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SUMMARY

CHANG, CHI-DEu & Cowarp, JAMEs K. (1975) Effect of S-adenosylhomocysteine
and S-tubercidinylhomocysteine on transfer ribonucleic acid methylation in phyto-
hemagglutinin-stimulated lymphocytes. Mol. Pharmacol., 11, 701-707.

Methylation of tRNA in stimulated rat lymphocytes was studied by monitoring the
incorporation of [methyl-*H]methionine into tRNA. S-Adenosylhomocysteine and the 7-
deaza analogue, S-tubercidinylhomocysteine, both known to inhibit tRNA methylases
in vitro, were used to block the methylation of tRNA in stimulated lymphocytes. Both
these drugs affected the synthesis and methylation of tRNA when added at various
times during the cell cycle. However, S-adenosylhomocysteine stimulated DNA synthe-
sis while S-tubercidinylhomocysteine inhibited it. These opposite effects are presumably
due to metabolism of the drugs to homocysteine and either adenosine or tubercidin.

INTRODUCTION

Several studies have demonstrated dif-
ferences in the activity of tRNA methyl-
ases between normal and malignant tis-
sues (1). Measurement of the activity of
these enzymes was used to monitor the
onset of malignancies in liver even before
any histological evidence of cancer was pro-
duced (2). In addition, recent data support
the suggestion that increased tRNA meth-
ylase activity is associated with malignant
but not benign tumors (3). Although many
suggestions have been made as to the sig-
nificance of methylated tRNA in cellular
events (4), most workers in the field to date
have studied the effect of various agents
and/or events on the extent of tRNA meth-
ylation in vitro and in vivo. Relatively few
investigations have attempted to ascertain
a role for the methyl groups of methylated

This research was supported by Grants MH-18,-
038 and CA-10,748 from the United States Public
Health Service.

Copyright®© 1975 by Academic Press, Inc.
All rights of reproduction in any form reserved.

tRNA in the various stages of protein syn-
thesis, and the cases when it has been
done have all involved methionine-defi-
cient mutants of Escherichia coli (5) and
yeast (6). Such studies have not been car-
ied out in mammalian cells, since it has
not been possible to obtain hypomethyl-
ated tRNA from mammalian cells.

Specific inhibitors of tRNA methylation
should be useful as pharmacological tools
in the synthesis of hypomethylated mam-
malian tRNA and, if sufficiently specific,
might be useful as potential chemothera-
peutic agents in neoplastic diseases. Re-
cent papers from this laboratory and oth-
ers (7) have described the synthesis and
activity of analogues of S-adenosylhomo-
cysteine as inhibitors of several methyl-
ases in vitro. We have now evaluated the
7-deaza analogue of SAH! (S-tubercidinyl-

! The abbreviations used are: SAH, S-adenosylho-
mocysteine; STH, S-tubercidinylhomocysteine;
PHA, phytohemagglutinin; (*H]TdR, [5-methyl-*H}-
thymidine.
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homocysteine) (8) and SAH as inhibitors of
tRNA methylation in phytohemaggluti-
nin-stimulated rat lymphocytes. The data
presented in this paper support the idea
that stable analogues of SAH can be used
to inhibit biological methylation reactions
known to occur in specific cells in culture
9, 10).

NH,
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OH H s
~ COOH .

NH,

SAH, X =N
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MATERIALS AND METHODS

Male Lew/Mei rats (200-250 g) were ob-
tainéd from Microbiological Associates, Be-
thesda, Md., and used as lymphocyte do-
nors. Bacto-phytohemagglutinin P was ob-
tained from Difco Laboratories. Fetal calf
serum and Eagle’s minimal essential me-
dium (Spinner modification) for suspen-
sion cultures were purchased from Grand
Island Biological Company. [methyl-
SH]Thymidine (6 Ci/mmole), L-[methyl-
SHlmethionine (11 Ci/mmole), and [2-
“Cluridine (57 mCi/mmole) were pur-
chased from New England Nuclear Corpo-
ration. S-Adenosyl-L-homocysteine was
purchased from Boehringer/Mannheim,
and S-tubercidinyl-pL-homocysteine was
synthesized in our laboratory (8).

Preparation of cell suspensions. Rat lym-
phocytes were isolated by the method of
Wilson (11). Pooled cell suspensions from
cardiac blood and lymph tissues of a single
animal were used in each culture experi-
ment. The cell density was determined
with a Coulter counter, and the cell viabil-
ity was checked from time to time with
trypan blue (12). The final cell preparation
was adjusted to give a concentration of 2 x
10® cells/ml in culture medium consisting
of 90% Eagle’s minimal essential medium
(Spinner modification), 10% fetal calf se-
rum (inactivated for 30 min at 56° before
use), 4 mM L-glutamine, 0.2% sodium bicar-
bonate, penicillin (100 units/ml), and strep-
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tomycin (100 ug/ml). Suspension cultures
were incubated in loose-cap tubes in a 95%
air-5% CO; humid atmosphere at 37°. All
cultures were run in duplicate or tripli-
cate, and cultures containing no PHA
were routinely used as controls.
Estimation of DNA synthesis. Determi-
nation of the optimal PHA concentration
required for transformation and DNA syn-
thesis was carried out in 1-ml portions of
the cell culture (2 x 108 cells). Incorpora-
tion of [*H]thymidine was employed to
monitor DNA synthesis as described previ-
ously (11), with slight modifications as fol-
lows. At 48 hr after initiation of the cul-
ture, 0.5 uCi of [PHITdR in phosphate-
buffered saline (Grand Island Biological
Company) was added. The tubes were
returned to the incubator for 16 hr after
the TdR addition. The cells were then cen-
trifuged at 600 x g for 10 min and washed
with chilled isotonic NaCl. The cell pellets
were suspended in 1 ml of 5% trichloracetic
acid and disrupted by freezing and thaw-
ing three times. The precipitate was col-
lected on a glass-fiber filter (Whatman
GF/C), washed (5% trichloracetic acid, al-
cohol, and ether), dried, and counted with
10 ml of toluene-Liquifluor (New England
Nuclear) in a Packard scintillation spec-
trometer. The optimal concentration of the
rehydrated PHA-P for maximal TdR incor-
poration in stimulated rat lymphocytes
was obtained with 3-4 ul/ml of culture
fluid. The same optimal range of PHA con-
centration has been reported previously in
mouse lymphocyte transformation (13).
Therefore 3.3 ul of PHA per milliliter of
cell suspension were used for all subse-
quent PHA-stimulated cultures.
Estimation of tRNA synthesis and meth-
ylation. At selected times after PHA stimu-
lation, 5-ml portions of the cell suspension
(107 cells) were labeled for 3 hr, under the
standard incubation conditions described
above, with 1.5 uCi of ['*Cluridine and 100
uCi of [methyl-*H]lmethionine containing
0.01 M sodium formate to suppress *H incor-
poration into purines via synthesis de novo
(14). When the inhibitory effects of SAH
and STH were studied, the radioactive pre-
cursors were added simultaneously with
the inhibitors. At the end of the 3-hr pulse,
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cells were centrifuged at 600 x g for 10

min, washed twice with 10 ml of isotonic
NaCl, and stored at —20° until isolation of
the tRNA was carried out. Crude tRNA
was isolated based on the methods of
Atherton and Darby (15) and Parish (16)
with some modifications. The cells were re-
suspended in pH 7.5 isotonic buffer (0.01 M
Tris, 0.14 M NaCl, 0.5% sodium naphtha-
lenedisulfonate, and 0.5 mM MgCl,), and
Triton X-100 (17) was added to a final con-
centration of 0.5%. The solution was ex-
tracted with an equal volume of phenol
mixture (100 g of phenol, 11 ml of water, 14
ml of m-cresol, and 20 mg of 8-hydroxy-
quinoline). A mixture of NaCl and triiso-
propylnaphthalenesulfonate (6:4) was
added to the aqueous phase to a final con-
centration of 1.2 M NaCl (18). The aqueous
phase was deproteinized again with phenol
mixture. E. coli tRNA (200 ug) was added
as carrier, after which the crude tRNA was
digested with DNase and Pronase, depro-
teinized with phenol, precipitated with
ethanol, and stripped of endogenous amino
acids as described by Sharma and Loeb
(10).

In a preliminary study of [methyl-H]
methionine incorporation, the tRNA iso-
lated from duplicate 18-hr PHA-stimu-
lated cultures was analyzed with 7.5% poly-
acrylamide gels by the method of Peacock
and Dingman (19). The gels were scanned
at 260 nm on a Gilford linear scanner and
then were sliced into 2-mm fractions. Each
slice was solubilized in 1 ml of Protosol
(New England Nuclear) and counted in 10
ml of toluene-Omnifluor (New England
Nuclear) scintillation fluid. The tRNA iso-
lated by the above procedure was shown to
migrate together with carrier E. coli
tRNA almost exclusively in the 4 S region.
Therefore tRNA synthesis and methyla-
tion were estimated by collecting the
tRNA, isolated as described above, on a
glass-fiber filter and counting the total
macromolecular radioactivity trapped in
the filter. The tRNA thus isolated has
been degraded enzymatically to the compo-
nent nucleosides and analyzed by high-
pressure liquid chromatography. These ex-
periments indicate that the methyl label is
incorporated into appropriate base and ri-
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bose moieties of tRNA; their details will be
published in a separate communication.

RESULTS AND DISCUSSION

In view of the possible variation of tRNA
methylation during the cell cycle, the time
course of tRNA synthesis and methylation
in PHA-stimulated rat lymphocytes was
studied. A preliminary study of the incor-
poration of the [*Hlmethyl group from me-
thionine into tRNA showed an immediate
increase of methylation after the stimula-
tion of the cultures with PHA. Figure 1
shows the measurement of tRNA synthe-
sis and methylation rose gradually over
the first 20 hr and then increased several
fold after 24 hr of stimulation, to an ele-
vated level which was maintained up to 54
hr after stimulation. Riddick and Gallo
(20) have shown that the induction of
tRNA methylases reaches a maximum
level 38-42 hr after PHA stimulation of
normal human lymphocytes. Their conclu-
sion was based on the determination of
tRNA methylase activity of extracts taken
from the cell cultures at various times
after PHA stimulation. The 5-7-fold in-

cPM x10°3 "4c(—), 3H (-
317'4C (a0)

HOURS AFTER PHA INCUBATION

Fi1G. 1. Time course of tRNA methylation in
PHA-stimulated (O, @), and control (O, B) rat lym-
phocytes.

Synthesis and methylation were measured by in-
corporation of ['*Cluridine and [methyl-*H]methio-
nine, followed by isolation of tRNA as described in
the text. ——, tRNA synthesis (**C incorporation);
---, tRNA methylation (®°H incorporation). Data
points are in units of counts per minute per culture,
and are average values obtained from triplicate de-
terminations.
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crease in methylation found in the present
work 24 hr after PHA stimulation is compa-
rable to the 5-6-fold stimulation of tRNA
methylase activity in the S phase found by
Raddick and Gallo (20). These workers
have also shown that the tRNA methyl-
ases were not increased in activity until
near late S phase and that the new tRNA
methylases arising at the G, phase were
qualitatively different from the early con-
stitutive methylases. However, our obser-
vation of an increase of [*H]methyl incorpo-
ration into tRNA may be simply a result of
a simultaneous increase in tRNA synthe-
sis. The fact that both methylation and
synthesis are elevated from 24 to 60 hr
after stimulation indicates that there are
no large changes in the distribution of
methyl groups in tRNA synthesized dur-
ing the S phase. Interestingly, the ratio of
tRNA methylation to synthesis (°H:*C)
can be seen to increase sharply withing 3-
6 hr after stimulation and then to decrease
markedly after 24 hr. Together with the
observation of Kay and Cooper (14) that an
increase in mature tRNA occurs within 90
min of PHA addition, our data support the
concept of pre-existing or constitutive
tRNA methylases which methylate the
early pre-tRNA. Maturation of pre-tRNA
through methylation and size reduction
has been demonstrated in malignant mam-
malian cells (21, 22). Tidwell and Stubble-
field (23) have suggested that there is tight
coupling between the changing methyl con-
tent of the tRNA “pool” and the rate of
protein synthesis in mammalian systems.
The “pool size” of methylated tRNA could
exert a rate-limiting influence on protein
synthesis and therefore on cellular repro-
duction. Our observation of this early in-
crease of methyl content in the tRNA pool
during initiation of lymphocyte-blast trans-
formation by PHA is consistent with these
proposals.

Because of the different tRNA methyl-
ase activities in early and late phases of
the cell cycle, the inhibitors SAH and STH
were added at peak tRNA methylation, 40
hr after PHA incubation. Attempts to
study the effects of SAH and STH on the
early “burst” methylation (3 hr) were un-
successful because of the low incorporation
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of radioactivity into tRNA at this point of
the cell cycle. Preliminary dose experi-
ments, using final drug concentrations of
20 and 50 uM, indicated.that the latter
concentration led to a more significant and
reproducible inhibition of tRNA methyla-
tion. At this concentration (50 um) SAH
produced 28%, and STH, 49%, inhibition of
PHA-induced methyl incorporation into
tRNA (Table 1). However, the observed
effects might be partially due to the inhibi-
tion of tRNA synthesis, since both drugs
inhibited [**Cluridine incorporation to an
extent of 25%. In our previous study in
vitro (8) SAH and STH were shown to in-
hibit rat liver tRNA methylases with K|
values of 25 and 20 uM, respectively.

The same preparation of cells (1-ml por-
tions) was used to measure DNA synthe-
sis. The data in Table 2 show that SAH
and STH had opposite effects on DNA syn-
thesis at a concentration of 50 um. SAH
produced an increase of 20-40% in PHA-
induced DNA synthesis, whereas STH in-
hibited TdR incorporation into DNA by
20-70%. The opposite effects of STH and
SAH on DNA synthesis cannot be corre-
lated with their inhibitory effects on tRNA
methylation. DNA synthesis in PHA stim-
ulated lymphocytes begins as early as 24
hr after stimulation, and enzymes associ-
ated with DNA synthesis, such as DNA
polymerase, are increased in activity dur-
ing the S phase (24). Any effect of SAH and
STH on the synthesis of these enzymes via
inhibition of tRNA methylation might be
more pronounced when the drug is given
early in the cell cycle. Although the inhibi-
tory effect of STH (Table 2) is in accord
with this hypothesis, the opposite effect of
SAH cannot be so reconciled. The stimula-
tory effect of SAH is unexpected and of
considerable interest, since SAH is a natu-
rally occurring nucleoside which is pro-
duced in numerous transmethylation reac-
tions and is present in tissues at a level of
approximately 0.01-0.1 umole/g (25). The
stimulation by SAH decreases slightly as
the time of drug incubation is increased,
whereas STH inhibition of DNA synthesis
increased 3-fold (22% vs. 67%) as the time
of drug incubation is increased. These data
suggest that some sort of metabolic break-
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TABLE 1
Inhibition of tRNA synthesis and methylation in
PHA-stimulated rat lymphocytes

Inhibitor was added 40 hr after stimulation by
PHA. A 3-hr pulse of ["*Cluridine and [°H]
methionine was initiated at the time of addition of
the inhibitor (final concentration, 50 uM), and the
tRNA was then isolated and analyzed as described
in the text. '*C was counted at 12% gain, and °H, at
100% gain. All counts are averages of triplicate as-
says. Appropriate controls without PHA were run,
and the counts indicated were corrected for the radio-
activity incorporated in each control run (approxi-
mately 210 cpm for '*C, 300 cpm for *H).

Label and inhibitor

Incorporation Inhibition

cpmiculture %

14C (tRNA synthesis)

No inhibitor 2070 = 90

SAH 1635 + 300 24

STH 1590 + 200 26

Adenosine 1635 = 400 24

Homocysteine 1605 + 210 25
SH (tRNA methylation)

No inhibitor 1860 + 60

SAH 1340 + 130 28

STH 945 + 120 49

Adenosine 1400 + 400 25

Homocysteine 1540 = 250 17

down of the drug causes the observed ef-
fects on DNA synthesis. It is known that
tubercidin is very cytotoxic nucleoside be-
cause of its activation to the 5'-phosphate
(26); it has been shown to inhibit the
growth of KB cells with I'5, = 30 nmM (27).
S-Adenosylhomocysteinase (EC 3.3.1.1)
catalyzes the hydrolysis of SAH to adeno-
sine and L-homocysteine, although the
equilibrium of this reversible reaction is
very much in favor of synthesis of SAH
(28). In experiments described in Tables 1
and 2, the addition of adenosine and homo-
cysteine at a final concentration of 50 um
caused 17-25% inhibition of tRNA synthe-
sis or methylation at 40 hr, and marked
stimulation in the synthesis of DNA
throughout the cell cycle. In contrast, addi-
tion of tubercidin (50 uM) caused a severe
inhibition of both tRNA and DNA synthe-
sis to below control (without PHA) values.
The net effects of SAH and STH on tRNA
synthesis, methylation, and DNA synthe-
sis might all be interpreted in terms of
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inhibition or stimulation of these reactions
by adenosine, tubercidin, and homocys-
teine arising from the degradation of the
drugs. Adenosine is only a weak inhibitor
of tRNA methylases in vitro (24) and there-
fore should not have inhibited tRNA meth-
ylation at the concentration of 50 uM used

- (Table 1). Since sodium formate (0.01 M)

was used in our cultures to suppress incor-
poration of tritium into tRNA via purine
synthesis de novo (14), adenosine (50 um)
should not have affected this means of
tRNA labeling in the present work. This is
in contrast to reported effects in the ab-
sence of sodium formate (22). The observed
inhibition by adenosine and homocysteine
of 3H incorporation into tRNA appears to
be the result of a quantitatively similar
inhibition of tRNA synthesis (Table 1). Al-
though the permeability of SAH analogues
and the effect of STH on methionine pool
size were not studied in the present work,
the consistent inhibition (approximately
50%) of tRNA methylation by STH (50 M)
cannot be attributed to the metabolite, tu-

TABLE 2

Effects of SAH and STH on DNA synthesis in PHA-
stimulated rat lymphocytes

Inhibitor was added at the times indicated after
stimulation by PHA. A 16-hr pulse of [methyl-
*Hjthymidine was initiated 48 hr after stimulation,
and the DNA was analyzed as described in the text.
All inhibitors were added at a final concentration of
50 um. All counts are averages of duplicate assays.
Appropriate controls without PHA were run, and
the counts indicated were corrected for the radioac-
tivity incorporated in each control run (approxi-
mately 4600 cpm).

Time Inhibitor Incorporation Inhibition®

hr cpmiculture %
None 47,000 * 6,600

0 SAH 56,860 = 1,500 =21
STH 15,550 + 1,500 67

30 SAH 63,850 = 2,000 -36
STH 23,900 + 1,200 49

40 SAH 64,250 = 1,500 -37
STH 36,700 = 4,200 22

* Negative numbers indicate stimulation of DNA
synthesis.
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bercidin, since the latter is only a weak
inhibitor of tRNA methylation in vitro
(29). It should be noted that STH does not
appear to be cytotoxic in short-term rat
lymphocyte cultures, as determined by the
loss of cell viability measured by the try-
pan blue exclusion method. More than 85%
of the cells containing STH were viable by
this analysis at the termination of TdR
incorporation studies (64 hr), and few of
the cells were blast-transformed. In con-
trast, nearly 50% of the cells were nonvia-
ble in the presence of 50 puM tubercidin,
whereas mostly viable cells, most of which
were transformed, were observed in 64-hr
cultures containing SAH or its metabolites
adenosine and homocysteine.

Early work on the metabolism of SAH in
bacteria indicated that the primary meta-
bolic pathway involved cleavage of the pu-
rine-ribose bond (30, 31). Only recently
have similar data become available on the
metabolism of SAH in higher organisms
(32). Rather than cleavage of the purine-
ribose bond, these data indicate that the
major hydrolytic pathway in vertebrates
involves cleavage of the 5'-thioether bond.
Hydrolysis of the 5'-thioether is also sug-
gested by studies of sulfur amino acid me-
tabolism in patients with clearly defined
genetic disorders (33). The present work
tends to support these concepts of SAH
metabolism in mammalian cells. Further
studies to investigate the enzymatic degra-
dation of STH and to obtain SAH ana-
logues which have a stable 5'-linkage to
homocysteine, in addition to the stable gly-
cosyl-purine bond of STH, are in progress.
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