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Studies with Tetrahydrohomofolate and Thymidylate Synthetase 
from Amethopterin-Resistant Mouse Leukemia Cells" 

David Livingston,t Elizabeth J. Crawford, and Morris Friedkinf 

ABSTRACT: The inhibitory action of amethopterin and 
tetrahydrohomofolate on the utilization of [lT]deoxy- 
uridine for deoxyribonucleic acid synthesis has been 
studied with cell suspensions of amethopterin-resistant 
and amethopterin-sensitive mouse leukemia cells. The 
inhibition of deoxyuridine uptake with loe4 M amethop- 
terin was significantly higher in sensitive cells than in 
resistant cells. Under the same conditions the inhibition 
of deoxyuridine uptake with M tetrahydrohomo- 
folate was 14% in sensitive cells and 7.1 % in resistant 
cells. The low level of inhibition with tetrahydrohomo- 
folate was not consistent with the concept that this fo- 
late analog is an effective therapeutic agent in amethop- 

T etrahydrohomofolate, an analog of folic acid, in- 
hibits thymidylate synthetase of Escherichia coli and is 
a potent growth inhibitor of Streptococcus faecalis 
(Goodman et al., 1964). On the basis of these findings 
tetrahydrohomofolate was tested in mice carrying an 
amethopterin-resistant line of leukemia cells and was 
found to prolong significantly the survival of these ani- 
mals at a daily dosage of 400 mg/kg (Mead et al., 1966). 
Studies were then initiated to determine whether or not 
the chemotherapeutic effect of tetrahydrohomofolate 
in leukemic mice was due to the inhibition of leukemia 
cell thymidylate synthetase. 

Since a convenient assay of thymidylate synthetase 
in leukemia cells was unavailable at the time this re- 
search was initiated, an indirect approach was used 
based on earlier observations that aminopterin blocks 
incorporation of deoxyuridine into DNA by intact cells 
(Friedkin and Roberts, 1956). It was reasoned that if 
tetrahydrohomofolate does indeed inhibit thymidylate 
synthetase of leukemia cells as the main target enzyme, 
a profound inhibition of deoxyuridine uptake into DNA 
should be demonstrable both in amethopterin-sensitive 
and amethopterin-resistant leukemia cells. 
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terin-resistant mouse leukemia due to the inhibition of 
thymidylate synthetase as the target enzyme. It is con- 
cluded that tetrahydrohomofolate must act elsewhere, 
perhaps by inhibiting the uptake of folate by the leu- 
kemia cells. Thymidylate synthetase has been extracted 
from amethopterin-resistant mouse leukemia cells and 
partially purified by salt fractionation and gel filtration. 
The enzyme can be stabilized for storage by the addition 
of sucrose. Based on the spectrophotometric assay of 
thymidylate synthetase the enzyme from mouse leu- 
kemia cells is 25-fold more resistant to inhibition by 
tetrahydrohomofolate than the same enzyme from Es- 
cherichia coli. 

This report describes experiments which indicate that 
tetrahydrohomofolate has slight effect on incorporation 
of deoxyuridine into DNA of mouse leukemia cells. The 
question arose whether or not tetrahydrohomofolate 
has any direct effect on thymidylate synthetase of leu- 
kemia cell origin. This led to studies described herein 
with cell-free extracts and partially purified preparations 
of leukemia cell thymidylate synthetase. 

Materials and Methods 

Tyrode's ascorbate medium contained (si100 ml) 
NaC1,0.9 ; KC1,0.02 ; CaC12, 0.02 ; MgC12,O.Ol; glucose, 
0.10; NaHC03, 0.10; NaH2P04, 0.005; and ascorbic 
acid, 1.0. The mixture was adjusted to pH 8.2 with 5 N 
NaOH. 

Buffer A was 0.05 M Tris, 10 mM mercaptoethanol, 
and 1 mM disodium EDTA, adjusted to pH 7.4 with HCl. 

Buffer B was the same as buffer A but adjusted to pH 
8.4 with HCl. 

dl-Tetrahydrofolic acid and dl-tetrahydrohomofolic 
acid were prepared by catalytic reduction (O'Dell et al., 
1947; Kisliuk, 1957). Deoxyuridylic acid labeled with 
tritium at position 5 was kindly supplied by Dr. 
DeWayne Roberts (commercial source: Calbiochem, 
Los Angeles, Calif). [ 14C]Deoxyuridine was obtained 
from the New England Nuclear Corp., Boston; Sepha- 
dex G-100 from Pharmacia, Uppsala, Sweden; and 
DBA/2JA mice from Jackson Memorial Laboratories, 
Bar Harbor, Maine. 

Transplantation and Maintenance of FR8 and Ll2IO 
Leukemia Cells in Mice. DBA/2JA male mice weighing 
20-25 g were injected subcutaneously in the inguinal 
area with 0.20 ml of either 1 : 10 or 1 : 100 (v/v) suspen- 
sions of spleen cells in sterile 0.9 NaCl from previously 
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inoculated mice (Goldin et al., 1960a,b; Misra et al., 
1961). Both lines were obtained from Dr. A. Goldin, 
National Cancer Institute, Bethesda, Md. The FR8 
strain is an amethopterin-resistant subline of L1210 with 
a high level of dihydrofolate reductase. Predictably, in 
7 or 8 days, inguinal tumors and grossly enlarged spleens 
appeared. The animals were then sacrificed, and the 
spleens and inguinal tumors were removed. Some 
spleens were used for further transplantation. 

Preparation of Leukemia Cell Suspensions. Spleens 
were removed from mice with fully developed leukemic 
tumors and dispersed in chilled Tyrode's ascorbate me- 
dium (1 g wet weight of tissue plus 2 ml of buffer) by 
repeated forced passage through a no. 21 hypodermic 
needle attached to a 5-ml sterile syringe. The suspension 
was stored in an ice bath and was used within 30 min. 

Incubation ofleukemia Cell Suspensions with [ l4C] De- 
oxyuridine. Each incubation mixture (total volume, 0.3 
ml) consisted of 0.20 ml of cell suspension, 0.05 ml of a 
water solution of [ 14C]deoxyuridine (32 pCi/pmole, 100 
pmoles/ml), and amethopterin. The labeled compound 
was added last. This mixture was incubated with agita- 
tion at 37" as previously described (Friedkin and Wood, 
1956). Following the assay period, the tubes were im- 
mediately immersed in an ice bath and the acid-insoluble 
material was precipitated with 3.0 ml of chilled 3 % per- 
chloric acid. The precipitate was washed once with 3.0 
mi of perchloric acid and twice with 1 ml of distilled water 
and finally dissolved in 0.20 ml of 0.15 M NH4OH in 
50 % ethanol. The solution was plated on aluminum plan- 
c hets, dried under a heating lamp, and counted in a open- 
window gas-flow counter. The method was validated by 
hydrolysis of the DNA and isolation of thymine by 
paper chromatography. Essentially all of the radioac- 
tivity was found in DNA thymine. 

PuriJcation of Thymidylate Synthetusejrom Spleens oj 
FR8-Injected Mice. Spleens from four FR8-injected ani- 
mals were removed, placed in ice-cold 0.9% NaC1, and 
then homogenized in ten volumes of 0.9% NaC1-0.05 
M Tris-C1 (pH 7.4) in a Potter-Elvehjem homogenizer. 
The homogenate was centrifuged at 4" at 17,000 rpm 
for 20 min. The clear red supernatant fluid thus obtained 
was subjected to salt fractionation as follows. (NH4)zSOd 
was added to a concentration of 1.4 M and the ensuing 
precipitate discarded. The further addition of (NH&S04 
to the supernatant fluid to a final concentration of 2.4 
M yielded a second precipitate containing thymidylate 
synthetase. This fraction was dissolved in 10 ml of buffer 
B and subjected to gel filtration on a column of Sepha- 
dex G-100 (67 X 7 cm). Buffer B was used throughout. 
The effluent fluid was collected in 20-ml fractions. Pro- 
tein was determined by absorbancy at 280 mp. Thymi- 
dylate synthetase (Wahba and Friedkin, 1961) and di- 
hydrofolate reductase (Osborn and Huennekens, 1958) 
were assayed spectrophotometrically. The elution pro- 
file is shown in Figure 1. Values in the figure for thymidyl- 
ate synthetase are expressed as absorbancy increase at 
340 mp/min for 0.9-ml aliquots ; those for dihydrofolate 
reductase are expressed as absorbancy decrease at 340 
mpjmin for 0.1-ml aliquots. Hemoglobin appeared in 
tubes centering at fraction 50. Fractions containing thy- 
midylate synthetase were combined (tubes 40-44) and 

TUBE NUMBER 

FIGURE I :  Elution profile of thymidylate synthetase and 
di hydrofolate reductase from spleens of FR8-injected mice. 
See section on Materials and Methods for experimental 
details. 

then poured through a DEAE-cellulose column (1.2 X 
9 cm) previously washed with buffer A. After continued 
washing of the column with 200 ml of buffer A the en- 
zyme was eluted with buffer A containing 0.4 M NaCl. 
The preparation showed a green fluorescence. The spe- 
cific activity of the enzyme was 0.6 pmole/mg of protein 
per hr representing a 50-fold purification. The activity 
stabilized by addition of sucrose to a final concentration 
of 20%;. The preparation was stored at 5". 

Results 

The Effect of Amethopterin on [ 14C] Deoxyuridine Up- 
take by Sensitive and Resistant Leukemia Cells. Two leu- 
kemia cell lines (one sensitive and the other resistant to 
amethopterin as shown by survival of drug-treated mice 
carrying these lines (Goldin et al., 1960a,b; Misra et al., 
1961)) were tested for relative sensitivity and resistance 
by an in vitro assay (Friedkin and Wood, 1956). The as- 
say was based on the concept that amethopterin would 
be less likely to inhibit [ lCldeoxyuridine incorporation 
into DNA of resistant cells than into DNA of sensitive 
cells. Adequate amounts of tetrahydrofolate are required 
for conversion of deoxyuridylate into thymidylate. 
Tetrahydrofolate is the product of the dihydrofolate 
reductase reaction. Diminished generation of this co- 
factor due to the inhibitory action of amethopterin 
should result in decreased deoxyuridine utilization for 
DNA synthesis. 

Although the incorporation of [14C]deoxyuridine into 
DNA was not linear (Le., the rate fell off after the first 
10-min incubation (Figure 2))  it is quite clear that a dis- 
tinct difference in sensitivity to amethopterin exists be- 
tween the sensitive and resistant cells used in these ex- 
periments. The amethopterin-resistant cells showed 
negligible inhibition by amethopterin at 10 min. This in- 
hibition increased with time whereas with drug-sensi- 
tive cells inhibition at 10 min was already 62 %. 

Kessel et al. (1965) have shown that in many cell 
types amethopterin resistance is closely related to the 
degree of permeability to the drug. It is possible that the 
entry of amethopterin into resistant cells during the first 
10-min incubation is limited and is therefore insufficient 28 15 
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TABLE I : Effects of Amethopterin and Tetrahydrohomofolate on [14C]Deoxyuridine Uptake by Sensitive and Resistant 
Leukemia Cells: 

Exptl Conditions 

Amethopterin-Sensitive L1210 Amethopterin-Resistant FR8 

Cpm in Acid- Cpm in Acid- 
Insoluble Insoluble 
Fraction z Inhibn Fraction z Inhibn 

Zero-time incubation 57 40 
I-hr incubation at 37" 1763 None 2484 None 
I-hr plus amethopterin M) 629 65 2038 18 
I-hr plus tetrahydrohomofolate M) 1522 14 2307 7 ,1  

a See Materials and Methods section for experimental details. 

to produce inhibition, whereas in sensitive cells enough 
amethopterin enters within 10 min to produce a sig- 
nificant degree of inhibition. If the inhibition by ameth- 
opterin is calculated for the 50-min period between 10 
and 60 min (Figure 2), 44 % inhibition was obtained with 
the resisiant cells compared with a value of 75 % for the 
sensitive cells. 

A somewhat surprising finding was .the relatively high 
level of exLracellular ameihopterin M) required io 
produce a significant inhibition of [14C]deoxyuridine 
upiake into DNA in sensitive cells. In experiments of a 
similar nature, during a 1-hr incubation, 4% inhibition 
occurred in the resisiant cells and 20 z inhibition in the 
sensitive cells in the presence of 10-5 M amethopterin. 
It is possible that relatively long periods of time are re- 
quired to compleiely deplete the intracellular stores of 
teirahydrofolate once the generation of this cofactor is 
cut off by ame'thopterin. 

The Effect of Tetralzydrohomofolute on [ I 4 c ]  Deoxy- 
uridine Uptake by Leukemia Cells. Having asceriained 
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FIGURE 2: Inhibition of [14C]deoxyuridine uptake by amethop- 
terin-sensitive and amethopterin-resistant leukemia cells. 
See section on Materials and Methods for experimental 

28 16 details. ( 0 4 )  No inhibitor; (0-0) M amethopterin. 

that the leukemia cell lines employed in these studies 
were indeed amethopterin-sensitive and resistant as 
shown by the above studies, we then tested tetrahydro- 
homofolate under the same conditions fully expecting 
to observe an  inhibition of deoxyuridine uptake. Much 
i o  our surprise, tetrahydrohomofolate was only poorly 
inhibitory (Table I). 

The stability of tetrahydrohomofolate during the in- 
cubation period was checked by removing aliquots for 
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FIGURE 3 :  Inhibition of thymidylate synthetase in crude 
extracts of leukemia cells by tetrahydrohomofolate. Ex- 
tracts were prepared as follows. Spleens from leukemic mice 
(injected with FR8 amethopterin-resistant subline) were 
homogenized in chilled buffer A (2.5 rnl of buffer/g wet weight 
of tissue; six passes at 500-600 rpm in a Potter-Elvehjem 
homogenizer). A clear extract was obtained by centrifuga- 
tion of the homogenate for 12 rnin at 12,000 rpm at 4". 
Protein concentration of each preparation was determined by 
the method of Lowry er al. (1951) and fresh enzyme was 
prepared for each experiment. The enzyme did not lose 
activity on storage overnight at - 15". Thymidylate syn- 
thetase was assayed by Roberts' modification of Green- 
berg's procedure (Roberts, 1966). In this method, tritium 
at position 5 of dUMP is labilized during the synthesis of 
dTMP and is counted in the supernatant fluid after charcoal 
treatment of the reaction mixture. Incubations were carried 
at 37" for varying periods of time with and without tetra- 
hydrohomofolate. ( S O )  No inhibitor added; (0-0) 

M tetrahydrohomofolate; (F-2) 2 X M tetra- 
hydrohomofolate. 
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TABLE 11: Inhibition of Mixtures of Thymidylate Synthetase from E. coli and FR8 Leukemia Cells by Tetrahqdro- 
homofolate: 
- 

Thymidylate Synthetase Act.* 

Mixture of FR8 
Amt of Tetrahydro- FR8 Enzyme E. coli Enzyme and E. coli Calcd Act. of 

homofolate Present (M) Alone Alone Enzyme Mixture 

3 x 10-6 98 38 71 68 
13 X 10V 71 15 44 46 
28 X 10-6 68 5 37 37 

The conditions in this experiment are as described in Figure 4. Both enzymes were diluted in buffer B containing 
20% sucrose (w/v) in order to give the same activity in the absence of inhibitor. Enzyme was added last in each in- 
stance. h Per cent of uninhibited rate. 

enzymatic assay with E. coli thymidylate synthetase. 
The assay for tetrahydrohomofolate was based on in- 
hibition of the enzyme. I t  was concluded that the poor 
inhibition of [14C]deoxyuridine uptake by tetrahydro- 
homofolate could not be due to destruction of tetrahy- 
drohomofolate by oxidation. 

The Effect of Tetrahydrohomofolate on Thj'midylate 
Synthetase from Extracts of Leukemia Cells. In view of 
the poor inhibition of deoxyuridine uptake by tetra- 
hydrohomofolate it appeared possible that the chemo- 
therapeutic effects of tetrahydrohomofolate in leukemic 
mice might be unrelated to thymidylate synthetase as a 
target enzyme. In fact leukemia cell thymidylate syn- 
thetase might be completely unaffected by tetrahydro- 
homofolate in contrast to the known sensitivity of the 
enzyme from E. coli. It became important to test this 
possibility directly with isolated enzymes. Fortunately, 
at about this time, the simple isotopic method of Green- 
berg (modified by Roberts) became available for the 
assay of thymidylate synthetase. This involved the re- 
lease of tritium from the 5 position of doxyuridylate 
during thymidylate synthesis (Roberts, 1966). 

With crude extracts prepared from FR8 leukemia 
cells, the isotopic assay (Figure 3) showed that the in- 
hibition of thymidylate synthetase by dl-tetrahydro- 
homofolate was 37% a t  10-5 M and 50% a t  2 X 10-5 M 
in 10 min. This is a relatively poor amount of inhibition 
when compared with a value of 50% a t  2 X lop6 M in 
the spectrophotometric assay of E. coli thymidylate syn- 
thetase (Plante et al., 1966). 

The leukemia cell thymidylate synthetase was further 
purified by ammonium sulfate fractionation, gel filtra- 
tion (Figure l) ,  and DEAE-cellulose column chroma- 
tography, making possible the use of the direct spectro- 
photometric assay of thymidylate synthetase. The spec- 
trophotometric assay confirmed results obtained earlier 
with the isotopic method. Thymidylate synthetase from 
leukemia cells was much less sensitive to inhibition by 
tetrahydrohomofolate than the enzyme from E.  coli 
(Figure 4). 

In order to rule out the possibility that a soluble com- 
pound in the purified preparation of thymidylate syn- 
thetase from leukemia cells might be interfering with the 

inhibition of thymidylate synthetase, mixtures of 
enzyme from E. coli and leukemia cells were assayed in 
the presence and absence of tetrahydrohomofolate. 
Since the inhibition found for the mixture of enzymes 
(Table 11) was almost exactly that predicted from results 
with the enzymes tested separately, it was concluded 

IO 20 30 4 
TETRAHYDROHOMOFOLATE x IO-~M 

FIGURE 4: Comparison of the inhibition by tetrahydro- 
homofolate of thymidylate synthetase from FR8 leukemia 
cells and from E. coli. Thymidylate synthetase from spleens 
of mice injected with FR8 leukemia was prepared as de- 
scribed in the section on Materials and Methods. Thymidyl- 
ate synthetase from E. coh was prepared as previously de- 
scribed (Friedkin et d., 1962). The enzymes were assayed 
spectrophotometrically in a modified low Mg2+ medium 
consisting of 0.16 mM dl-tetrahydrofolate, 12 mM HCHO, 1 
mM MgCI2, 0.04 mM dUMP, 50 mM Tris-CI (pH 8.4), 80 
mM mercaptoethanol, and 1 mM EDTA (Wahba and Friedkin, 
1961). The MgZ+ concentration was decreased to 1/20 of the 
original level to eliminate turbidity inthe reaction mixture. 
The leukemia enzyme is not significantly stimulated by Mg2+ 
unlike the bacterial enzyme (Wahba and Friedkin, 1962). 
This lack of Mgz+ requirement has been described for thy- 
midylate synthetase from ascites cells (Reyes and Heidel- 
berger, 1965) and from chick embryos (Lorenson et al., 
1967). (04) Enzyme from leukemia cells; (-0) 
enzyme from E. coli. 2817 
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that the leukemia enzyme preparation did not contain 
an antitetrahydrohomofolate substance and that indeed 
the thymidylate synthetase of leukemia cells was intrin- 
sically less sensitive to inhibition by tetrahydrohomo- 
folate than the E .  coli enzyme by a factor of 20-30. 

Discussion 

Since tetrahydrohomofolate is a potent inhibitor of 
E. coli thymidylate synthetase and also prolongs the 
survival of mice inoculated with amethopterin-resistant 
FR8 leukemia cells (Goodman et al., 1964; Mead et al., 
1966), it appeared quite likely that tetrahydrohomofolate 
would also inhibit the thymidylate synthetase of leu- 
kemia cells. This enzyme inhibition could then explain 
the antileukemic activity of tetrahydrohomofolate in 
mice. 

dl-Tetrahydrohomofolate does inhibit partially pur- 
ified thymidylate synthetase from leukemia cells to the 
extent of 50z at 5 X 10-5 M ;  however, tetrahydrohomo- 
folate at M did not substantially inhibit the incor- 
poration of [14C]deoxyuridine into DNA of intact cells. 
This low degree of inhibition may be due to the limited 
permeability that exists for entry of tetrahydrohomo- 
folate into leukemia cells (Nahas, 1967). It is possible 
that tetrahydrohomofolate may have another site of 
action unrelated to thymidylate synthetase inhibition. 
Despite the failure to pin down the target site of tetra- 
hydrohomofolate in leukemic mice, these studies have 
demonstrated a marked difference between thymidylate 
synthetase of bacterial and leukemia cell origin as evi- 
denced by the 25-fold difference in sensitivity to the in- 
hibitory action of tetrahydrohomofolate. R. L. Kisliuk 
(unpublished data) has recently found that tetrahydro- 
homofolate can act to some extent as a substrate of thy- 
midylate synthetase from S. ,faecalis. This possibility 
has yet to be tested with the FR8 leukemia enzyme. 
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