, Zinn S, Boarman D and Allegra CJ, The 
interaction of y interferon and 5-fluoroiracil in the 
H630 human colon carcinoma cell line. Cancer Res 50: 

4. Santi DV, McHenry CS and Sommer M, Mechanisms 5834-5840, 1990. 


