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Stable mutants of Chinese hamster V79 cells deficient in thymidylate synthe- 
tase (TS; E.C. 2.1.1.45) have been selected from cultures grown in medium 
supplemented with folinic acid, aminopterin, and thymidine (FAT). After 
chemical mutagenesis, the frequency of colonies resistant to the ”FAT” me- 
dium increased more than 100-fold over the spontaneous frequency. The 
optimal expression time of the mutant phenotype was 5-7 days after mutagen 
treatment. The recovery of FAT-resistant colonies in the selective medium was 
not affected by the presence of wild-type cells at a density below 9,000 cells 
per cm2. All 21 mutants tested exhibited thymidine auxotrophy; neither folinic 
acid nor deoxyuridine could support mutant cell growth. There was no de- 
tectable TS activity in all ll mutants so far examined and only about 50% of 
wild-type activity in three prototrophic revertants, as measured by whole-cell 
and cell-free enzyme assays. The apparent Michaelis-Menten constant (K,) 
for deoxyuridine-5‘-monophosphate and inhibition constant (Ki) for 5-fluoro- 
deoxyuridine-5’-monophosphate, measured by whole-cell enzyme assay, ap- 

ear to be similar for the wild-type and revertant cell lines. Using 5-fluoro-[6- 
‘H]-2’-deoxyuridine 5’-monophosphate as active site titrant, the relative 
amounts of TS in crude cell extract from the parental, revertant, and mutant  
cells were shown to exist in a 1:0.5:0 ratio. Furthermore, the enzymes from 
two revertants were more heat labile than that of V79 cells. These properties, 
taken together, suggest that the FAT-resistant, thymidine auxotrophic pheno- 
type may be the result of a structural gene mutation at the TS locus. The 
availability of such a mutant facilitates studies on thymidylate stress in relation 
to DNA metabolism, cell growth, and mutagenesis. 

Thymidylate (dTMP) synthetase (TS, E.C. 2.1.1.45) is 
a pivotal enzyme in the biosynthesis of DNA, as it con- 
trols the only de novo source of thymidine 5’-triphos- 
phate (dTTP). The content of this enzyme in normal 
tissue is very low and in many cases undetectable, sug- 
gesting that it may be a rate-limiting enzyme in DNA 
synthesis (Blakley, 1960). However, the activity of TS is 
usually substantially elevated in proliferating cellular 
systems such as regenerating liver (Labow et al., 1969). 
Therefore, a block of the enzyme activity would exert 
dramatic effects upon tissues that require a high rate of 
DNA synthesis. Since many tumors fall into this cate- 
gory, TS becomes an attractive target enzyme for the 
design of cancer chemotherapy (Danenberg, 1977). 

Mutants at the TS locus in phage, bacteria, and yeast 
have been particularly useful for the study of DNA 
metabolism in relation to cell growth and mutagenesis 
(Smith et al., 1973; Barclay and Little, 1978; Kunz and 
Haynes, 1982). Until recently this type of mutant had 
not been isolated from cultured mammalian somatic 
cells due, in part, to the lack of suitable selective sys- 
tems. Ayusawa et al. (1980,1981) were the first to isolate 
such mutants from the mouse mammary carcinoma FM 
3A cell line by the use of either a tritium suicide (3H- 

deoxyuridine) method or by virtue of the reduced sensi- 
tivity of mutants to methotrexate (MTX). However, the 
first method is an indirect procedure and the second 
selects primarily for mutants defective in dihydrofolate 
reductase (DHFR) (Albrecht et al., 1972; Flintoff et al., 
1976). 

Based on the MTX-leucovorin rescue regimen for can- 
cer chemotherapy (Mehta et al., 1979; Sauer et al., 19791, 
we have formulated a new selective medium which con- 
tains folinic acid, aminopterin, and thymidine (the 
“FAT” medium). In this report, we describe (1) the for- 
mulation of the selective medium, (2) single-step direct 
selection of FAT-resistant (FAY) mutants, (3) the growth 
pattern, and (4) enzyme characteristics of the FAT’ mu- 
tants and FAT-sensitive (FATS) revertants. All mutant 
isolates exhibit thymidine (dThd) auxotrophy and a re- 
duced or nondetectable TS activity. A brief summary of 
this work has appeared (Li and Chu, 1982). 
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MATERIALS AND METHODS 
Materials 

Aminopterin, folinic acid, 5-fluorodeoxy-uridine (5- 
FdUrd), d1-5,6,7,8 tetrahydrofolic acid (FH4), and Tween 
80 were urchased from Sigma Chem. Co., St. Louis, 
MO. [5- H]-2'-deoxyuridine 5'-monophosphate (3H- 
dUMP) (12-14.8 Ci/mmol, 0.5-1.0 mCi/ml) was pur- 
chased from either SchwarziMann Chem. Co. (Spring 
Valley, NY) or Amersham Co. (Arlington Heights, IL); 
5-fluor0-[6-~H]-2'-deoxyuridine 5'-monophosphate (3H- 
FdUMP) (18 Ci/mmol, 1 mCi/ml) was obtained from Mo- 
ravek Biochemicals Inc., Brea, CA. 

Cell culture 
The Chinese hamster lung cell line, V79, was used in 

all experiments. Unless otherwise indicated, the cells 
were grown in Dulbecco's modified Eagle's minimum 
essential medium (D-10) supplemented with 5% dialyzed 
fetal calf serum (DFCS), 1 mM sodium pyruvate, 1.5 
times the normal levels of vitamins and essential amino 
acids, and twice the concentrations of non-essential 
amino acids. The medium contains 2.27 pM folic acid. 

Mutagen treatment and mutant selection 
Cells were seeded into 9-cm culture dishes a t  1 x lo6 

cells per dish. Six hours later ethyl methanesulfonate 
(EMS) was added to a final concentration of 400 pg/ml. 
After 18 hr, the cells were washed, grown, and subcul- 
tured as necessary in D-10 with FCS and 10 pm dThd 
for 2-11 days to allow expression of the mutant 
phenotype. 

For the selection of mutants, 5 x lo5 cells were seeded 
into 9-cm dishes in D-10 supplemented with DFCS and 
appropriate concentrations (see below) of aminopterin, 
folinic acid and dThd. Surviving colonies were picked or 
counted after 10-14 days. The medium was renewed 
once during the selection period. The frequency of resist- 
ant colonies was measured after correcting for plating 
efficiency. 

Whole-cell TS assay 
The enzyme activity was assayed by measuring the 

release of tritiated water from [5-3H]-dUMP according 
to the procedure of Lomax and Greenberg (1967). 

The cell permeabilization method used was modified 
from that of Lewis et al. (1978). Samples of 1 x lo7 cells 
were harvested from exponentially growing cultures in 
D-10 with 5% FCS and 1 pM dThd. After washing once 
with phosphate-buffered saline, the cells were sus- 
pended in 1 ml permeabilizing buffer, which contained 
100 mM HEPES buffer, pH 7.6, 100 mM mercaptoetha- 
nol, 250 mM sucrose, and 1% Tween 80. The cells were 
allowed to stand at room temperature for 30 min, with 
occasional gentle shaking, and centrifuged at  15,OOOg 
for 6 sec. The cell pellet was then resuspended in cold 
permeabilizing buffer to a final concentration of 2 x lo7 
cells per ml. Fifty microliters of the cell suspension was 
mixed with 50 pl of reaction mixture, which contained 
2.66 mM FH4, 9.6 mM formaldehyde, 100 mM mercap- 
toethanol, 10 mM sodium bicarbonate, 60 mM HEPES 
buffer, pH 7.6, and 80 pM [5-3H]-dUMP (13.9 niCi/mmol). 
The concentrations of components and the pH of the 
buffer were optimized and the reaction was linear up to 
1 hr. A control reaction included all components but was 

stopped at time zero. All assays were conducted in tripli- 
cate. After 30 min at  37"C, 2 ml 15% Norit A charcoal 
in 4% perchloric acid was added to stop the enzyme 
reaction. The entire mixture was left at room tempera- 
ture for 30 min with occasional vortexing. The mixture 
was filtered through a Whatman GF/A glass fiber filter 
disc. One hundred microliters of clear filtrate was mixed 
with 5 ml of aqueous counting solution (Amersham 
Chem. Co., Arlington Heights, IL) and the radioactivity 
counted. TS activity is expressed as pmol dTMP formed 
per lo6 cells per hr. 

The Michaelis-Menten constant (K,) for dUMP and 
the inhibition constant (KJ for FdUMP were determined 
using the whole-cell TS assay. FdUMP was added to the 
reaction mixture reaching a final concentration in the 
range of M-lO-' M. Ki values were estimated 
graphically by either a plot of 1N versus i (the Dixon 
plot; Dixon, 1953) or a plot of s/v versus s (the Hanes- 
Woolf plot; Dixon and Webb, 1964). 

TS assay in cell extract 
Exponentially growing cells were harvested, washed, 

and suspended at 2 x lo7 celldm1 100 mM HEPES 
buffer, pH 7.6, with 100 mM mercaptoethanol. The cells 
were disrupted by sonication. The supernatant, obtained 
by centrifugation at 15,OOOg for 10 min, was used as a 
crude enzyme preparation. Fifty microliters of the cell 
extract was mixed with 50 p1 of reaction mixture which 
has been specified in the whole-cell assay. From then on 
the procedure of enzyme assay was identical to that for 
the whole-cell assay. TS activity is expressed as pmol 
dTMP formed per pg protein per hr. Protein was deter- 
mined by the method of Bradford (1976) using bovine 
serum albumin as standard. 

Heat inactivation of TS 
The assay was essentially the same as above except 

that the cell extract was heated at 38", 40°, or 42°C for 
various times. The amount of protein in the reaction 
tubes were adjusted to the same level for each cell line. 

Determination of TS levels 
The amount of the TS enzyme in cytosol was deter- 

mined by measuring the binding of 3H-FdUMP in the 
presence of 5,10-CHz-FH4 according to the published 
procedures (Santi et al., 1974a; Lockshin et al., 1979). 
The number of FdUMP binding sites can be taken as a 
direct measure of the enzyme level in the cell. 

Concentrated cell extract was prepared from 1 x lo7 
cells per 100 p1 buffer. The 100-pl reaction mixture con- 
tained 100 mM mercaptoethanol, 133 pM FH4, 480 pM 
formaldehyde, 100 mM HEPES, pH 7.6, 55 nM (18 Ci/ 
mmol) 3H-FdUMP, and various amounts of cell extract 
corresponding to cell numbers ranging from 2 x lo5 to 
2 x lo6. The reaction was carried out at room tempera- 
ture for 60 min and stopped by the addition of 4 ml 10% 
tricholoroacetic acid with 2% sodium pyrophosphate. 
Under these conditions in the presence of excess amounts 
of 3H-FdUMP and CH2-FH4, the reaction was linear up 
to 150 pg protein, which is equivalent to 2.5 x lo6 cells. 
This result is similar to that obtained by Santi et al. 
(1974a). After standing at  4°C for 30 min, the protein 
precipitate was collected on a Whatman GF/C fiber glass 
filter disc. The disc was dried under a heating lamp and 
the radioactivity counted in an organic counting solu- 
tion (Amersham Chem. Co.). 
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RESULTS 
Development of the selective medium 

The rationale for the selection of FAT' mutant is as 
follows: In mammalian cells, dTMP synthesis is inhib- 
ited by the folic acid antagonist aminopterin, which 
tightly binds to the enzyme dihydrofolate reductase 
(DHFR), preventing the conversion of dihydrofolate to 
FH4. FH4 functions as a recipient of one-carbon groups 
from various sources and is directly involved in purine 
and amino acid metabolism as well as dTMP biosyn- 
thesis (Fig. 1). When wild-type cells are grown in culture 
in the presence of aminopterin, dTMP synthesis rapidly 
depletes the intracellular supply of FH4, thereby inhib- 
iting cell growth. In contrast, the FH4 level is conserved 
in TS-deficient cells grown in medium containing ami- 
nopterin. Under these conditions, the viability and 
growth of the mutant cells can be maintained if the cells 
are also supplied with dThd and one of the interconver- 
sion metabolites of FH4. 

To develop the selective medium V79 cells were grown 
in D-10 supplemented with 5% DFCS and various con- 
centrations of aminopterin. Aminopterin at 1 pM re- 
duced cell survival to less than lop7. In the next 
experiment, TS activity in V79 cells was chemically 
inhibited with various concentrations of 5-fluorodeox- 
yuridine (FdUrd) and 10 pM dThd for 16 hr. Without 
medium change, a mixture of 1 pM aminopterin and 
various concentrations of folinic acid was added. The 
purpose of the experiment was to test the rescuing effect 
of folinic acid. The conserved intracellular FH4 pool 
could not by itself support cell growth when both TS and 
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DHFR were inhibited (Fig. 2A). Cell growth could, how- 
ever, be restored to varying levels by the addition of 
folinic acid to the medium (Fig. 2A,B). To allow cells to  
proliferate normally in the presence of aminopterin and 
dThd, exogenous folinic acid should be present a t  least 
0.1 pM at a time when TS activity is assumed to be 
totally blocked by 10 pM of FdUrd. A provisional selec- 
tive medium was formulated: D-10 with 5% DFCS, 10 
pM dThd, 1 pM aminopterin, and 0.1 pM folinic acid. 
Subsequent to the isolation of TS-deficient mutants, the 
concentrations of folinic acid and dThd needed for nor- 
mal growth of mutant cells were adjusted. Figure 2C 
shows that folinic acid at 0.1 pM was able to support 
fully the growth of mutant cells, but not the wild-type 
cells, in D-10 containing DFCS, 1 pM aminopterin, and 
10 pM dThd. The appropriate concentration of dThd in 
the FAT medium was determined as 1 pM (Fig. 2D). 

Glycine at  concentrations ranging from 0 to lo-' M 
was added to a special FAT medium which contained no 
glycine (normal D-10 has 2 x M glycine). A plating 
experiment of a FAY cell clone (TSSA) revealed that 
additional supplement of glycine was not necessary (data 
not shown). 

Selection condition for FAT' mutants 
FAT' cells occurred spontaneously in V79 cell popula- 

tions at  an average frequency of 1.1 x lop7. The fre- 
quency increased to an average of 0.9 x in 
populations treated with EMS at  400 pg/ml. In a recon- 
struction experiment in which 200 FAT' cells were 
mixed with varying numbers of wild-type cells, the re- 
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Fig. 1. Interconversion of tetrahydrofolate and its derivatives in mammalian cells 
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Fig. 2. Growth response of the parental, mutant, and revertant cell 
lines in various media. To measure cell growth, 1 x lo3 cells were 
seeded into 6cm culture dishes containing different media. Seven days 
later cells in each dish were lysed with 2 ml 1 N NaOH, and absorb- 
ance at 260 nm was measured. The highest reading of absorbance from 
the dish with the largest amount of cells was taken as 100%. A. The 
combined effects of 5-fluorodeoxyuridine (FdUrd) and folinic acid on 
the reversal of cytotoxicity of aminopterin on Chinese hamster V79 
cells. The medium was D-10 containing 5% dialyzed fetal calf serum, 
10 p M  thymidine, 1 pM aminopterin, and various concentrations of 
folinic acid and FdUrd. Folinic acid was present at (0) 0 M; lo-'' M 
or l o r 9  M; ( A )  M: 10) M; (A) M; (0) M, and (m) 

plhd] M 

M. B. The combined effects of foiinic acid and FdUrd on the 
reversal of cytotoxicity of aminopterin on Chinese hamster V79 cells. 
Thymidine was present at  10 pM, aminopterin at  1 pM, folinic acid as 
indicated, and FdUrd at  (0) 0 M; (A) lo-' M; (0) 
M; and (0) M. C. Growth response of V79 (FAT") and FAT' cells 
to different concentrations of folinic acid in D-10 medium containing 
5% dialyzed fetal calf serum, 1 pM, aminopterin and 10 p M  thymidine. 
The cell lines used were (0) TS-4D; (A) TS-5A; and (0) V79. D. Growth 
response of the parental V79 (FAT") and FAT' cells in the presence of 
different concentrations of thymidine in D-10 medium with 5% di- 
alyzed fetal calf serum. The cell lines used were (U) V79; (A) TS4D; 
and (0) TS-8A. 

M; (A) 

covery of FAT' colonies in FAT medium was not affected 
by the presence of as many as 5 x lo5 wild-type cells 
per 9-cm culture dish (= 9,000 cells per cm']. At higher 
cell densities the recovery of FAT' cells was reduced. 

The optimal time required for the expression of the 
mutant phenotype was examined by determining the 
frequency of FAT' colonies at various times after EMS 

mutagenesis. A maximum recovery (100%) was observed 
on days 5 and 7 after mutagen treatment, followed by a 
decline (67%) on day 11. 

The growth behavior of FAY mutants 
All 21 FAT' clones tested, out of a total of 46 isolated, 

exhibited dThd auxotrophy; neither folinic acid nor 
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deoxyuridine could support cell growth (Table 1). Thus, 
the mutant clones appeared to be deficient in TS but not 
in thymidine kinase activity. 

The average generation time of F A T  cells was 21.3 
hr, as compared to 18.2 hr  for the parental cells. There- 
fore, the decline in the recovery of FAT' colonies on day 
11 after chemical mutagen treatment may be due to a 
slower growth of FAT" cells as compared to the parental 
cells. 

The resistant phenotype was stable in three isolates 
maintained in D-10 supplemented with 1 pM dThd for 4 
months (TS-3A and TS-4D) or more than a year (TS- 
10A). No revertants were found when tested in D-10 not 
supplemented with dThd. However, revertants, either 
spontaneous or EMS induced, occurred in mutant clones 
TS8A and TSdA. The spontaneous and EMS-induced 
(200 pg/ml) reversion frequencies were 3.8 x and 
8.0 x respectively, for line TSSA. The growth 
characteristics of the two revertant lines resembled that 
of the wild-type cells (Table 1). 

The activity and properties of dTMP synthetase in 
mutants, revertants, and wild-type cells 

The results of TS enzyme assay for five mutant clones, 
two revertants, and the wild-type cells are presented in 
Table 2. All 11 mutant isolates so far tested had a re- 
duced or nondetectable TS acitivity. The residual TS 
activity in clones TS-3A and TS4D was apprarently 
inadequate for dTMP synthesis and cell growth. On the 
other hand, about 50% of wild-type TS activity detected 
in the two revertants led to dThd independence. 

It has been known for some time that FdUMP is a 
potent inhibitor of TS (Cohen et al., 1958). In the pres- 
ence of N5,N10-methylene tetrahydrofolate (CH2FH4), 
the inhibitor forms a covalent bond complex with the 
enzyme (Santi and McHenry, 1972). Since the dissocia- 
tion constant of the complex is lower than practical 
concentrations of the enzyme (Santi et a]., 1974b), bind- 
ing is stoichiometric and the inhibitor is, in fact, an 
active site titrant (Santi et al., 1974a). Two binding sites 
for FdUMP are present for each molecule of TS (Danen- 
berg and Lockshin, 1982). Figure 3 shows the linear 
regression relationships between the amount of 3H- 
FdUMP bound and the amount of cell extract used for 
the TS active site titration. There was no increase of the 
bound radioactivity when cell number was increased in 
line TS8A, or in wild-type cell extracts heated at  100°C 

TABLE 1. Growth response of V79 wild-type (FAT'), FAT', and 
revertant cells 

Relative plating efficiency (%) in D-10 supplemented 
with DFCS and 
dThd dUrd Folinic acid 

Cell line None FAT (10pM) (10pM) (1 pM) 

Wild-type 65.2 0 
Mutant 

TS-3A 0 90.6 
TS-4D 0 98 
TS-5A 0 100 
TS-8A 0 100 
TS-1OA 0 100 

TS8AR-S 57 0 
TS8AR-E 61 0 

Revertant' 

'S, spontaneous; E, EMS-induced. 

100 

100 
100 
100 
100 
100 

100 
100 

98.9 65 

0 0 
0 0 
0 0 
0 0 
0 0 

91.7 69 
88 52 

TABLE 2. Thymidylate synthetase (TS) activity in  V79 wild-type 
(FAT' ). FAT'. and revertant cells 

Whole cell TS activity Cell extract TS activity 
Cell line (pmol dTMPl10' cellshr) (pmol dTMPlpg p r o t e i d r )  

Wild-type 973 f 112 (5)' 9.2 f 0.2 (3)' 
Mutant 

TS-SA 27.3 (2) 
TS-ID 
TS-5A 
TS-8A 

_. _ ~ ,  

15.5 (2) 
ND(3) 
ND (4) 

TS-1OA ND(5)  
Revertant' 

TS 8 AR-S 353 _+ 30 (3) 6.7 (2) 
TS 8 AR-S 400 (2) 6.6 (2) 

'Total activity + S.D. Number in the parenthesis denotes the number of assays; 
973 pmol corresponds to 85,000 cpm; 973 pmol/lOfi eellshr is equivalent to 16.2 
pmoUpg proteinhr. Hence TS activity assayed by the whole-cell method is about 
75% higher than that by the cell-extract method. ND, not detectable; -, not 
done. 
'5, spontaneous; E, EMS-induced. 

for 2 min, suggesting that no binding sites were avail- 
able, From the slopes of regression lines, the amount of 
titratable TS active sites are found to be 0.68 pmol per 
lo7 wild-type cells, 0.32 pmol per lo7 TS 8AR-E cells, 
and 0.37 pmol per lo7 TS 8AR-S cells. The relative 
amounts of TS hence exist approximately in a 1:0.5:0 
ratio in the parental, revertant, and mutant cells, which 
is in approximate agreement with the ratio of detectable 
TS activity present in those cell lines. 

The kinetic properties of TS from the wild-type and 
revertant cells are summarized in Table 3. The apparent 
Km and Ki values are similar between different cell 
lines examined. TS from revertant cells was more heat 
labile than that from the parental cells, as demonstrated 
by their relative thermostabilities tested at  42", 40 ', or 
38°C. Only the results of 38°C inhibition are shown 
(Table 3, Fig. 4). 

DISCUSSION 
We have devised a direct selection method for TS- 

deficient mutants of Chinese hamster V79 cells. The 
method takes advantge of the drug-induced phenocopies 
of TS and DHF'R deficiencies, which can be compensated 
by appropriate concentrations of exogenous folinic acid 
and dThd. The selective medium is Dulbecco's modified 
Eagle's minimum essential medium supplemented with 
5% dialyzed fetal calf serum, 0.1 pM folinic acid, 1 pM 
aminopterin, and 1 pM thymidine, as determined by cell 
growth experiments (Fig. 2). Folinic acid (5-formyl-FH4, 
also known as leucovorin or citrovorum factor) is stable 
in solution and can serve as a ready source of reduced 
folate to replenish the FH4 pools depleted by either MTX 
or aminopterin (Nahas et al., 1972). Aminopterin is 
known to be more toxic than MTX to cultured mamma- 
lian cells (Eagle and Foley, 1956). Folinic acid is more 
important than the other two components in the FAT 
medium for the recovery of TS mutants with a total 
enzyme deficiency. The medium was for the V79 cell 
line only; whether the formulation can be used for selec- 
tion of TS- mutants from other mammalian cell lines 
remains to be tested. 

Ayusawa et al. (1981) isolated TS-deficient mutants 
from mouse mammary carcinoma FM 3A cells by virtue 
of the reduced sensitivity of the mutants to MTX. The 
selective medium they used contains vitamin BIZ, 5- 
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Fig. 3. The relationship between cell number and the amount of ‘H- 
FdUMP bound in the FdUMP-TS-CHZ-FH4 complex. Each regression 
curve was fitted by the pooled data of two independent experiments. 

methyl-FH4, and folic acid. The inclusion of folic acid in 
the selective medium seems unnecessary, because its 
conversion to FH4 derivatives would be blocked by MTX. 
Moreover, 5-methyl-FH4 is a poor source of one-carbon 
groups for purine biosynthesis (Nixon et al., 1973). Ex- 
posure of V79 cells to this selective medium resulted in 
incomplete killing of cells, demonstrating the need for 
specific formulation of selective media for TS mutants 
in different cell types. 

V79 cells are sensitive to FAT medium. The avera e 
spontaneous frequency of FAT’ colonies was 1.1 x 10- . 
The TS mutants we studied were sensitive to dThd-free 
medium, showing a spontaneous reversion frequency (to 
FAT”) of 3.8 x A selection scheme is thus available 
for both forward and reverse mutations at  the TS locus. 

Complete deficiency in TS activity was observed in all 
21 mutant isolates studied. The FAT-resistant, dThd- 
auxotrophic phenotype was stable in three isolates (TS- 
3A, TS4D, and TS-1OA) but reversions occurred in the 
other two (TS8A and TS-5A). Partial TS activity was 
restored in the revertant cells. Although the K, and K i  
values of the revertants studied did not differ apprecia- 
bly from those of the wild-type V79 cells, the enzymes 
from two revertant cell lines of independent origin were 
more heat labile than the wild-type enzyme (Table 3, 
Fig. 4). The result supports the view that the altered 
phenotype was due to an  altered enzyme, which proba- 
bly is a result of a structural gene mutation at  the TS 
locus. 

5 

The cell extracts used were (0) V79; (0) TS 8 AR-S (0) TS 8A R-E; 
and (A) V79 (heated) or TS8A. 

In mouse FM 3A cells, the TS locus is autosomal 
(Ayusawa et al., 1981). Ifthis is true for the V79 Chinese 
hamster cells, then two alleles for the TS gene are ex- 
pected to exist in the wild-type cells. Contradictory to 
this expectation, high frequencies of spontaneous and 
EMS-induced TS- mutants were observed. One expla- 
nation is that the TS locus is effectively hemizygous in 
the parental cells (Siminovitch, 1976; Gupta et al., 1978). 
If this is the case, the single functional TS allele might 
have mutated to give a low to nondetectable level of TS 
activity in the mutant cells. The TS levels in the cells as 
measured by active site titration reveal that no binding 
sites were available in mutant TS-8A and that the two 
revertants tested contained about half the amount of the 
enzyme as in the wild-type cells (Fig. 3). In the determi- 
nation of apparent K i  for FdUMP, the inhibition was 

TABLE 3. Characteristics of thymidylate synthetase in V79 wild-type 
and revertant cells 

K, (pM) Ki (nM) 
Cell line s/v vs. s d o t  Dixon d o t  s/v vs. s d o t  TTD’ 

Wild-type 5.72 k 1.03 (5)’ 1.20 (2) 6.08 (2) 33 (2) 
Revertant 

TS 8 AR-S 4.65 0.43 (3) 1.90 (2)  4.11 (2) 16 (2 )  
TS 8 AR-E 5.96 f 1.36 (5) 1.15 (2) 4.06 (2) 14.5 (2) 
TS 5 AR-E 5.72 (2) - - - 

’Time in min at  38°C needed to inactivate 50% of TS activity. 
2 +  S.D. No. in the parenthesis indicates the No. of assays. -, not done 
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5 10 20 j o  

l i m e  (min.) at 38Oc 

Fig. 4. Heat (38°C) inactivation curve of TS activity from the parental 
(--), the revertant TS 8A R-S (- - - -1, and the revertant TS 8A R-E (- 
. - . -1 cells. 

assumed to be steady-state in nature although another 
reaction nature is also possible (Cha, 1975). Our data 
agree well with those obtained by Bissan and Thorner 
(19811, who also assumed a steady-state reaction for the 
FdUMP inhibition of the purified TS from the yeast. 
Since the apparent Ki values for FdUMP of TS from the 
two revertants are approximately the same as  that of 
the wild-type enzyme (Table 3), the revertants probably 
had a lowered number of enzyme molecules per cell 
rather than a lowered affinity of the enzyme for the 
dUMP analog. This differs from the 5-FdUMP-resistant 
human leukemic cells which contained a TS with a 
lower affinity for FdUMP (Bapat et al., 1983). Our mea- 
surement of TS levels by active site titration (Fig. 3) in 
the parental, mutant, and revertant cells are in good 
agreement with measurements of TS activities in the 
same cells. It is interesting to note that partial activity 
of the enzyme in two revertants appears to be sufficient 
to convert dThd auxotrophy to prototrophy. 

Deficiency of TS has not been recognized in any meta- 
bolic disease in man. However, dThd deficiency has been 
suggested to be responsible for X-linked mental retar- 

dation in association with the fragile X chromosome in 
man (Glover, 1980). It will be interesting to see if so- 
matic cells from these patients have reduced levels of 
TS activity. The availability of TS- mutants will facili- 
tate the study of folate metabolism, as perturbed by the 
high level of a conserved FH4 pool. 

The genetic effects of thymine nucleotide deprivation 
in eukaryotic cells have been well documented (see re- 
view: Kunz, 1982). The effects include increased inci- 
dence of mutagenesis, recombinagenesis, sensitivity to 
ultraviolet light, chromosome aberrations, and sister 
chromatid exchanges. However, none of these phenom- 
ena has been examined in mammalian mutant cells 
defective in TS. We have constructed double mutant cell 
lines of V79 cells defective at both the TS and cytidine 
5'-triphosphate (CTP) synthetase loci (Chu et al., 1982). 
These double mutants with elevated CTP and dCTP 
pools and diminished dTTP pools would allow experi- 
mental manipulation of the cellular DNA precursors, in 
relation to the fidelity of DNA replication and mutage- 
nesis in mammalian cells. 
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