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SUMMARY: S-Adenosyl-(3)-2-methylmethionine, an inhibitor of mammalian S-
adenosyl -L-methionine decarboxylase, inhibited the 1ncrease in [3H]-thym1d1ne
incorporation but did not interfere with the rise in [ H]—urldlne and [3H]-
leucine incorporation induced by concanavalin A in cultured mouse lymphocytes.
Polyamine synthesis which increases during lymphocyte proliferation, was also
selectively inhibited. Cellular levels of putrescine and spermidine increased
despite the presence of the inhibitor but the rise in spermine concentration
was blocked. Moreover, 24 hours after the addition of S-adenosyl-(4)-2-meth-
ylmethionine and concanavalin A to lymphocyte cultures, a concentration-de-
pendent decrease in both [3H]—thymidine incorporation and cellular spermine
concentration was observed with dose-dependent increases in the other two
polyamines. This is the first study in which selective inhibition of spermine
synthesis also blocked DNA synthesis suggesting that this polyamine may par-
ticipate in the regulation of proliferation in lymphocytes.

INTRODUCTION: The polyamines appear to play an important role in metabolism
and have been shown to increase sharply during cellular proliferation (1).
Selective inhibition of polyamine biosynthesis may help define the part poly-
amines play in cellular division and the inhibitors may in turn be useful as
antiproliferative agents in cancer chemotherapy.

Inhibitors of ornithine decarboxylase, the first enzyme in the biosynthe-
tic pathway of the polyamines, have been found to produce antiproliferative
effects in some cultured cells and in vivo (2,3). Furthermore, MGBG*%*, a
potent inhibitor of AdoMet decarboxylase, a key enzyme for the synthesis of

Spd and Spm, also exhibited inhibitory effects on cell proliferation and is

*  To whom correspondence should be addressed.

*% Abbreviations: AdoMet, S-adenosyl-L-methionine; conA, concanavalin Aj;
2-methyl-AdoMet, S—adenosyl-(+)-2-methylmethionine; MGBG, methyl glyoxal
bix (guanyl hydrazone); Put, putrescine; Spd, spermidine; and Spm,
spermine.
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used clinically in treating acute myelocytic leukemia (4,5). The effects of
MGBG on cell growth, however, even at micromolar concentrations, may not be
related solely to its effect on AdoMet decarboxylase activity and polyamine
biosynthesis (6,7,8).

Recently, we found that 2-methyl-AdoMet is an inhibitor of mammalian Ado-
Met decarboxylase (9). Because 2-methyl-AdoMet has been shown to be a sub-
strate for some transmethylase enzymes (10), it would not be expected to inter-
fere with AdoMet-dependent transmethylation reactions. Therefore, 2-methyl-
AdoMet should be relatively specific as an inhibitor of Spd and Spm biosynthe-
sis in vivo. In this paper, we describe the inhibitory effects of 2-methyl-
AdoMet on the biosynthesis of polyamines, especially Spm, and on DNA synthesis

in conA stimulated proliferating lymphocytes.

MATERTALS AND METHODS: Chemicals: 2-methyl AdoMet was synthesized by us as
described in reference 9. Other chemicals were obtained from commercial
sources. Standards used in polyamine determinations were recrystallized be-
fore use.

Lymphocyte Culture: Lymphocytes from mouse spleens were isolated and
cultured as described by Wang et al. (11). DNA, RNA or protein synthesis in
lymphocytes were determined by the incorporation of [3H]-dThd, [3H]-Urd or
[3H]-Leu into trichloroacetic acid prec1p1table material during a one hour
pulse period (11). 7

Determination of DNA Content: Approximately 2-3 x 10" lymphocytes (4 ml
of a culture suspension containing 4-6 x 106 cells/ml) were collected by cen-—
trifugation, extracted with 1.0 ml of 57 trichloroacetic acid and stored as
-20°C until assayed. The DNA content of trichloroacetic acid precipitable
material was determined using the method of Schneider (12) with calf thymus
DNA as a standard. 7

Determination of Intracellular Polyamines: groximately 1-3 x 10 cells
(3-5 ml of a culture suspension containing 4-6 x 10° cells/ml) were collected
by centrifugation, extracted with 0.5 ml of 0.3 N perchloric acid and the ex~
tract was stored at -20°€C until assayed. The concentration of polyamines in
the acid extract was determined by high pressure liquid chromatography of the
dansyl derivatives of the amines as described by Newton et al. (13). For each
experimental group, duplicate samples were analyzed twice for polyamine con-
tent. The polyamine concentrations are expressed as picomol per microgram of
DNA.

RESULTS AND DISCUSSION: 1In initial studies, we found that 2-methyl-AdoMet

preferentially inhibited the increase in [3H]-dThd incorporation in lympho-
cytes stimulated with conA. The concentration of 2-methyl-AdoMet which re-
duced the increase in [3H]—dThd incorporation by 607, decreased [3H]—Urd or

[3H]—Leu incorporation by 8%. Therefore, in subsequent experiments, only
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Fig. 1 Time course of effects of 2-methyl-AdoMet on [3H]-dThd incorporation
and intracellular levels of polyamines in conA stimulated lymphocytes.
Mouse spleen lymphocytes (5 x 106 cells/ml) were cultured without
conA (Q), with 1 ug/ml conA (A), or with 1 ug/ml conA and 1 mM 2-
methyl-AdoMet (M) in RPMI 1640 medium supplemented with 1% heat in-
activated human serum, 2 mM L-glutamine, 50U/ml penicillin, and 50
mg/ml streptomycin. At time points indicated, the rate of [3H]-dThd
incorporation and the levels of polyamines in lymphocytes were deter-
mined as described in Materials and Methods.

[3H]—dThd incorporation was determined in assessing the inhibitory effects
of 2-methyl-AdoMet.

The time course of inhibition of polyamine biosynthesis and [3H]-dThd
incorporation in conA transformed lymphocytes by 2-methyl-AdoMet is shown
in Fig. 1. 1In the presence of 1 mM 2-methyl-AdoMet, the increase in [3H]—dThd
incorporation was reduced by 60% but the peak wés not delayed in its occur-
rence. Thus, the inhibition caused by 2-methyl-AdoMet was not due to a delay
in the onset of DNA synthesis.

ConA stimulation also produced increases in cellular polyamine levels
which paralleled the rise in the rate of [3H]—dThd incorporation (Fig. 1).

Treatment with 2-methyl-AdoMet, however, selectively altered the pattern of
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change in polyamine levels. The increase in Spm was inhibited by 60% while
the accumulation of Put and Spd continued or was enhanced. The correlation
between the inhibition of [3H]—dThd incorporation and the prevention of Spm
rise at 24 hr suggests that intracellular Spm content and DNA synthesis may

be interrelated.

To further study this relationship, parallel conA stimulated lymphocyte
cultures were incubated with different doses of 2-methyl-AdoMet for 24 hr and
the effects of the compound on polyamine levels and [3H]-dThd incorporation
were measured (Table 1). The inhibitor produced a dose-dependent decrease in
both the cellular Spm content and the incorporation of [3H]—dThd. Further-
more, the decrease in Spm level showed a good linear correlation with the
decrease in [3H]—dThd incorporation (r = 0.971, r2 = 0.901). Over the
concentration ranges tested, cell viability was not decreased by more than 10%
suggesting that the inhibitory effect of 2-methyl-AdoMet was not due to general

cytotoxicity.

In other experiments, lymphocytes treated with 2-methyl-AdoMet were
washed free of the inhibitor after 24 hr of incubation with the compound. The
proliferative response to conA recovered completely one day after reversal,
indicating 2-methyl-AdoMet did not cause permanent damage to the inhibited
cells.

2-methyl-AdoMet also produced a dose-dependent increase in Put and Spd
levels at 24 hr (Table 1). The increases in Put and Spd concentrations showed
a good linear correlation with the decrease in [3H]—dThd incorporation suggest-
ing that the decrease in DNA synthesis may be a result of the increases in
Put and/or Spd concentration and not the decrease in Spm concentration.
However, the time-course studies (Fig. 1) do not support a causal relationship
between the increase in Spd levels and the inhibition of [3H]—dThd incorporation.
At 48 and 72 hr after the addition of the inhibitor, the incorporation of

3 o . . . .
[TB]1~dThd was inhibited in spite of a slight decrease in Spd levels.
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To explore a possible causal relationship between the increase in Put
concentration and the inhibition of [3H]—dThd incorporation, the effects
of combining a—methyl—(f)—ornithine, a potent inhibitor of Put accumulation
(14), with 2-methyl-AdoMet on the cellular polyamines concentration and
[3H]—dThd incorporation were studied (Table 2). The combination of the two
inhibitors produced a decrease in the concentrations of Put and Spm and an
inhibition of [3H]—dThd incorporation greater than that observed with either
inhibitor alone. These results suggested that the inhibition of [BH]—dThd
incorporation produced by 2-methyl-AdoMet could not be attributed to the

increase in Put concentration.

The changes in the intracellular concentrations of the polyamines in
2-methyl-AdoMet treated lymphocytes were, in part, consistent with an
inhibition of AdoMet decarboxylase by this compound. Inhibition of this
enzyme by 2-methyl-AdoMet should result in a decrease in the intracellular
concentration of decarboxylated AdoMet which is needed for the sequential
conversion of Put to Spd and then Spd to Spm. Consequently, an increase in
the concentration of Put and a decrease in the concentrations of Spd and
Spm were predicted. We found, however, that'Spd levels increased normally
and that synthesis of only the final produét of the polyamine pathway, Spm,

was inhibited. Thus, a rise in Spm levels is clearly linked to DNA synthesis.

The unexpected elevation of Spd concentration in inhibited cells,
measured by high pressure liquid chromatography, may have been due to the
presence of some structurally similar compound which cochromatographed with
Spd. It is possible that 2-methyl-AdoMet is a substrate for AdoMet decarboxylase
and was transformed to 2-methyl decarboxylated AdoMet. The product Z2~methyl-
decarboxylated AdoMet could then become a substrate for Spd synthase and
be converted to 2-methyl Spd. To test this possibility, the chromatographic
peak corresponding to the tridansyl Spd was collected and subjected to chemical
ionization mass spectrometric analysis. The mass spectrum of the material
obtained from cells treated with the inhibitor was identical to that of

authentic tridansyl Spd. Furthermore, the spectrum did not show the presence
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of tridansyl 2-methyl Spd. These results unambiguously established that
the observed increase in Spd concentration was not due to the presence of

2-methyl Spd.

Alternatively, the increase in Spd could result from 2-methyl-AdoMet
acting as an inhibitor of Spm synthase. Inhibition of this enzyme would
account for the differential increase in Spd and decrease in Spm concentrations
Previously, 2-methyl-AdoMet has been shown not to inhibit Spm synthase from
bovine brain (15), however, the enzyme in mouse spleen lymphocytes may be

different from the bovine brain enzyme in its sensitivity toward the compound.

These results show that a rise in cellular Spm level is necessary for
lymphocyte DNA synthesis. The exact mechanism of the differential inhibition
of Spm biosynthesis by 2-methyl-AdoMet remains to be determined, nevertheless,
this is the first demonstration that Spm, the final product of the polyamine

synthetic pathway, is specifically involved in cell proliferation.

ACKNOWLEDGMENTS: We thank Cathleen Marquardt for technical assistance and
the American Foundation for Pharmaceutical Education for the final support
of M.C.P.

REFERENCES:

1. Janne, J., Poso, H. and Raina, A. (1978) Biochem. Biophys. Acta. 473,
241-293. _

2. Mamont, P. S., Duchesne, M. C., Grove, J. and Bey, P. (1978) Biochemn.
Biophys. Res. Comm. 81, 58-66.

3. Parkash, N. J., Schechter, P. J., Grove, J. and Koch-Weser, J. (1978)
Cancer Res. §§! 3059-3062.

4. Corti, A., Dave, D., Williams~Ashman, H. G., Mihich, E. and Schenone, A.
(1976) Biochem. J. 139, 351-357.

5. Levin, R. N., Henderson, E., Karon, M. and Freirich, R. J. (1964) Clin.
Pharmacol. Ther. 6, 31-42.

6. Newton, N. E. and Abdel-Monem, M. M. (1977) J. Med. Chem. gg! 249-253,

7. Heltta, E., Pohjanpelto, P. and Janne, J. (1979) FEBS Letters 97, 9-14.

8. Mikles-Robertson, F., Feuerstein, B., Dave, C., and Porter, c. w. (1979)
Cancer Res. 32, 1919-1926.

9. Pankaskie, M. C. and Abdel-Monem, M. M. (1980) J. Med. Chem., 23, in press.

10. Nakamura, K. D. and Schlenk, F. (1976) Arch. Biochem. Biophys. 177, 170-
175.

11. Wang, T., Marguardt, C. and Foker, J. E. (1976) Nature 261, 702-705.

12. Schneider, W. C. (1957) Methods in Enzymology, Ed. Colowick, S. A. and
Kaplan, N. 0., III pp. 680-684, Academic Press Inc., New York.

13. Newton, N. E., Ohno, K. and Abdel-Monem, M. M. (1976) J. Chromatog. 124,
277-285.

14. Abdel~Monem, M. M., Newton, N. E. and Weeks, C. E. (1974) J. Med. Chem.,
17, 447-451.

15. Raina, A., Unpublished results.

92



