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SUMMARY

The effect of methotrexate on thymidylate synthesis in mammalian cells in vitro has been
studied by using the incorporation of deoxyuridine-6-3H into DNA as an assay for thymidyl-

ate synthesis. The results are consistent with the interpretation that inside the living cell

rnethotrexate can inhibit thymidylate synthetase directly. In studies on the effects of this
drug on thymidylate synthetase activity in cell-free preparations, using both mammalian and

bacterial enzyme sources, inhibition of the synthetase was observed. The inhibition yielded
Lineweaver-Burk plots that were uncompetitive with respect to deoxyuridylic acid and

competitive with respect to tetrahydrofolate. Values of 1.4 (±0.1) X 10� M and 4.3 (± 1.2)

X 10� M were measured for Kj,1n0.ro.pt and Ki.siope, respectively. The possible significance of
these findings is discussed.

INTRODUCTION

The results in the accompanying report
(1) suggest that methotrexate or some

metabolic product of it is capable of

directly inhibiting either thymidylate syn-
thetase or the folate coenzyme intercon-
version enzymes in mammalian cells. Be-
cause this conclusion contradicts currently

accepted models for the action of MTX2
(2), and because the inhibition of thy-
midylate synthetase may be the basis for

its chemotherapeutic action (3), we have
studied its effects on partially purified

thymidylate synthetase and on the incor-
poration of tritium-labeled deoxyuridine by
way of thymidylic acid into DNA (4).

Both the cellular incorporation studies and
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the studies using partially purified enzymes

extracted from both mammalian and bac-
terial cells indicated that thymidylate
synthetase is directly inhibited by MTX.

MATERIALS AND METHODS

Radioactive labeling experiments. Label-

ing experiments were carried out on cul-
tures of L-cells, hamster embryo cells, and
mouse embryo cells.

Deoxyuridine-6-3H (3.2 Ci/mmole) and

deoxyuridine-5-3H (17.0 Ci/mmole) were
purchased from Schwarz BioResearch, Inc.,

Orangeburg, New York. Both 3H-thymidine
(17.1 Ci/mmole) and 3H-uridine (2.18

Ci/mmole) were purchased from the Radio-
chemical Centre, Amersham, England.

Methotrexate and N5-formyltetrahydrofo-
late were purchased from Lederle Products
Department, Cyanamid of Canada, Ltd.,

Montreal.
Prior to labeling, L-cells were grown

in 200-ml suspension cultures in growth

medium CMRL 1066 (5), from which the
nucleosides and cofactors had been omitted
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but to which had been added 10% (v/v)

exhaustively dialyzed fetal calf serum and
10� g of deoxyadenosine per milliliter.

Under these conditions all of the MTX-
induced inhibitory effects on cell prolifera-

tion are due to inhibition of thymidylate

synthesis (1). Aliquots, usually 5 ml, of
exponentially growing cells at a concentra-

tion of approximately 1.6 x 10� cells/mi

were put into 10-mi plastic tubes (Falcon
Plastics, Los Angeles) and treated with
MTX and/or N5-formyltetrahydrofolate.
In some experiments the cells were loaded

with N5-formyltetrahydrofolate by incuba-

tion for 15 mm before the addition of

MTX. The MTX and N5-formyltetra-
hydrofolate were added in 0.10-ml volumes

of phosphate-buffered 0.9% NaCl solution

(6). 3H-Labeled deoxyuridine was added
to a final activity of 1.2 p.Ci/ml, and the

cultures were incubated for specified periods

at 370� The incorporation was terminated

by adding 5 ml of ice-cold phosphate-
buffered 0.9% NaCl containing 10� g of
thymidine (General Biochemicals) per
milliliter and 10� g of fiuorodeoxyuridine

(Hoffmann-La Roche) per milliliter.
In the experiments with 3H-labeled un-

dine and thymidine, the amounts of label

added were 1.0 /LCi/ml for the former and

0.5 1.tCi/ml for the latter. Incorporation
was terminated by adding 5 ml of ice-

cold phosphate-buffered NaCl containing
10� g of uridine or 10� g of thymidine

per milliliter, respectively.

Hamster embryo and mouse embryo cells

were grown in monolayer cultures in 2-oz
Brockway bottles in CMRL 1066 supple-

mented with 10% fetal calf serum. Cells

were used between the second and eighth
subculturings following the establishment

of the cultures from minced embryos. Prior
to labeling, the medium from each culture
was removed and the cells were washed

once with 5 ml of CMRL 1066 lacking
coenzymes and nucleosides but supple-
mented with 1Q� g of deoxyadenosine per

milliliter. Then 2 ml of this same medium
with 10% dialyzed fetal calf serum wem’e

added to the cultures along with N5-formyl-
tetrahydrofolate, if required. After 15 mm
at 37#{176}.MTX was added as needed. Each

drug was added in 10 ,iJ of phosphate-
buffered 0.9% NaC1 solution. The use

of deoxyadenosine as a source of punines

assured that any effect of MTX would be
due only to thymidylate depletion. Labeled

deoxyunidine was added to a final concemi-

tration of 2.0 /LCi/ml, and the cultures

were incubated at 37#{176}for 60 mm. Incor-

poration was terminated by pouring off
the medium and chilling the monolayer

in an ice bath.
Acid-precipitable radioactivity was de-

termined by a Millipore technique. For
L-cells, the labeled cultures were first sedi-
mented by centrifugation and the radio-

active supernatant fraction was poured off.
The pellet was washed once by resus-

pension in 5 ml of ice-cold phosphate-

buffered NaC1, followed by centrifugation,

after which the pellet was resuspended in 5
ml of the ice-cold buffer; 5 ml of 20% (w/v)

ice-cold trichloracetic acid were added,

and the entire culture was filtered through
a Millipore filter (47-mm diameter; 0.45-p
pore). Each filter was washed with 30 ml
of ice-cold 5% trichioracetic acid, placed
in a counting vial (Wheaton Glass Conm-
pany, Miliville, New Jersey), and dried.
Scintillation fluid (24 g of 2,5-diphenyl-

oxazole and 0.2 g of bis�2-(4-methyl-5-

phenyloxazolyl) ] benzene per 4 liters of

toluene) was added, and the samples were

counted in a Nuclear-Chicago liquid scintil-

lation counter.

In the case of hamster and mouse embryo
cultures, the labeled monolayers were re-
moved fm’om the glass surface by trypsin-

izing for 20 mm at 40, usimig 5 ml of
trypsin solution [1% (w/v) trypsin (Difco

Laboratories) in phosphate-buffered NaCli
per bottle. The dispersed cells were sedi-
mented by centnifugation in a clinical
centrifuge, the supernatant fluid was dis-

carded, and the pellet was resuspended
in 5 ml of ice-cold phosphate-buffered

NaCi to which were added 5 ml of a 20%
solution of tnichloracetic acid. The entire

culture was then washed on Millipore fil-
ters andi counted in the same manner as
described above.

Some of the studies with L-cells required
separate determinations of the radioac-
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tivity in DNA and RNA. For this purpose
a modified Schmidt-Thannhauser proce-
dure (7) was employed. Labeled L-cells
(10-mi aliquots) were spun down and

resuspended in 10 ml of ice-cold phosphate-

buffered NaCl. After a second centrifuga-

tion, the washed pellet was resuspended in
5 ml of ice-cold 10% trichloracetic acid

and placed in an ice bath for 30 mm.
The cell suspension was then sedimented
amid washed twice more in ice-cold phos-

phate-buffered NaC1 by resuspension and

centrifugation. This was followed by a
wash with 5 ml of ice-cold absolute ethanol
containing 10% (w/v) potassium acetate,

after which the pellet was resuspended in
1 ml of 0.3 x KOH for 1 hr at 37#{176}to

hydrolyze the RNA. The samples were
then cooled and the DNA was precipitated
by the addition of 5 ml of 10% ice-cold

trichloracetic acid. The precipitate was

collected on Millipore filters, washed with
5% trichloracetic acid, dried, and counted

as described above.
Chromatography of MTX. MTX was

purified on a DEAE-cellulose column using
a slight modificatiomi of the chromato-
graphic technique described by Oliverio

(8). Fifty milligrams of the commercial
MTX preparation dissolved in 5 ml of

0.01 M phosphate buffer, pH 7.7, were
adsorbed on a column (1 X 30 cm) which

had been equilibrated with this same buffer.

Elution was carried out at room tempera-
ture with a linear gradient (0.01-0.30 M)

of phosphate buffer, pH 7.7. Five peaks

were eluted, amid these were designated

A through E (as shown in Fig. 3).

Absorption spectra of the various peaks
were mncasured in 0.1 N NaOH and in 0.1 N

HC1 in a Cary model 14 recording spectro-

photometer. These were compared with the
published specti’a for MTX (9).

Peak D, containing 85% of the total

absom’bance at 254 m�, was identified as
MTX on the i)asis of its absorption spec-

trum and by comparison of its migration
rate on ascemiding paper chm’omatography,

in two different solvent systems, with an
indlependently synthesized sample of 3H-
labeled MTX (Radiochemical Centre,
Amersham, EnglandL Solvent I consisted

of a 1% (w/v) aqueous solution of
K3HPO4; solvent II consisted of a 70:10:20

mixture of 2-propanol, NH3, amid H20.

Chromatograms were developed at room
temperature for approxiniately 2 hr with
solvent I and for about 6 hr with solvent

II. The RF values for the radioactive
MTX and for the material from peak D

were both 0.6 in solvent I and less than
0.1 in solvent II. The two spots were
coincident in both solvent systems.

Assay for enzyme activity in cell-free

extracts. Thymidylate synthetase activity
was measured by the spectrophotometric

assay of Wahba amid Friedkin (10) as modi-

fied by Reyes and Heidelberger (11).

Reactions were carried out in quartz

cuvettes of approximately 1.5-nil capacity,
directly in the samuple holder of a Giiford
multiple sample absorbance recorder in a
370 room. Four reactions were run simul-

taneously. Three of the cuvettes contained
complete reaction mixtures, while the

fourth, lacking clUMP, served as a control
to establish the hackgroumid rate of change
of absorhance at 340 ni�t. Initial slopes of

the plots of absorbance vs. time were
used to calculate reaction velocities. The

absorhance chamige was a linear function
of time for at least 10 nun in most cases.

Each reaction mixture of 1.0 nil con-
tained the followimig reagents: 100 j�moles

of phosphate buffer (pH 6.7), 50 /Lmoles

of 2-mnercaptoethanol, 3.3 p�moles of formal-
dehyde, 16 1�rnoles of sodium bicarbonate,
variable amounts of tetrahuydrofolate co-
factor [N5,N10-rnethylene-dl (L) -tetrahy-

drofolate], amid varying amoumits of dUMP,

MTX, and enzymiie. Reaction mixtures

were prepared, with only the dUMP
omitted, aiid w’ere allowedl to equilibrate

at 37#{176}for 5-10 miii, by which time all
four cuvettes showed identical rates of
cliamige of absorbance at 340 nip. The
reactiomi was then initiated by the addition

of dIUMP imi 10 id of distilled water. An
equivalent volume of distilled water was

addedl to the control cuvette.
Enzyme preparation. Extracts were pre-

pared from Elurlich ascites carcinoma cells
and from Eseherichia coli. To extract the

enzyme froni ascites cells, the ascitic fluid
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from Swiss mice, which had received 1 ml

of ascitie fluid ititraperitoncally 7 days

previously, was drained and pooled. rfhie

ascitic cell suspemusion was centrifuged at
4#{176}for 10 mm at 500 X g. The supernatant
fluid was discarded, and the pellet was
washed repeatedly with ice-cold phosphate-

buffered NaCl. After washing, the packed
cells were resuspended in 3 volumes of

ice-cold phosphate buffer, 0.05 �i, pH 6.7,
and were disrupted at 20 kc/sec with a
Branson model S125 sonicator. Cellular

debris was removed by centrifuging the
disrupted cell suspension at 4#{176}for 10 miii

at 10,000 X g. The supernatant was then

spun for 1 hr at 105,000 x g in a Becknuan
model L-2 ultracentrifuge. The resulting

supernatant was freed of nucleic acids by
precipitation with protamine sulfate (Sigma

Chemical Company), which w�as added
dropwise as a 10 mg/nil aqueous solution,
and centrifugation. Usually two precipita-
tions were sufficient. For fractionation of
the extract, ammnoiuium sulfate was added
to the desired degree of saturation (12),

and the precipitate was collected by cen-
trifugation at 10,000 x g for 10 mm. The

precipitate was resuspended in 0.05 M

phosphate buffer, pH 6.7, and dialyzed

overnight against 100 volumes of the same
buffer. All the enzyme activity was found

in the 30-50% saturated amnionium sul-

fate fraction. When umufractiomuated 105,000

X g supermiatant was used as the enzyme
source, it was dialyzed before use in the
manner described above.

Bacterial enzyme was extracted from
E. coli cells (General Biocluenuicals, Chagrin

Falls, Ohio). About 30 g of frozen cells

and 60 g of alumina were worked into a

paste with a mortar and pestle by grinding
vigorously for 10 mum. Alunuimua and cellular

debris were renuoved by centrifugation for

10 mm at 10,000 X g. The extract was
spun for 1 hr at 105,000 X g; the super-

natant was freed of nucleic acids and
dialyzed as described above, and used as

the source of enzyme.
Protein comucentration was determined

quantitatively by meamis of the Folin-
Ciocalteu reagent (13), using bovine serum

albumin as a standardi.

RESULTS

Studies on Intracellular inhibition of
Th ym idylate Syn thesis by MTX

Characteristics of radioactive deo.ry un-

(line incorporation in to acid-precipita ble
material. To evaluate the possibility of

utilizing the imicorporation of labeled deoxy-

uridine into acid-precipitable material as
a iuueasure of thuymnidylate synthesis in

cells growing in cell culture, a series of
control experiments were iuerformnecl. These
were designed to establish that labeled
cleoxyuridine is incorporated into DNA
only, specifically via the thymidylate syn-

thesis pathway.
Figure 1 shows the kimuetics of deoxy-

uridine-6-3H imicorporation imuto acici-pre-
cipitable material in expoiuentially growing

L-cells, nieasured using the technique

described in MATERIALS AND METHODS. The

incorporation proceeded linearly for at least
45 miii, following a lag of approximately
2 mimi. In thuis experiment the presence

-

. 0 Leucovorin(gm/ml)

12b 0 lO7Leucovorin(gm/ml)

A lO5Leucovorin(

01-

2� 3� 4�

Incubation time (mins.)

FIG. I . Kinetics of incorporation of rai/ioaeliiiIij

from deoxyuri(lin (-6-’!! in to acid-precipitable ,,ia-

lena! in L-cells

Total (Oliilts iiicOi1)oiat(’(l were determined as

described in MATERIALS .�NI) METHODs, and are l)10t

ted against time of inciihat ion at 37#{176}.Leiicovoriii is

�V’-fornwht et rahv(lrofolat e.
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TABLE 1
Incorporation of labeled deoxyunidine into

DNA and RNA

Activity

Isotope

Total
activity

after

alkaline
hydrolysis

Background

(no

incubatio& a

Thymidine-’II

Uridine-3H

cpm

23,505

21,906

4,309

4,604

cpm

18,1O()

17,843

165

158

cpm

198

187

147
153

Deoxyuridine- 8,340 6,549 173

6-�11 7,987 6,214 184

a Counter background = 39 (DIM.

of 10� or 10� g/ml of N5-formyl-
tetrahydrofolate did not affect the incor-

poration to any significant extent, although
in some experiments the presence of N5-
fornuyltetrahydrofolate at 10-v g/ml slightly
increased the rate of incorporation.

To show that the observed counts were

in DNA and not in RNA, an incorporation

experiment was performed in which four

cultures were labeled with deoxyuridine-
6-3H, four were labeled with deoxythy-
midine-3H, and four were labeled with

uridine-3H. The cultures were labeled for
30 mm, as described in MATERIALS AND

METHODS. Two of the four cultures ex-

posed to each isotope were irocessed to

determine total radioactivity incorporated
into acid-precipitable material, while the

remaining six cultures were subjected to

the modified Schnuidt-Th annhauser pro-
cedure to viel(l alkali-resistant radioactiv-
ity in DNA. The results are given iii

Table 1. The “total activity” column indi-
cates that good imucorporation of all three

isotopes was achieved. After alkaline
hydrolysis, the counts in the uridine-3H-
labeled cultures were similar to back-

ground, indicatimug that the RNA was
completely hydrolyzed by the treatmeiut.
The counts in the cultures labeled with

thymidine-3H andi thiose labeled with deoxy-
uridlme-6-3H were lowered amu equivalent

fraction by the alkaline hydrolysis. Since

thymidine-3H is a specific label for DNA
(14-16) while, under the conditions of

incorporation, uridimue-3H is specific for

RNA (17), it can be concluded on the basis
of the counts resistant to alkaline hydro-
lysis that dleoxyuridine-6-’H is incorporated

specifically into DNA.
To establish thuat the incorporation of

deoxyuridine-6-3H into DNA is a validl

measure of thymidylate synthesis, it was
essential to rule out the possibility that

this l�m’ecu��so�. is incorporated via some
altermuative pathway, such as the addition
of an amino group to the 4-position to

form deoxycytidine-6-3H. Three separate
himues of evidence indicate deoxyuridine-

6_�H is incorporated specifically via time
tluymidylate synthesis pathway. The first

is the effect of 5-fluoro-2’-deoxyuridine on
the labeling. This substance is known to

TABLE 2

Incorporation of labeled deo.ryuridine into acid-precipitable material in the presence of 5-fluoro-2’-

deoxi�unidi,,e and tIii�rnidine, and effect of usinq deori�uridine-5-’H as label

Acid-precipitable

Label Addition

radioactivity after

60-mm incubation

Background

(no incuhationt

Deoxyuridine-6-’H None (control)

cpm

5426

cpm

198

5293 174

Deoxyuridine-6-2H Fluorodeoxyuridine (10� g/ml) 180 151
179 172

Deoxyuridine-6-’H Thymidine (l0’ g/ml) 204 186

217 164

Deoxyuridine-5-311 None 255

282

299

290
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result in inhibition of thymnidylate synthe-

tase (11, 18) ; huemuce, if deoxyuridine-6-3H

were incorporated into DNA via the
thynuidyhate synthesis pathway, fluoro-

deoxyuridine should pievemit the labelimug.
The second line of evidence is providel
by the effect of excess thmymidine on the

incorporation. Excess thymnidimue present in
the medliunm should dilute the labeled

dTMP synthesized via thuymidylate syn-

thetase from tftMP-6-’H. Since, in the
synthesis of dTMP, thue mnethuylation of
dUMP takes place at time 5-positiomu, thie
3H from the 5-position should be lost

and no label from deoxyurmdine-5�’11
should be imucorporated into DNA if the

incorporation occurs vm this pathuway.
Table 2 shuows the results of incorporation

experiments under these conditions. Where-
as in the comutrol culture deoxyuridine-6-3H

was iiucorporated readily, this mcompora-
tion was completely pi’e\’entedl by the

presemuce of fluorodeoxyuridimue or thuymi-
dine in the culture nuediumn, and radio-

activity from deoxyuri(lme-5-’H was not.
incorporatedl. Thuese results, alomug with

those in Table I indicate that (leoxy-

uridine-6-311 is incorporated specifically
into DNA, and specifically via the thy-

nuidylate synthesis pathuway. Hence, the
incorporation of coumuts from deoxyuridine-

6_�H into acid-precipitable muuaterial may

be used as a valid assay of thuymidylate
symuthuetase activity in tissue cultures. In

all experiments to be reported, controls
were carried out with excess thymidine

aiud fluorodeoxvuridine in the culture
medium.

Effect of MTX on thyinidylate synthesis

in L-cell cultures. Iii this sectioiu data

will be presented whmichu suggest that MTX,

or some nuetabolic product of MTX formed
inside the living cell, probably inhibits

thuynuidyiate synthuetase directly. Ahiquots
(5 ml; 8 X 10� cells) of exponentially grow-
hug L-cells in mediunu supplememuted with

10� g of dleoxyadenosimue per muiilhihiter were
treated with a series of concentrations of

MTX amid N3-fornuyltetrahydrofoiate [as

a source of folate coenzynues; see (19)].

I )eoxyuridine-6-H incorporation into acid-
precipitable counts during a 45-mm ineuba-
tion at 37#{176}was measured, and Fig. 2

shows the results, as coumits per minute
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incorporated per culture, as a function of
N5-formyltetrahydrofolate concemutration
for various comucentrations of MTX. These

data show that MTX inhibits the incor-
poration of deoxyuridine-6-3H. In the

absence of N5-formyltetrahydrofolate, 10� g
of MTX per milliliter redluces thue incorpor-

ation to about 50% of thiat seen in the
control culture, whereas MTX at 10� and

JQ5 g/ml conupletely inhibits the incorpora-
tion. The addition of N5-formyltetrahy-

drofolate to the cultures reverses the imihuibi-
tion, but the concentration required

increases with greater concentrations of
MTX. This competitive reversal by N5-
formyltetrahydrofolate of the inhibitory
action of MTX, together withi the fact that

even 106 g of N5-formyltetrahydrofolate
per milliliter (which should make the
incorporation completely independent of

the reductase) prevents incorporation in
the presence of 10� g of MTX per milli-
liter, makes it highly unlikely that the ob-
served inhibition arises from action of MTX

on the reductase. When the cells were
loaded with N3-formyltetrahydrofolate by
incubation for 15 mm in the presence of

this drug prior to the addition of MTX, the

results were unchanged. This indicates that

D (85’/.)

1\
I’
11
I’

��2.6%I
20 40 60 80 00 20 140

Tube number
0.01 M Phosphate 0.20 M Phosphate

Fat. 3. Chromatography on DEAE-cellulose of the

commercial preparation of Al TX used throughout

these studies

The relative absorbance of the fractions at 254 mu

is plot ted against fraction number.

the observed competition does not arise at

the level of drug transport. These results
are consistent with the view expressed
previously (1) that MTX acts at some site
along the thyniidylate synthesis pathway

which is distal to folate and dihuydrofolate
reductase, probably at the level of thy-

mnidlylate synthuetase.
To rule out the possibility that the

results attributed to MTX niight have been
caused by comutaniinaiuts in the drug

preparation, an inhuihit.ion experinuemut was
carried out utilizing l)U1ified MTX.

(iii chronuatographiy, a� described in
MATERhALS AND METHODS, the commercial

preparation of MTX yieldled five separate

peaks, as indicated in Fig. 3. The material
in the main peak, D, identified as MTX as

described in MATERIALS AND METHODS, was
tested for its ability to iiuhiibit incorporation

of radioactive deoxyuridine into acid-
precipitable material in L-celis. The four
minor peaks were also tested, at concen-
tratioius equivalent to those at which each

would be present in 106 g of commercial
MTX per milliliter. Table 3 shuows that only

peak D was effective in inhibiting the
incorporation, which makes it unlikely that

the results obtaimued in the viability amid
growth inhibitiomu studies (1) can be at-

tributed to the presence of various im-
purities in tue commercial pmelarations of

MTX used.
In the remaining studies, the noimuual comuu-

mnercial preparatiomus of MTX were used
without purification.

Comparison of the Results of Growth

Inhibition and Deoxyunidine-6-311
In corpora t ion

Inhibition studies on thymidylate syn-

thetase activity. Two separate assays for
thuymidylate synthesis in the presemuce of
various concentrations of MTX were used:
time growth imuhuil)ition assay of cells cultured
in me(liunu Supl)leluiented withu 10� g of

deoxyadenosine per mnilhihiter but lacking

thuymidine [see (1)], and the imuhibition of
incorporation of deoxyuridimue-6-3H into

acid-precipitable muuaterial in cells in culture
as described in this paper. Simuce both assays

supposedly yield results pertaining to a
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TABLE 3

Inhibition of deoxyunidine-6-’H incorporation into

acid-precipitable material in L-cell tissue

cultures by the different components

present in the commercial

preparation of MTX used

throughout these studies

Activity

Absorbance

Peak at 254 m�

Concentrat ion

test eda

incorporated

in 30 miis

% total M cpm

A 10.0 2.3 x 10� 5426

5050

B 0.8 1.9 X 10-’ 5041

5293
C 1.6 3.8 x 10�8 5336

5026
D 85.0 2.0 x l068 252

263
E 2.6 6.1 x 108 5129

4749

Control culture

Zero time incllbati() n control

5562

4942

198

174

a The concentrations of the material in peaks A,

B, C, and E were calculated OIi the assumption that

their extimuction coefficients at 254 � were the same

as that of MTX. This is probably not a valid as-

sumption, but their concentrations relative to the

MTX peak will still he correct because these con-

centrations were adjusted to give the same relative

absorbance at 254 mt a.s that found for the peaks

obtained from the column.

Equivalent to approximately 10’ g of MTX per

milliliter.

single site of action of MTX (i.e., thy-
midylate synthetase), it was necessary to
show that the results of the two assays led

to compatible conclusions. Figure 4 shows
thuymidylate synthesis activity measured
both ways, as a function of MTX concen-

tration. Data from Fig. 2, obtained using
the assay of deoxyuridine-6-3H incorpora-

tion into acid-precipitable material in the

absence of N5-formyltetrahydrofolate, are

plotted along with the growth inhibition

data from Fig. 6 of the preceding paper (1).
The two curves have been normalized so
that the two plateau levels, indicating un-

inhibited thymidylate synthesis, correspond.
From these curves it can be seen that

tluymnidylate synthesis in thue growth assay
is much more sensitive to inhibition by

MTX than in the radioactivity incorpora-
tion assay. Since these two assays are

ihuterl)reted as muieasures of MTX inhibition
of thymidylate synthetase, the discrepancy
must be explaimied.

The major differeiice in the two tech-

niques was the duration of tinue over which

the assay was carried out. In the growth

assay, the MTX was added to the cell

cultures amid any inhibitory effects were

seen after 48 hr of growthu. Iii the radio-
activity incorporatioiu assay, the MTX and

deoxyuridine-6-3H were added to thue cell
cultures and inhibition was measured during
a 45-mm incubation. Hence, experiments
were carried out to measure thymidylate

synthesis, as assayed by the deoxyuridine-
6-3H technique, as a function of tinie after

the addition to exponemutially growing spin-
ner cultures of IA-cells in growth medium
supplemented with 10� g of deoxyadenosine

per milliliter at zero time. At various times
a 30-mm pulse-label of deoxyuridine-6-3H
was given. It can l)e seen (Fig. 5) that after
the addition of MTX to cell cultures,

thymidylate synthesis was inhibited at a

rate dependent on MTX concentration. At

10_6 g of MTX per milliliter, inhibition was

complete essentially immediately upon ad-
dition of the drug, whuile at 10� g/ml,

thymidylate synthesis was essentially un-

affected 45 mm after the drug was added

but was essemutially completely inhibited

within 8 hr after addition of the drug. This
explaimus the difference between the results
obtained with the two different assay

techmuiques used to measure thymidylate

synthuetase activity as a function of MTX
concentration.

The possibility that the above differences

may be attributable to varying degrees of

cell killing is ruled out by the fact that
over the 8-hr period involved essentially no
cell killing occurred at aiiy of the MTX

concentrations used (3).
Studies on MTX inhibition of thy-

inidylate synthesis in cultures of cells from

embryonic mice and hamsters. Because L-

strain mouse cells have been in cell culture
for an extended period of time, they may
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not be completely representative of mammu-
malian cells in their response to MTX.
Hemuce a series of experiments were per-

formed, using cultures of cells froni
hamster amid mouse embryos, in which the

inhibition by MTX of thynuidylate syn-
thesis, as measured by uptake of deoxy-

uridine-6-3H, was studied in both the pres-

ence and absence of 10-i g of N5-formyl-
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tetrahuydrofolate per milliliter, a concen-
tration sufficiemut to permit normal growth
of IA-cells in the l)mesellce of 10� g of MTX
per milliliter. Since MTX at 1Q� g/ml
completely imuhibits L-cell growth in the

absemuce of N5-formyltetrahydrofolate,
10� g of N5-fommyltetrahydrofolate per

milliliter must be a concentration suffi-
ciently great to provide the cultures with

all their folate coenzyme requirements for

normal growth. With this level of N5-

formyltetrahuydrofolate present in the cul-
ture muiedium, if MTX acted only on folate

and dihydrofolate reduetase, incorporation

of label in the presence of MTX should be

unaffected because MTX, if it does not act

dli meetly on thuymidylate synthetase, cannot
interfere with the substrate function of
tetrahydrofolic acidi in the synthesis of
dITMP. By addition of N5-formyltetra-
huydrofolate to the culture medium, thQ

imicorporation of dleoxyuridine-6-3H into

DNA via thymidylate synthetase is made

essentially independent of folate and di-

hydrofolate reductase. Hence, the occur-
rence of inhibition under these conditions

would strongly suggest that MTX directly
inhibits thymidylate synthetase.

Table 4 shows the results of two experi-

ments on hamster emuibryo cultures and one

experiment on mouse embryo cultures. The
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TABLE 4
Inhibition by MTX of deoxyuridine-6-’H incorporation into acid-precipitable

material in hamster and mouse embryo cell cultures

The data indicate the counts per minute incorporated per culture during a 60-mm incubation.

Culture
No

MTX

MTX (106 g/ml)

Fluorodeoxy-

uridine

(106 g/ml)

Thymidine

(10� g/ml)

Zero

time

control

No .V5-Formyltetra-

N5-formyltet.ra- hydrofolate

hydrofolate (10� g/ml)

Hamster embryo 1

cpm

5750

6040

cpnm

243 375

276 402

cpm

213

194

cpm

313

282

cpm

165

155

Hamster embryo 2 249()

2280

203 34()

231 292

190

179

227

213

139

157

Manse embryo 363
331

80 72
92 111

74
87

91

80

100
87

mouse embryo cultures used in this experi-

ment were in late log phase and were muearly
confluent, so that the comitrol cultures in-
corporated fewer counts than dhid the

hamster embryo cultures, which were imi the
early log phase of growth. The second

column indicates deoxyuridhine-6-3H in-
corporation by the control cultures, to which
no MTX was added. An MTX concen-

tration of 10_6 g/ml inhibited incorporation
essentially completely, in both the presence

and absence of N5-formyltetrahydrofolate
(10� g/ml), as shown in the next two

columns. The remaining columns indicate

that incorporation of label was imuhibited
by 106 g of fluorodeoxyuridine per milli-

liter and by the presence of 10� g of

thymidine per milliliter in the culture
medium. These data suggest that MTX

directly inhibits thyniidylate synthetase in
the various cultures and that the observed
inhibition is not unique to L-cells.

Studies on Inhibition of Thymidylate

Syntheta.se by MTX in Cell-Free Systems

General properties of the reaction cata-
lyzed by the enzyme extracted from Ehrlich

ascites carcinoma cells. Up to this point the
inhibition studies had all been carried out

on intact cells in vitro. However, it seemed
desirable to observe the effects of MTX on

thymidylate synthuetase in cell-free systems,
and for this purpose enzyme was extracted

TABLE 5

Requirements for thymidylate synthesis

The complete reaction mixture contained 200

m/.Lmoles of dUMP, 400 m�moles of tetrahydrofolate

cofactor, enzyme extract (5.0 mg of protein), and

other reagents as specified in MATERIALS ANI)

METHODS

System

dTMP

synthesized

Helative

activity

Complete

ni�ntolcs/

;� mg/5 mm

6.3

%
100

-Tetrahydrofolate

cof actor 0 0

-dT.JMP� 0 0

Complete + MgCl2
(1 /2mole) 6 1 97

Complete, using boiled
enzyme extract 0 0

Complete, using 50% less

enzyme 3.3 53

Complete + fluorodeoxy-

uridine (200 mMmoles) 3.9 94

a The rate of change of absorbance at 340 mp after

the addition of 10 /.Ll of distilled water (no dUMP)

was usually slightly less than, and muever greater

than, the rate of change prior to its addition.

from Ehrlich ascites cells as described in

MATERIALS AND METHODS.

Table 5 lists the reaction velocities

measured in experiments designed to test
the requirements of the reaction using the
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FIG. 7. I,ihibitio,, of thymidytate synthetase by

MTV in a cell-free system

Each reaction mixture contained 100 m/.Ln�oles of

tetrahydrofolate (THFA) cofactor, 5 mg of protein,

varying amounts of d1�IP and MTX, and other

reagents as specified in MATERIALS AND METHODS.

From the data a Kj.jnter�,,t value of 1.4 ( ±0.1) X

1O� M was calculated for MTX. A value of 1.1

�t(1) rettctioii mixture of 1.0 ml contained 20()

nu�imoles of dUMP, varying amounts of tetrahydro-

folate (TIIFA) cofactor, and other components as

for Fig. 6. Fronu tlue data a Kj,,iom value� � ( ± 1.2) X 10’ s� was calculated. A value of

1.5 (±0.7) X 10� �i wa� calculated for the Km for

(± 0.2) X 10� �a was calculated for the apparent N�, .V’#{176}-methylene-l(m.)-tet rahydrofolate.

Km for dUMP.
unimihibited reactions yield a curve which

30-50% saturated ammoniumn sulfate pre-

cipitate as the source of enzyme, and shows

thiat the reaction was absolutely dependent
on the presence of tetrahydrofolate cofactor,
clU�IP, amid emuzyme. The reaction rate was
proportional to enzynue concemutratiomu. Mag-
nesium ioius dhd not increase the reaction

rate, in agreenient with the finding of others
(11). Fluorodleoxyuridilue didi not inhibit

thie reaction, probably because of a lack of

phiosphorylating emuzynue for its comuversiomi
to fluorodeoxyuridylate.

Inhibition by MTX of thyinidylate syn-

thetase front Ehrlich ascites carcinoma cells.

To deternuimue whuether MTX exerted any

intersects the negative abscissa to yield a
value of 1.1 (±0.2) X 10� M for the ap-
Parelit K�6 for dUMP. This is in good

agreeniemut with the value of 1.4 (±0.2) x
� M reported by Reyes and Heidelberger

(11). The upper curves in Fig. 6 are for
reactions carried out in the presence of

the imidicated comicentrations of MTX. It is

clear that MTX inhibits the reaction. The
mechanism of inhibition appears to be un-
competitive (21) withi respect to dUMP.
The data were fitted with curves corre-
spondimug to the equatiomi which defines re-

action velocity of an uncompetitively
imuhibited reaction,

inhibitory effect mu thymidylate symithetase
in a cell-free systeni, a series of experiments

was carried out in which the reaction
velocity was measured as a function of con-

centration of dUMP, tetrahydrofolate �O-

factor, andh MTX, using the 30-50%

where r = observed velocity
� = maximum velocity at in-

finite substrate concentration
saturated ammoniimm sulfate precipitate s = substrate concentrat ion
fraction. Imu Fig. 6 a Lineweaver-Burk plot. I = inhibitor concentration
(20) is shown, with the reciprocal of the Kj.t.r(..,,t = inhibition constamut
measured velocity plotted against the K�, = Michaehis constant for the
reciprocal of dUMP concentrations. The substrate

328 BORSA AND WHITMO1tE
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[dUMP]�2.0xi64M

= � (1 + �i.ii�’r e�p �)� � �
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From the data a value of 1.4 (±0.1) X
10� M for K1, jnt�re�t was obtained.

Simnilar plots were obtained for a series of
tetraluydrofolate cof actor concentrations.
Data obtained with a dUMP concentration

of 200 �M are shown in Fig. 7, when.e the

reciprocal of the measured velocity is
plotted against the reciprocal of tetrahydro-

folate cofactor concentration. Thie curve for

the uninhibited reactions imutersects the

negative abscissa to yield a value of 1.5
±0.7) X 10� M for the apparent K�6 for

N5,N’#{176}-methylene-l (L) -tetrahydrofolate. In
muuakimug this calculation it was assumed

that the concentration of N5,N10-nuethyl-
ene-i (L) -tetrahydrofolate is one-half the
concentration of N5,N10_methylene_dl(L) -

tetrahydrofolate. Time above value for Km

agrees well with the 1.4 (±0.2) x JQ5 M

reported by Reyes amid Heidelberger. The

upper curves in Fig. 7 are for reactions
carried out in the presence of thue indicated

concentrations of MTX. Froni the data it

is evident that MTX inhibits the reaction,
in a manner which appears to be competi-

tive (21) with respect to tetrahydrofolate
cofactor. Fitting the data with curves cor-

responding to the equation which defines re-
action velocity of a competitively inhibited

reaction (21),

�=�+�1P(1 �

where r = observed velocity
= maximum velocity at infinite

substrate concentration

Km = Michaelis constant for flue sub-

strate concentration
K ,)kJ)� = inhibition constant

I = inhibitor concentration

yields a value of 4.3 (±1.3) X 10� �m for
K�. �.. Methotrexate-induced inhibition
of thymidylate synthetase via a muuechuanism

competitive with respect to tetrahydrofolate
cofactor is precisely thie result predicted

by the studies of growth inhibition amid

reversal (1) and inhibition of the imucor-
poration of radioactivity presented above.
It is also what would be expected if MTX

were capable of competing with the folate
coenzynues as well as with fohic acid.

It is well known (10, 22, 23) that reduced

derivatives of the 4-anuimuofolic acid antag-

omuists , tetrahu��di�oanuinoptem.in amid tetra-

huvdromethuotrexate , are potent inhibitors
of thuymnidlvlate synthetase. tfhmis suggests

thiat the FC$lJltS ol)serve(l here coul(l have

beeii (hue to the presence of tetrahydiro-

methotmexate as amu imum�)Urity imu the i\ITX.
Even after storage for up to 7 days, as an

adlueous solutiomu freely exposed to air at
temperatures fluctuatimug between 4#{176}amid

37#{176},however, the imuhibitory l)O\VeI’ of MTX
was undiminished from its value mime-

diately upon preparation from the dry

l)O\Vdler. Since tetrahuydromnet.hiotrexate, like
tetmahydrofolate, is knosvmu to be umistable
(22), this treatnient should certainly have

altered very significamutly the l)OteflcY of
the inhibition if the inhibition were due to

such an impurity.
The POsSibilitY exists that the observed

inhibitiomu Could! have been (Inc to contami-

nation of the cofactor with fohic acid andl

dihiydrofolic acid, and the presemice of
reductase in the enzyme prepam’atiomi. Two

arguments make this possibility highly im-

probable. (a) The absorption spectrum of
the cofactor solutiomi hadl a single maximum

at 294 mp., with mio evidence of a shoulder
in the region of the dhihydrofolate nuaximummn

at approxinuately 282 ni1.t. Thue spectrum
agreed perfectly with that reported by

Waluha and Friedkimi (10 for methylemue-

tetrahvdrofolate. (b For any folate co-
factor concent rat ion the concentration of

MTX could lie adjusted to result in es-
sentiallv 100% inhibition of time reaction.
Since fronu (a) we know that the folate co-
factor solution hiad, at worst., only very

small amounts of folate and! dhihydrofolate

comutanuinants, thue only way in which

complete nuhul)ition of the reactiomu could
have occurred would be interference by
MTX with the utilization of the methvltne-
tetraluydrofolat e l)resemlt.

Inhibition by MTX of tim yin i(lqla te syn -

thetase front E. coli. To extend the validity

of the results descmil)e(I above to at least one
other svsteni. some prelimninary experimnents

were carried out on the inhibition by MTX
of thymnidylate symuthetase fromuu E. colt. A

loa.ooo X (j supernatant, as (lescribe(l in
MATERIALS AND METHODS, WaS used as the

enzyme source. Table 6 shows tue results
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TABLE 6
Effect of MTX on thymidylate synthetase from E. coli

The complete reaction mixture contained 100 m�moles of tetrahydrofolate cofactor, 200 mMmoles of

dUMP, enzyme (5.0 mg of protein), and other reagents as specified in MATERIALS AND METHODS.

Expected
System dT�1P synthesized Inhibition inhibition

Complete
nmj.smoles/5 mq/5 mum

4.0
% %

-Tetrahydrofolate cofactor 0

-dUMP 0

Complete, using boiled

enzyme 0

Complete, using 50% less

enzyme 2. 1

Complete
+MTX (5 x 105M) 2.1 47 79

+MTX (104M) 1.3 63 88

a Expected inhibition was calculated on the assumption that Km and K�,510� for the 1)acterial enzyme are

the same as those found for the enzyme extracted from Ehrlich a.scites carcinoma cells, and that the in-

hibitioii is competitive with respect to tetrahydrofolate cofactor.

of experimeiits in whichu tests for inhibition
of thymidylate symuthuetase were made in

the presence of two concentrations of MTX

(5 X 10�’ and 1 x 10-� M) and fixed con-
centrations of tetrahydrofolate cof actor
(100 �M) and dUMP (200 1�M). The re-

action was absolutely dependent on tetra-
hydrofolate cofactor, dUl\IP, and enzyme,

and the velocity was proportional to enzyme
concentration. Methotrexate inhibited the

reaction, with 5 X 10� �r producing 47%

inhibition and 10� M producing 63%

inhibition. In the “expected inhibition”
column is shown the degree of inhibition
which would have resulted, with the given

concentrations of MTX and tetrahydro-

folate cofactor, if the K06 and K1 values
were the same as found for the Ehrhich
ascites enzymes. It appears from these data

that the bacterial enzynie may be more
resistant to inhibition by MTX than is the

mammalian enzyme. Assuming that the Km

for the tetrahydrofolate cofactor is un-

changed (which may not be a valid as-
sumption) and that the observed inhibition
is competitive with respect to tetrahydro-

folate cofactor, the observed degrees of
inhibition would result from a K1, slope

value of approximately 2.3 X 10#{176}M. This
value is more than 5-fold greater than that

nueasumed for the miuaninualian enzyme. These
comparisomus are complicated by the fact

thuat in the two studies enizynie preparations
of different degrees of purity were used.
Further, detailed kinetic studies will be
required before valid comparisons can be

made between the enzymes from different

sources. It is of interest that several authors
(24, 25) have reported species differemuces

in at least one other folate enzyme, folate

amid dihydrofolate reductase.

DISCUSSION

The experimental results presemited here,
together with those on the growth inhibition
studies (1), constitute strong evidence that
�sITX directly inhibits thymidylate syn-

thietase from bothi mamnualian (mouse and

hamster) amid! bacterial sources. This con-

clusion is in direct contradiction to the cur-
rently accepted view as expressed by several

authors (2, 26), amid the reason for this

contradiction must be ascertained.

The most frequently quoted study with
respect to the lack of action of MTX on

thymidylate symuthetase is that of Wahuba
amid Friedkin (10). These authors, using a
bacterial enzyme, tested the inhibitory

effects of MTX, aminopterin, tetrahydro-
MTX, and tetrahydroaminopterin on
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thymidylate synthetase. Under their con-
ditions each of the tetrahydro derivatives
was a potent imuhibitor of the enzynue, whuile
aminopterin did not inhibit the reaction

at all. Methotrexate, on the othier huand, did
inhibit the reaction slightly, but Wahuba and

Friedkin interpreted the results as indicat-

ing that significant inhibition did not occur.

Using the values of Km and K1, slope meas-

ured by us with the Ehrlich ascites enzyme
system, it can be calculated that for the

concentrations of tetrahydrofolate and
MTX employed by Wahba and Friedkin
there should have been approximately 70%
inhibition of the enzyme. Only 20% in-
hibition was observed. This discrepancy
may arise from the fact that Wahba and
Friedkin in their inhibition studies did not

compare initial velocities, but looked at the
increase in absorbance at 340 m,.t after 40

mm of incubation, which might tend to

obscure any differences in initial velocities.
A second report by Friedkin et al. (27)

suffers from the limitation that the concen-
tration of MTX employed (0.8 X 10#{176}M),

with a bacterial enzyme, is considerably

less than the K1, slope value of MTX for
mammalian enzyme we have found.

Several reports indicate that aminopterin

(toes not inhibit thymidylate synthuetase in

cell-free systems (10, 28-30). Kisliuk and
Levine (23), on the other hand, have

demonstrated inhibition of thymidylate
synthetase by aminopterin in a cell-free

system. The discrepancy between these

findings and those of the other reports con-
cerning aminopterin, referred to above,
most probably is due to too low a ratio of
aminopterin to tetrahydrofolate used in

thue latter studies, and to differences in ex-
perimental procedure employed.

Although oimr studies on thiymidylate

synthetase in a cell-free system show that

MTX is capable of inhibiting this enzyme

under the conditions employed, the extrap-

olation of this finding to the situation in

the living cell is somewhat uncertain. Our

studies in tissue cultures, using both the
cell growth and the radioactivity assay for
thymidylate synthesis, indicate that
inhibition of dTMP synthesis occurs at
MTX concentrations between 100- and

1000-fold less thuan those required to in-

huibit thymidylate synthetase in a cell-free

system. This indicates that straightforward
extrapolation of the enzyme results from the

cell-free system to the enzyme situation in

vivo is invalid. In addition, the concen-

trations of N5-formyltetrahydrofolate re-

quired to maintain normal cell proliferation
are also between 100- and 1000-fold less

than the concemutration of tetrahydrofolate
cofactor employed in the cell-free system

studies.
The chance that MTX mind aminopterin

differ quantitatively with respect to their
ability to inhuibit thiymidlylate synthetase

offers interesting possibilities. If such a dif-
ference is real, thie structural difference

between MTX and aminopterin must be
involved in effecting the inhibition and

should be niodified in an attemiipt to increase

both the efficacy and specificity of the in-
huibition of thymidylate synthetase. In

particular, one can speculate that the at-
tachment of a suitable reactive group to the
niethuyl group carbon of MTX, since it mnay
we!! approximate the position of the 5,10-

mnethylene group of the miormuual coenzyme
relative to the enzyme surface, may result

in an irreversible inhibitor of the type
proposed and beimug developed by Baker
(31, 32). The achievement of such increased

efficacy and specificity should, on the basis
of the viability studlies presented separately
(3), result in a superior agemit for

chemotherapy.
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