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Abstract—The growth inhibitory effects of N°-monobutyryl adenosine 3',5' monophosphate (mbcAMP)
and NS 0O¥-dibutyryl adenosine 3’,5' monophosphate (dbcAMP) towards Walker carcinoma in vitro
are significantly potentiated by the addition of L-homocysteine to the culture medium. This effect is not
seen with L-cysteine or when exogenous cAMP or prostaglandin E;(PGE) replace the butyrylated cyclic
nucleotide. Combinations of mbcAMP or dbcAMP and L-homocysteine significantly inhibit nucleic acid
methylations. Both the butyrylated cyclic nucleotides cause an elevation of the intracellular level of
§-adenosyl-L-homocysteine (SAH), a potent inhibitor of S-adenosyl-L-methionine (SAM) dependent
methyltransferases, and this is significantly enhanced in combination with L-homocysteine. The increase
in SAH level produced by such combinations is proportional to the inhibition of methyl group incor-
poration into 5-methyl cytosine and 7-methyl guanine. These results suggest that L-homocysteine
potentiates accumulation of SAH in the presence of mbcAMP and dbcAMP and that the resultant
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inhibition of methylation accounts for the enhanced growth inhibition.

S-Adenosyl-L-methionine (SAM) is known to par-
ticipate as a methyl donor in many reactions of
physiological importance [1]. A general feature of
most SAM-dependent methyltransferases is the
inhibition produced by the demethylated product
S-adenosyl-L-homocysteine (SAH) [2]. SAH can be
formed by the condensation of adenosine and L-
homocysteine by the enzyme S-adenosyl-L-homo-
cysteine hydrolase (EC 3.3.1.1). This reaction has
an extremely low K., in the hydrolytic direction
suggesting that under certain conditions of adenosine
excess SAH may accumulate with significant cyto-
toxic effect. Kredich and Martin [3] have shown that
L-homocysteine markedly potentiates adenosine tox-
icity in mouse T lymphoma cells due to the formation
of SAH. In addition L-homocysteine has also been
shown to potentiate the cellular elevation of adeno-
sine 3’,5’ monophosphate (cAMP) caused by adeno-
sine, but not that produced by prostaglandin
E(PGE,) [4]. In addition lymphocytes preloaded
with high levels of SAH exhibit a markedly enhanced
cAMP response to PGE,;, adenosine, 2-chloroad-
enosine, isoproterenol and cholera toxin. The
enhancement of cAMP response by intracellular
SAH was attributed both to the amplification of the
activity of adenylate cyclase and to inhibition of
cAMP phosphodiesterase [5].

The present report describes the synergistic effect
of homocysteine on growth inhibition produced by
cAMP and its butyrylated analogues and suggests
that the effect may be due to inhibition of trans-
methylation reactions by an accumulation of SAH.

MATERIALS AND METHODS

Materials. L-{Methyl->H]methionine (sp. act.
12 Ci/mmole), S-adenosyl-L-[methyl-*H]methionine

(sp. act. 12Ci/mmole) and [*C]deoxycytidine
(sp. act. 462 mCi/mmole) were purchased from
the Radiochemical Centre (Amersham, U.K.).
L-Homo-cysteine thiolactone hydrochloride, cAMP,
N¢ monobutyryl cAMP (mbcAMP), and NS,0%
dibutyryl cAMP (dbcAMP) were from Sigma
Chemical Co. (London, U.K.).

Cell culture. Cells were routinely grown in Dul-
becco’s modified Eagle’s medium containing 10%
foetal calf serum (Gibco) under an atmosphere of
10% CO; in air. For growth experiments cells were
grown in duplicate wells (3.5 ml) of a 24-well plastic
plate (Flow Laboratories, Irvine, U.K.). Cell num-
ber was enumerated daily using a Coulter counter
model Fg. Growth curves were constructed for each
experiment and growth inhibition was calculated
from the linear portion of the growth curve. The
cyclic nucleotides were dissolved in growth medium.
L-Homocysteine was generated from the thiolactone
by treatment with 1N KOH, followed by neutralis-
ation with 1IN HCI and used immediately.

Effects on methylation of specific bases. Walker
cells were incubated in Dulbecco’s modified Eagle’s
medium together with 20mM sodium formate,
20 uM adenosine and 20 uM guanosine to minimize
incorporation of carbon units through the “one car-
bon pool”; 50 uCi, L-[methyl-*H]methionine (sp. act.
46 Ci/mmole), 2.5 uCi [**C]deoxycytidine (sp. act.
462 mCi/mmole), and the concentrations of cyclic
nucleotides and homocysteine as indicated in Table
1. After 24 hr the medium was removed and the cell
pellet was washed with 0.9% NaCl and homo-
genized together with freezing and thawing in 1 ml
0.01M Tris-HCl, pH 7.5. The homogenate was
made 1% with respect to sodium dodecyl sulphate
and extracted three times with phenol. After
chloroform extract’ the solution was supple-
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Table 1. Effect of cyclic nucleotides and L-homocysteine on base methylation in nucleic acids after 24 hr of treatment

Culture conditions

Ratio *H/"*C

1-Methy! adenosine NS-Methyl adenine 5-Methyl cytosine 7-Methyl guanine

No addition 4.8
L-Homocysteine (Hcy) 0.1 mM 4.6
L-Homocysteine (Hcy) 0.4 mM 4.4
mbcAMP 0.24 mM 22
mbcAMP 0.24 mM + L-Hcy 0.1 mM 0.9
mbcAMP 0.24 mM + L-Hcy 0.4 mM 0.4
dbcAMP 0.2 mM 0.8
dbcAMP 0.2 mM + L-Hey 0.1 mM 0.7
dbcAMP 0.2 mM + L-Hey 0.4 mM 0.3

1.0 1.7 7.6
0.9 1.1 43
0.6 2.3 4.4
0.6 0.4 2.2
0.5 0.2 1.4
0.4 0.2 0.7
1.4 0.8 51
1.2 0.6 2.6
1.0 0.3 1.9

mented with NaCl to 0.2 M. The nucleic acids were
precipitated with 2.5 vol. of 95% ethanol and left
overnight at —20°. The collected nucleic acids were
subjected to hydrolysis in 0.5 ml 88% formic acid at
180° for 2 hr as described [6]. The hydrolysates were
evaporated under nitrogen and the residue stored
at —20° for later chromatographic processing. For
chromatography the residues were dissolved in 30 ul
of formic acid containing 3-5 ug of each of the stan-
dard methylated bases and 10 pl of this solution was
applied to the corner of 20 X 20 cm cellulose plates
(Merck, Darmstadt, West Germany), which were
then developed in pre-equilibrated tanks contain-
ing ethyl acetate-methanol-water-88% formic
acid (100:25:20:1). The plates were then removed
and allowed to air-dry at room temperature
for 2hr before development in the second di-
mension in acetonitrile-ethyl acetate-2 propanol-
1-butanol-water-58%  ammonium  hydroxide
(40:30:20:10:5:22) [6]. The position of each base
was detected with a u.v, lamp (254 nm). The position
on the chromatogram corresponding to each base
was scraped off and the radioactivity was determined
in a toluene :PPO: POPOP scintillation mixture using
a Tracer Lab liquid scintillation spectrometer.
Determination of S-adenosyl homocysteine.
Walker cell cultures were incubated with the con-
centrations of cyclic nucleotide analogues given in
Table 2, centrifuged at 300 g for 3 min, washed with
0.9% NaCl and the cell pellet was disrupted in the
presence of 200 ul IN perchloric acid. The deprotin-
ized supernatant was neutralized with SN KOH and

the insoluble KC1O, was removed by centrifugation.
This material was then analysed for SAH by high-
performance liquid chromatography [7]. Analyses
were performed using an Altex 100-A twin piston
pump and a Pye Unicam detector.

RESULTS

Effect on growth rate. The effect of L-homocysteine
on the growth inhibitory effect of mbcAMP and
dbcAMP towards Walker carcinoma, estimated from
the linear portions of the growth curves is shown in
Figs. 1 and 2, respectively. L-Homocysteine alone
at low concentrations had no effect on the growth
rate of Walker cells, but showed a dose-related
enhancement of the growth inhibitory effect pro-
duced by both mbcAMP and dbcAMP. Thus the
LDsp for mbcAMP was reduced from 114 to 50 ug/ml
in the presence of 0.66 mM L-homocysteine. There
was no potentiation of growth inhibition produced
by mbcAMP in the presence of 0.1 mM cysteine.
Higher concentrations of cysteine were cytostatic.
There was a potentiation of the growth inhibitory
effect of a combination of mbcAMP and L-homo-
cysteine in the presence of glycine (0.1-0.5 mM), the
fractional growth inhibition being increased on
average by a further 10%. There was no enhance-
ment of the growth inhibition produced by exogen-
ous cAMP or by PGE; which should elevate intra-
cellular levels of cAMP. There was a slight
enhancement of the growth inhibitory effect of the
phosphodiesterase inhibitor methyl isobutyl xan-

Table 2. Effect of cyclic nucleotides and L-homocysteine on the intracellular level of SAH

SAH (ng/10° cells) + S.E.M.

Culture conditions 24 hr 48 hr

No addition 317 £ 24 346 = 20
L-Homocysteine (Hey) 0.1 mM 452 + 40 510 + 40
L-Homocysteine (Hcy) 0.4 mM 511 +30 486 = 20
L-Homocysteine (Hey) 0.66 mM 572+£20 454 + 25
mbcAMP 0.24 mM 723 £ 30 570 £33
mbcAMP 0.24 mM + L-Hcy 0.1 mM 796 = 45 796 + 44
mbcAMP 0.24 mM + L-Hcy 0.4 mM 1025 = 60 813 + 35
mbcAMP 0.24 mM + L-Hey 0.66 mM 824 = 45 815+ 53
dbcAMP 0.2 mM 622 £22 625 £ 45
dbcAMP 0.2 mM + L-Hey 0.1 mM 687 = 35 770 + 33
dbcAMP 0.2 mM + L-Hey 0.4 mM 895 + 43 1016 = 40
dbcAMP 0.2 mM + L-Hey 0.66 mM 987 + 54 1023 = 60
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Fig. 1. Effect of L-homocysteine on growth inhibition by

mbcAMP. Walker cells were grown in the presence of

mbcAMP either alone (0——0) or in the presence of

0.lmM (O—C), 04mM (&—@) or 0.66mM

(V——V) L-homocysteine. Growth inhibition is calculated
from the linear part of the growth curves.
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Fig. 2. Effect of L-homocysteine on growth inhibition by
dbcAMP. Walker cells were grown in the presence of
dbcAMP either alone (O——0O) or in the presence of
0.1mM (O0—0), 0.4mM (@—@) or 0.66mM
(V—YV) Lr-homocysteine. Growth curves were con-
structed as described in Materials and Methods.

thine with the LDso decreasing from 70 to 55 ug/ml
in the presence of 0.3 mM L-homocysteine.

Effect on base methylation. The extent of methyl-
ation of some nucleic acid bases after treatment with
L-homocysteine, mbcAMP, dbcAMP or a combi-
nation of cyclic nucleotide analogues and L-homo-
cysteine is shown in Table 1. The major methylated
bases found in the nucleic acid fraction were 5-methyl
cytosine and N°®-methyl adenine. L-Homocysteine
alone had no effect on the methylation of either 1-
methyl adenine or 6-methyl cytostine, but there was
extensive inhibition of methylation in the presence
of the cyclic nucleotides alone and this was poten-
tiated by concurrent administration of L-homocy-
steine. Incorporation of labelled methyl groups into
N®methyl adenine and 7-methyl guanine was
inhibited by both L-homocysteine and the butyry-
lated cyclic nucleotides and an enhanced inhibition
was observed with the combination of agents.

Effect of SAH levels. Since the most likely media-
tor of the inhibition of methylation is SAH the
intracellular concentration of this metabolite was
measured in acid soluble extracts of Walker carci-
noma cultured in the presence of various combina-
tions of mbcAMP or dbcAMP and L-homocysteine.
The results reported in Table 2 show that L-homo-
cysteine, mbcAMP and dbcAMP alone increased the
intracellular level of SAH, and that a further increase
was observed in the presence of combinations of
these agents. The results in Fig. 3 show the effect of
mbcAMP and mbcAMP plus L-homocysteine on the
accumulation of radioactivity in SAH after labelling

Walker carcinoma with r-[2-*H]methionine.
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Fig. 3. Time course of effect of mbcAMP (0.24 mM,
@—®) and mbcAMP (0.24 mM) plus L-homocysteine
(0.4 mM, O——0) on metabolism of L-{2-*H]methionine
in Walker carcinoma. Walker cells were incubated with
L-[2-*H]methionine (1 4Ci/ml) for 3 hr prior to the addi-
tions. At zero time either mbcAMP or mbcAMP + L-
homocysteine were added and samples were removed at
the time points indicated. The cells were sedimented by
centrifugation and washed with 0.9% NaCl. The amount
of radioactivity in SAH was determined from the HPLC
effluent of a neutralised perchloric acid extract of the
cells.
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Fig. 4. Relationship between the intracellular concentration

of SAH produced by the combinations of cyclic nucleotide

analogues and L-homocysteine as indicated in Table 2 and

inhibition of methylation of 5-methyl cytosine (@——@)
and 7-methyl guanine (O——C).

Thus mbcAMP alone caused a rapid increase in the
level of [*H]SAH in Walker cells and this increase was
enhanced in the presence of L-homocysteine. These
results suggest that the increase in intracellular SAH
observed under these conditions arises as a result of
inhibition of SAH hydrolysis.

The results presented in Fig. 4 show a linear rela-
tionship between the intracellular concentration of
SAH produced by combination of the butyrylated
cyclic nucleotides and L-homocysteine and the extent
of inhibition of [*’H]methyl group incorporation into
5-methyl cytosine and 7-methyl guanine. This sug-
gests that inhibition of base methylation in the pres-
ence of mbcAMP or dbcAMP and L-homocysteine
is due to the accumulation of SAH.

DISCUSSION

Adenosine 3',5' monophosphate (cAMP) has
been postulated to play a role in the regulation of
cell growth and differentiation and alterations in
cAMP metabolism may be responsible for certain
characteristics of the malignant state [8]. Most of the
evidence relating to the growth inhibitory effect of
cAMP has come from studies utilizing butyrylated
derivatives [9,10], which are thought to elevate
intracellular levels of cAMP by inhibition of cAMP
phosphodiesterase [11]. However, the concentra-
tions of the analogues which are employed in growth
inhibitory studies (107°M) are much greater than
intracellular levels of cAMP (107°M). Such differ-
ences may reflect the somewhat high K, values for
inhibition of phosphodiesterase by such analogues.
The possibility exists, however, that some of the
effects could be due to the formation of butyrylated
adenosine analogues due to cleavage of the cyclic
phosphate ring by phosphodiesterase, which has
been shown to occur both in vitro [12] and ir vivo
[13]. Such analogues would be resistant to adenosine
deaminase and might be expected to be very effective
mediators of adenosine toxicity.

The present experiments considered the possibility
that the homocysteine enhancement of growth inhi-
bition by cyclic nucleotide analogues may be due to
elevation of the intracellular level of SAH with con-
sequent inhibition of transmethylation reactions.
The butyrylated cyclic nucleotide analogues are
known to undergo rapid and extensive metabolism.
Incubation of Chinese hamster ovary cells in culture
with dbcAMP resulted in the accumulation of both
dbcAMP and mbcAMP as well as N*mbcAMP and
mbc adenosine [12]. Also incubation of cultured
hepatoma cells with [PHjmbcAMP or dbcAMP
resulted in greater than 65% of the label being
associated with ADP and ATP with the rest distri-
buted among the other nucleotides. Less than 15%
remained as the cyclic nucleotides after 2 hr incu-
bation [14]. This suggests that the butyrylated cyclic
nucleotides act as precursors of adenosine and
adenosine analogues.

Treatment of Walker carcinoma with the cyclic
nucleotide analogues caused an inhibition of growth
and a concomitant inhibition of nucleic acid methyl-
ation. Both of these effects were potentiated by L-
homocysteine, probably due to an enhanced ability
of the combination to elevate intracellular SAH
levels. A role for SAH as the mediator of these
effects is supported by the known ability of this
compound to inhibit many SAM-dependent methyl-
ation reactions and the correlation observed between
increases in intracellular SAH and inhibition of base
methylation. While one particular methylation reac-
tion may be especially sensitive to SAH it seems
more likely that SAH toxicity results from the
cumulative effects of partially inhibiting the methyl-
ation of many different kinds of molecules.
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