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Summary

An enzyme which synthesizes S-adenosylmethionine in mouse
liver has been examined and found to possess the same charac
teristics as that described by others for pig and rabbit liver. Al
though liver has laige quantities of the enzyme activity, a mouse
hej tatoma had no measurable activity. It was hypothesized that
trace amounts of the enzyme in hepatoma cells might be sufficient
for sRNA methylation. Estrogen was found to depress the ac
tivity of liver S-adenosyltransferase in castrate female mice.
Introduction

Mice utilize L-methionine as the major source of methyl groups
for a variety of methylating reactions. The terminal S-methyl
function of L-methionine is activated by the formation of a sulfonium group through the following reaction:
ATP2 + L-methionine â€”Â»
S-adenosylmethioiiine

+ PPi + Pi.

The enzyme catalyzing this reaction (ATP: L-methionine Sadenosyltransferase E.G. 2.4.2.13, hereafter called S-adenosyl
transferase) was first described for rabbit liver (4). One of the
substances methylated by cells is sRNA (8). sRNA derived from
mammary adenocarcinoma and HeLa cells has been found to be
highly methylated as compared with normal tissues (2, 3). In
view of the increased methylation of UNA in tumors, it was of
interest to establish the amount of S-adenosyltransferase activity
of normal and neoplastic mouse tissues. Also included were
studies on age, sex, hormone, and drug effects on the enzyme
activity.
Materials

and Methods

Yeast inorganic pyrophosphatase was purchased from Nutri
tional Biochemical Co. (Cleveland, Ohio). Nucleotides were ob1This investigation was supported in part by an allocation from
a Public Health Service General Research Support Grant No. SO
1 FR-05545-01, and an American Cancer Society Grant IN19F to
The Jackson Laboratory, liar Harbor, Maine.
2The following abbreviations are used: AMP, adenosine monophosphate; ADP, adenosine diphosphate; ATP, adenosine triphosphate; dATP, deoxyadenosine triphosphate; CTP, cytidine
triphosphate; GTP, guanosine triphosphate; UTP, uridine tri
phosphate; ITP, inosine triphosphate; GSH, glutathione; sRNA,
soluble ribonucleic acid; PPi, inorganic pyrophosphate; Pi, inor
ganic phosphate.
Received April G, I960; accepted June 17, 1966.

tained either from Pabst Laboratories (Milwaukee, Wis.), or
Sigma, Inc. (St. Louis, Mo.). u-Methionine and Dand L-ethionine
were from K and K Laboratories, Inc. (Jamaica, N. Y.). LMethionine, Tris, and estradiol-170 were purchased from Sigma,
Inc.
The enzyme was assayed essentially as described by Cantoni
and Durell (5). L-Methionine-deixmdent release of inorganic
phosphorus from ATP was determined by the method of Fiske
and SubbaRow (7). Paper and column chromatography of .Sadenosylmethionine were according to the methods of Schlenk
and DePalma (14, 15). Protein was determined by the method of
Warburg and Christian (17). A millimolar extinction coefficient
of 15 was used for S-adenosylmethionine at 256 m/u (14). A model
DB Beckman spectrophotometer was used to determine visible
and ultraviolet absorption specta. The pH was determined on
reaction mixtures with a radiometer pH meter just before stopping
the reaction. Probability (P) values were calculated by a nonparametric method (Mann-Whitney U-test) (10).
Results
CHARACTERISTICS OF MOUSE S-ADENOSYLTRAN.SFKRASE. C57BL/

Ks female mouse livers which had been stored for several days at
â€”10Â°Cwere homogenized in 2 volumes of 0.01 Macetic acid and
centrifuged at 10,000 X g for 30 min. Su]>ernatant fractions ob
tained after centrifugation were active in forming S-adenosylmethionine as shown by the L-methionine-dei>endent release of
0.019 jumÃ³leof inorganic phosphate/mg protein/30 min at 37Â°C.
An ammonium sulfate preparation (Step 2 of Cantoni and Durrell's method) (5) released 0.76 /Â¿moleof phosphate/mg pro
tein, and the isoelectric precipitated protein (Step 3) (5) released
2.1 /umoles phosphate/mg protein. A comparison of fresh and
frozen liver from DBA/2J female mice, however, indicated con
siderable loss of activity ujxm freezing. Crude supernatants from
fresh preparations produced 0.63 pinole inorganic phosphate/mg
protein and the enzyme from Step 2 produced 2.66 /Â¿moles.
Frozen liver from female DBA/2.J mice, if stored for 1 week at
-14Â°C, lost about 50% of its activity.
When the ammonium sulfate fraction was used as the source of
the enzyme there was a linear time curve over a 30-min period.
A 3-fold increase in the rate was obtained when yeast inorganic
pyrophosphatase was added. The increased rate using pyrophos
phatase with the ammonium sulfate fraction is believed to be due
to the removal of the major portion of liver inorganic pyrophos
phatase during the purification step, since a 10,000 X g super
natant fraction gave a linear time curve up to 90 min without the
addition of inorganic pyrophosphatase. The rate was optimal

DECEMBER 19(KÂ¡

Downloaded from cancerres.aacrjournals.org on May 22, 2018. © 1966 American Association for Cancer Research.

R. L. Hancock
IB

lA
JA
OC
O

W10
o

til

d
5

15

IO

PROTEIN(mg)

10

1C
V) 3.0
3

er
o

o.
2.0
CO
UJ
O

1.0

0.01

7

8

0.03
0.05
METHIONINE(M)

0.07

10

pH

IE

-500

soo

CHART1. A, enzyme concentration curve. The reaction mixture contained 20 /imoles of L-methionine, 20 AmÃ³lesof ATP, 8 AmÃ³lesof
GSH, 300AmÃ³lesof MgCl2, 130AmÃ³lesof Tris buffer, pH 7.6, and varying amounts of a 30-50% ammonium sulfate-fractioned protein,
in a total volume of 1 ml. Incubation was for 30 min at 37Â°C.Blanks contained no L-methionine. B, Magnesium concentration curve.
The reaction mixture was the same as for A, except that 5 mg of protein and varying amounts of magnesium chloride were used. The
0.6 M reaction mixture was somewhat turbid. C, pH curve. The reaction mixture was the same as in A, except that 5 mg of enzyme
preparation and 1810AmÃ³lesof Tris buffers of varying pH were used. D, Substrate concentration curve. The reaction mixture was the
same as in A, with the exception that 5 mg of enzyme preparation were used and the quantity of L-methionine was varied. E, Lineweaver-Burk reciprocal plot using L-methionine as substrate.
when L-methionine was present at a concentration of 0.02 M
(Chart ID) and the Km (L-methionine) was 2.2 X 10~3M (Chart
IE). Km (L-methionine) values reiwrted for the enzyme isolated
from rabbit liver and yeast has a value of 2.2 X 10~3Mand 2.6 X
10~3 M respectively (11). Â»S-Adenosylmethionine was demon
242(>

strated to be a reaction product by paper chromatography,
column chromatography, by its ultraviolet absorbance spectrum
and by the lability of the glycosyl bond under alkaline conditions
(13). There was an absolute requirement for Mg and the rate of
the reaction was optimal only when Mg was present at a concenCANCER
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tration of 0.3 M (Chart IÃŸ).No potassium requirement was
demonstrable as shown for the yeast enzyme (4), because potas
sium bicarbonate was used to neutralize the ATP and GSH
solutions which were added to the reaction mixture. Omission of
GSH resulted in a 40% loss of activity. The pH optimum was
found to be 7.5 (Chart 1C), a value similar to that reported for
yeast enzyme (11). Under optimal conditions the reaction rate
was linear with respect to the concentration of the ammonium
sulfate precipitate overa range of 2-12 mg of protein (Chart 1.4).
The rate of phosphate to /S-adenosylmethionine produced was
2.94 when the 10,000 X g supernatant fraction of fresh C57BL/

A ctivity

6J female liver was used as enzyme. Preparations containing
inorganic pyrophosphatase activity should give a value of 3.0
since the pyrophosphate released would be hydrolyzed. Approxi
mately 90% of the activity of the whole liver homogenate was
recovered in the supernatant fraction after recentrifugation of the
10,000 X g supernatant fraction at 100,000 X g for 1 hr.
The enzyme was specific for the L configuration of methionine
and ethionine since neither o-methionine nor D-ethionine were
utilized. AMP, ADP, dATP, ITP, GTP, CTP, could not be
substituted for ATP in the reaction. In the presence of UTP the
activity of the enzyme was only 4% of that found with ATP.

TABLE 1
DIFFERENCEIN LIVER S-ADENOSYLTRANSFERASE
ACTIVITYIN ANIMALSOF DIFFERENT
SPECIES,STRAINS,ANDGENOTYPES

ofanimals557710109999Mean
activity
value0.0080.26<0.002>().!<0.002
(inunits)"65.427.751.059.260.131.271.060.680.951.1S.E.1.91.73.47.03.42.81.94.84.02.9P

SpeciesMouseRabbitMouseMouseMouseStrainDBA/2JRace

IIIC57BL/6JBALB/cJWB/B6Genotype(W/W*)(+/+)SexFMFMFMFMFFXo.

â€¢
1 unit = pmole of L-methionine-dependent
weight of tissue.
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CHART 2. Variation of Â«S-adenosyltransferase activity in C57BL/6J female mice livers of different ages. For fetal, newborn, and 10day-old mice, livers were pooled from several individuals in order to obtain 500-1000 mg of tissue per assay. Other points are averages
of 4 mice for 20 and 4 for 30 days, 5 mice for 34 and 5 for 48 days, 5 mice for 60 days, 2 mice for 180 days, and 1 mouse for 340 days.
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Female rat liver was rejwrted to have nearly twice the Sadenosyltransferase activity of male liver (12). In the present
studies female DBA/2J mouse liver was also found to have over
twice the activity of male liver. However, incontrasi to this, Race
III rabbits had a female:male ratio of only 0.9. Further data
obtained on 2 selected strains, C57BL/6J and BALB/cJ, showed
that C57BL/6J mice have a female:male ratio of S-adenosyltransferase activity of 2.2, while the ratio in BALB/cJ strain was
only 1.2 (Table 1).
A striking change in the activity of the enzyme occurs with age
(Chart 2). Only trace activity was found in the near-term fetal
liver but the 1-day-old newborn had appreciable activity which
continued to rise linearly until 21 days of age and then rapidly
decreased until 35 days of age. Thereafter there is no appreciable
change in the activity for the rest of the lifespan of the mouse.
It should be noted that in all other experiments, mice of over 35
days (usually 8 weeks of age) were used. S-Adenosylmethionine
(2 mg daily) administered for 10 days to newborn mice did not
suppress the appearance of the enzyme activity. Studies with
rabbits (Race III) showed a slower, but linear, rise in enzyme
activity until 80 days of age (Chart 3).
S-ADENOSYLTRANSFERASE

ACTIVITY

OF VARIOUS

NORMAL AND

NEOPLASTicTISSUES.Except for a small amount of activity in
spleen, the enzyme was found in measurable quantities only in
liver tissue. Ovary, kidney, adrenal, muscle, thymus, lung, heart,
uterus, brain, and testis, assayed as fresh tissue, showed either
242S

120

210

in Race III rabbit livers of different ages. Each point represents

L-Ethionine was utilized at a rate which ranged between 22-35%
of that found when L-methionine was the substrate.
SEX

100

a value for

none or only trace amounts of activity. Similarly a, variety of
mouse neoplasms (lymphatic leukemia P1534, myeloid leukemia
C1498, testicular interstitial cell tumor H10119, adrenal cortical
adenocarcinoma E12529, ovarian granuloma H4929, spindle cell
sarcoma Sal, mammary adenocarcinoma BW10232, and mam
mary adenocarcinoma CaD2 including a hepatic adenocarcinoma
BW7756) had less than 5 units of activity. Two male mice bearing
a purjwrtedly estrogen-secreting granulosa cell tumor for 4 weeks
showed no change in liver S-adenosyltransferase activity. Con
versely 2 female BALB/cJ mice bearing interstitial cell tumors
(at one time shown to be androgen secreting) which had been
present for a 4-week period also showed no change in the Sadenosyltransferase activity of their host livers. Experiments
with livers from partially hepatectomized mice, 6 and 14 days
prior to assay, indicated no change in S-adenosyltransferase ac
tivity in the remaining regenerating lobes, as compared with those
of sham-operated mice.
Trace amounts of activity can be demonstrated by using a
30-50% ammonium sulfate fraction. Thus, 5-gm equivalents of
tissue based on wet weight, per tube instead of the standard
250-mg amount, allows a lower limit of measurement of 0.15
unit/gm of liver, whereas the standard assay has a lower limit of
3.0 units/gm.3 Using this procedure no activity could be demon
strated in the hepatoma indicating that the amount of activity
was less than 0.15 unit. This is in contrast to normal liver which
has an activity of approximately 60 units.
3This is based upon a reading accuracy of 0.01 O.D. between 0.1
and 0.5 O.D.
CANCER RESEARCH

Downloaded from cancerres.aacrjournals.org on May 22, 2018. © 1966 American Association for Cancer Research.

VOL. 26

S-Adenosylmethionine-synthesizing Activity
EFFECTSOFHORMONES
ANDDRUGSONLEVELS-ADENOSYLTRANS-and was induced when the only treatment was the injection of the
FKRASKACTIVITY.
A difference in the amount of enzyme activity
drug.
was found between females of the viable dominant slotting mu
tant IF/IFÂ» on a WB/B6 background as compared with the Discussion
normal (â€¢+-/+)â€¢
Females and males heterozygous for the II" and
Mouse liver contains S-adenosylmethionine-synthesizing
en
H"r genes (W/ + , W'/+) and homozygous males (+/+) all had
zyme
with
the
same
projierties
as
those
first
described
by
Cantoni
similar amounts of S-adenosyltransf erase activities. However,
II"/U"r females which have very few primary egg follicles (6), for pig and rabbit liver. The occurrence of twice the amount of
S-adenosyltransf erase activity in the liver of female as op|x>sed to
which disappear with age, had elevated amounts of enzyme ac
male rat liver has been described by Natori (12). Rabbit liver did
tivity (Table 1). The theca interna cells of ovarian follicles are
not show such a difference. However, 1 strain of mice (BALB/cJ)
believed to be the site for synthesis of estradiol-17/3 from cho
also showed little sex difference in the amount of enzyme activity.
lesterol (16). From these facts, one might expect to find estrogen
No explanation for these findings can be offered at this time.
as a depressant of S-adenosyltransferase. The following experi
The apparent absence of S-adenosyltransferase in hepatoma
ments have indicated that estrogen does depress the amount of
1W7756 is somewhat surprising since the turnover of sRNA is
enzyme activity. Castration in female mice elevated the enzyme
probably as great as in liver. However, the level of labile methyl
activity (Table 2). Testosterone did not depress the enzyme in groups produced by very low levels of S-adenosyltransferase may
castrated female mice, but estrogen did depress the levels of
be adequate for methylation of sRNA. The capacity for Sactivity to within normal limits. No in litro effects of estrogen on
adenosylmethionine formation in liver (in the range of AmÃ³les
/gm
the activity of the enzyme have been demonstrated using mashed,
liver/hr) is large with respect to the amounts of ,S-adenosylhomogenate, or supernatant preparations.
methionine present in liver (nuimoles/gm liver (1)). Other
Control mice anesthetized with sodium ]>entobarbital and methylating reactions also occur, but any "excess" capacity of
sham-operated showed a marked increase in the level of SS-adenosylmethionine formation may function as a reserve for
adenosyltransferase activity within 5 days after the operation.
detoxification processes.
As shown in Table 3 the increase was due to sodium pentobarbital
It appears that estrogen and testosterone (13) decrease Sadenosyltransferase in the female and male res]x>ctively, whereas
TABLE 2
there is an increase in RNA jwlymerase activity with estrogen
HORMONAL
EFFECTSUPONS-ADENOSYLTRANSFERASE
C57HL/6J9 mice were bilaterally oophorectomized and given (18) and testosterone (9). Depression of the levels of enzyme
activity occurred in the mouse and possibly in the rabbit at their
either 0.05 nil sesame oil every 2 days (castrated), 100Mgestradiol17(3in 0.05 ml sesame oil s.c. every 2 days (estrogen treated), or respective times of puberty and again suggests a hormonal con
trol. The lack of enzyme activity in the fetal liver may be related
20jugtestosterone in 0.05 ml sesame oil every 2 days (testosterone
to the maternal supply of S-adenosylmethionine. The continued
treated). Mice were killed after the effect of sodium pentobarbital
had disappeared (see Table 3) between 21 and 42 days postoperrise in the amount of activity immediately after birth might be in
atively.
response to the loss of the maternal source.
The finding of a barbital induced increase in .S-adenosyltransofmice108910Mean
ferase may be explained if an Ar-methylation occurs on the barbi
value>0.10.02<0.05
activity(in
TreatmentCastrate
units)77.185.158.666.1S.E.3.35.12.63.4P" tal ring. The resultant depletion of the cellular "pool" of Sadenosylmethionine might in turn initiate an increase in
steroidCastrate
and no
>S-adenosyltransferase synthesis.
testosteroneCastrate
and
estrogenNontreatedNo.
and
Acknowledgments
" Compared with "castrate and no steroid" group.
TABLE 3
EFFECTOF PENTOBARBITAL
ONS-ADENOSYLTRANSFERASE
ACTIVITY
Twenty-one mice (129/RrJ9) were given 1.5 mg of sodium
pentobarbital and sacrificed at varying time intervals thereafter.
Postinjection time
ofmice334443Mean
(days)0Â«135813No.

" No treatment.

I wish to thank Mrs. P. McFarland for her excellent assistance
in these experiments, and Mr. J. Wyner, a Jackson Laboratory
summer student, for aiding in the hormone and drug experiments.
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