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Woolley and Pringle (13) have recently reported
the formation of 4-amino-5-carboxamidoimidazole
during growth of Escherichia coli in the presence of
4-aminopteroylglutamic acid (aminopterin). Some
of us have observed that excessive doses of folic
acid speed up the leukemic process in mice and
that folic acid will reverse the well known anti-
leukemic action of aminopterin (11). This reversal
of the anti-leukemic action of folic acid antagonists
by means of large doses of folic acid had previously
been reported by Burchenal (4) and Law (7).

In the face of the above information, the sugges-
tion that formyl folic acid might be involved in in-
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FiG6. 1.—Possible precursors of the purine skeleton (2, 10)

troduction of a single carbon unit into purines (5)
and the observation that formate is a precursor of
the 2-carbon atom of uric acid in pigeons (12), cer-
tain postulates were made regarding the rate-con-
trolling function of folic acid in leukemia (11). This
unoriginal hypothesis, based largely on Gordon’s
observations (5), suggested that folic acid might
be involved in the last step of biosynthesis of the
purine skeleton, that step being the transfer of

* This work was supported by the American Cancer Society,
upon recommendation of the Committee on Growth of the
National Research Council; the Research Fund of the South-
ern Research Institute; and Mr. Ben May, Mobile, Alabama.
Certain data reported herein were obtained in a program sup-
ported by the Atomic Energy Commission, Division of Biology
and Medicine. The authors wish to acknowledge the technical
assistance of Mrs. Constance Nolan, Miss Linda Simpson,
Miss Margaret Ann Newton, Miss Martelia Bell, and Mrs.
Janita Chapman.

Received for publication May 6, 1950.

formate via formyl folic acid to the 2-position of
the purine skeleton. Thus, if the requirement for
purines (for formation of cellular nucleoprotein)
was greater in the more dynamic leukemic cell-
forming tissue than in normal cells, then an excess
of folic acid might be expected to speed up the
leukemic process, and a deficiency of this vitamin
(or co-enzyme) caused by a folic acid antagonist
might preferentially depress malignant mitosis.
The present series of experiments was designed
to study the effect of well known folic acid an-
tagonists, aminopterin and A-methopterin (4-
amino-N'"-methylpteroylglutamic acid), on the
incorporation of formate and CO, into nucleic
acids and nucleic acid purines of normal mice.

EXPERIMENTAL

To ascertain the rate at which formate carbon
and CO; are incorporated into the nucleic acids
and nucleic acid purines (Fig. 1) of normal mice,
control experiments have been carried out with
carbon 14-labeled sodium formate and sodium bi-
carbonate. Groups of four mice each were injected
with the labeled compounds and immediately
placed in a metabolism chamber. After a period of
6 hours, the animals were sacrificed, and the vis-
cera (liver, spleen, testes, kidneys, washed intes-
tines, and pancreas) pooled and mixed with an
equal weight of viscera homogenate from non-
injected mice. An aliquot of the mixed viscera
homogenate (from Waring blendor) was saved for
direct oxidation and activity assay. From the re-
mainder, the combined nucleic acids and/or the
desoxyribose nucleic acid (DNA) were isolated
using the procedure of Plentl and Schoenheimer
(8) and Brues, Tracy and Cohen (2), respectively.
Aliquots of the nucleic acids obtained were as-
sayed for C!4 content. The remainder of these sam-
ples was used for isolation of the nucleic acid purines
as the silver salts. These twice-precipitated silver
purines were also measured for radioactivity. All
such measurements were carried out by a gas phase
procedure which has already been described (10).
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In additional experiments, mice (groupsof 4each)
have been injected daily with the maximum toler-
ated dose of aminopterin or A-methopterin for 6
days; on the seventh day these mice were given an
LDs, dose of the anti-folic acid compound and
were then injected with HC'*OONa (1.4 uc.) or
NaHC"0; (11.8 pc.), immediately placed in a
metabolism chamber, and at 6 hours the pooled
viscera subjected to the isolation procedures men-
tioned above. The objective of these experiments
has been, of course, to observe the effect of folic
acid antagonists on the incorporation of formate
and CO; into the nucleic acid purines. The results
obtained are set down in Tables 1 and 2. All values
have been multiplied by 2 to correct for addition
of inactive viscera homogenate.

or nucleic acid purine synthesis was observed.
This might be considered preliminary evidence
that multiple injections of the folic acid antago-
nists are necessary to produce a folic acid de-
ficiency which, in turn, is responsible for the fail-
ure in purine synthesis. The folic acid antagonists
in question reduced the specific activity of the
viscera of formate-injected mice by only about
25 per cent, while incorporation of formate carbon
into nucleic acid purines was reduced almost 15-

TABLE 1

THE EFFECT OF AMINOPTERIN ON INCORPORATION OF
FORMATE INTO NUCLEIC ACIDS AND NUCLEIC ACID
PURINES (1.4 uC. INJECTED INTO ALL MICE)

SPECIFIC ACTIVITIES (uC/MOL CARBON)

ExPERI- Combined Combined
DISCUSSION MENT Viscera nucleic  nucleic acid
. NO. TREATMENT homogenate acids purines
It seems apparent from th'e data pr.esented in 1  Control 8.48 57.6 138.4
Tables 1 and 2 that the multiple injection of nor- 2 goﬂtm} 4.42 71.8 176.8
mal mice with a folic acid antagonist (aminopterin i Cg:::gl g: };
or A-methopterin) profoundly decreases the rate
. . . . AVFRAGE 5.8 64.7 157.6
of synthesis of nucleic acids. The fact that admin- 5 Aminopterin® 432 6.20 10.82
istration of aminopterin did not inhibit CO, fixa- 6 A-methopterint 4.4 4.7 9.17

tion into the control tissue suggests that the nu-
cleic acid effect may be a somewhat specific in-
hibition, at least within the period involved. Car-
bon dioxide is now considered a member of the

* Mice injected at the level of 0.23 mg/kgon 1, £, 8, 4, 5, and 7 days and
at the level of 8.33 mg/kg on the eighth day (|mmedlatcl\ before i injection of
active formate).

t Mice injected at the level of 3 mg/kg on 1, 2, 8, 4, 5, and 7 days and
at thc level of 90 mg/kg on the eighth day (lmmedmlely before injection of
active formate).

TABLE 2
THE EFFECT OF AMINOPTERIN ON INCORPORATION OF C* FROM NAHC"O; INTO NUCLEIC ACIDS AND

NUCLEIC ACID PURINES (11.8 uC. INJECTED INTO ALL ANIMALS)

SPECIFIC ACTIVITIES (uC/MOL CARBON)

Expeni- Combined Combined
MENT Viscera nucleic nucleic acid DNA purines
No. TREATMENT homogenate acids DNA purines

7 Control 0.68 1.41(0.48)
8 Control 0.77 1.76 (0.44)
9 Control 0.90 1.65 (0.54) 1.95 (0.46) 2.10 (0.44)
10 Control 0.7 2.32(0.31) 2.22(0.32)
11 Control 0.98 2.50 (0.85) 3.27(0.3)
12 Control 0.99 2.63 (0.38)

AVERAGE 0.87
18 Aminopterin* 0.88 1.71 (0.52) 1.236 (0.71) 2.20 (0.40)
14 Aminopterint 1.82 1.05 (1.26) 0.54 (2.45)

* A single injection of 8.33 mg/kg immediately before administration of NaHC14Qs.
tln)ec)uon at the level of 0.23 mg/kg on 1, 2, 8, 4, 5, and 7 days and at the level of 8.33 on the eighth day (immediately before administration of

NaHC

Norte: The values in parentheses are the ratios of the specific activities of original viscera homogenate to the various fractions isolated therefrom.

pool of glycogen precursors and is known to be
rapidly incorporated into amino acids and fats.
Thus, over-all tissue CO, fixation serves as a sensi-
tive rate index for a number of metabolic proc-
esses. In Experiment No. 13, where a single injec-
tion of aminopterin (an LD;, dose) was adminis-
tered to mice immediately before injection of
NaHC"0;, no significant decrease in nucleic acid

fold. The decrease in incorporation of CO, into
nucleic acid purines following treatment with folic
acid antagonists is interpreted to indicate that
CO. is incorporated into a purine precursor which,
because of the purine inhibition accompanying
treatment with these compounds, is never com-
pleted and thus never enters into purine anabo-
lism.
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The results obtained by Woolley and Pringle
showing the build-up of the following compound by
E. colt when inhibited by aminopterin:

HQN—C=O
|
|
=X
I Nen
|/
H.N—-C—-N

4-amino-5-carboramidoimidazole

along with the present observation that aminop-
terin or A-methopterin-treated mice are greatly in-
hibited with respect to nucleic acid purine synthe-
sis (formate utilization) strongly suggests that
folic acid, possibly acting as formyl folic acid or
folinic acid is involved in completing the purine
skeleton.

The seemingly most logical assumptions which
might be made at the present time are that folic
acid or folinic acid attached to an active center
(protein, see Allfrey and King [1]) is acting as an
enzyme or co-enzyme in formate transfer. Per-
haps aminopterin and A-methopterin compete
for this center and, when given in excess, prevent
the formation of enough of the folic acid complex
to allow for purine synthesis. Another possibility
is that a direct inhibition of the synthesis of pteroyl-
glutamic acid might be a result of administra-
tion of folic acid antagonists.

It has been shown that folic acid given in excess
will speed up the leukemic process and a deficiency
of this metabolite will preferentially inhibit leuke-
mic cell division (11); therefore, since neoplasms
apparently synthesize nucleic acid more rapidly
than most host tissue, it would appear that one
might explain the mechanism of action of folic acid
antagonists in cancer chemotherapy on a purely
differential rate basis as suggested by Hitchings
et al. (6).

It also seems possible that the mechanism dis-
cussed above may be involved in the well known
hematopoietic response observed in certain types
of anemia following folic acid therapy.

SUMMARY

Aminopterin and A-methopterin, well known
folic acid antagonists, have been shown to inhibit

the incorporation of C'* from formate into nucleic
acids and nucleic acid purines. Under the condi-
tions of these experiments, incorporation of C!40,
into purines was partially blocked, but no decrease
wasobserved in tissue CO,fixation. Therelationship
of these observations to the mechanism of action of
folic acid in purine synthesis and the anti-leukemic
mechanism of “folic acid inhibitors” is discussed.
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