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Multiple Species of Mammalian S-Adenosylmethionine Synthetase. Partial 
Purification and Characterization+ 

Gensaku Okada, Hirobumi Teraoka, and Kinji Tsukada* 

ABSTRACT: Two species of S-adenosylmethionine (S-Ado-Met) 
synthetase (EC 2.5.1.6) exist in rat liver cytosol and a distinct 
species of the enzyme exists in kidney cytosol. S-Ado-Met 
synthetases a and 0 in rat liver cytosol have been partially 
purified about 200- and 80-fold, respectively. The apparent 
molecular weight estimated by gel filtration and the sedi- 
mentation coefficient are 210000 and 9 S for S-Ado-Met 
synthetase CY and 160000 and 5.5 S for S-Ado-Met synthetase 
0. Both enzymes absolutely require Mg2+ and K+ for the 
activity and are completely inhibited by p-(ch1oromercuri)- 
benzoate. Kinetic studies indicate that S-Ado-Met synthetases 
a and 0 exhibit negative cooperativity with low So.5 (ligand 
concentration required for half-maximal velocity) for L- 

S-Adenosylmethionine synthetase [ATP:L-methionine S- 
adenosyltransferase, EC 2.5.1.61 catalyzes the formation of 
S-adenosylmethionine (S- Ado-Met)' which is the methyl donor 
for transmethylation reactions as well as the propylamine- 
group donor in the biosynthesis of polyamines (Lombardini 
& Talalay, 1970; Cantoni, 1975; Raina & Janne, 1975). We 
have been studing the properties of rat S-Ado-Met synthetase 
and the regulation of S-Ado-Met biosynthesis under several 
conditions, including induction of DNA and RNA syntheses. 
S-Ado-Met synthetase from yeast has been purified to ho- 
mogeneity and characterized in detail (Chiang & Cantoni, 
1977). In mammals, however, only the hepatic enzyme has 
been partially purified (Cantoni & Durell, 1957; Pan & 
Tarver, 1967; Lombardini et al., 1970; Liau et al., 1977), and 
little formation is available on precise characteristics of the 
enzyme. Recently, evidence for the existence of two distinct 
species of S-Ado-Met synthetase has been reported in rat liver 
(Liau et al., 1977; Hoffman & Kunz, 1977; Okada et al., 
1979), but the purification of each of the two enzymes in rat 
liver and their kinetic and molecular properties have not yet 
been established. One of the two enzyme species in rat liver 
is strikingly stimulated by Me2S0 at a low concentration (25 
pM) of L-methionine and the other is only slightly activated 
(Hoffman & Kunz, 1977; Okada et al., 1979). The less 
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methionine (17 pM) and ATP (0.5 mM) and positive coop- 
erativity with much higher So,, values (So.s (L-methionine) = 
0.5 mM, S0.5 (ATP) = 2 mM), respectively. The cryopro- 
tectants dimethyl sulfoxide and glycerol markedly lower the 
S0.5 values of S-Ado-Met synthetase 0 without significant 
effect on V,,,. A single species of S-Ado-Met synthetase has 
been purified about 1000-fold from rat kidney cytosol. The 
kidney enzyme, termed S-Ado-Met synthetase y, has an ap- 
parent molecular weight of 190 000 and a sedimentation 
coefficient of 7.5 S and is resistant to the inhibition by p-  
(ch1oromercuri)benzoate. S-Ado-Met synthetase y exhibits 
slightly negative cooperativity with an apparent So.s value for 
L-methionine of 6 pM and for ATP of 70 pM. 

Me2SO-stimulated enzyme and the Me2SO-stimulated enzyme 
were tentatively termed S-Ado-Met synthetases a and 0, re- 
spectively (Okada et al., 1979). In contrast to the rat liver 
enzymes, the enzyme activities in the cytosol from rat brain, 
heart, and kidney are reported to be slightly inhibited by 
MezSO (Hoffman & Kunz, 1977). From kinetic evidence 
using the crude enzyme preparation of rat and human livers, 
Liau et al. (1979a,b) have reported the existence of three 
isozymes of S-Ado-Met synthetase which are termed low-K,, 
intermediate-K,, and high-K, isozymes according to their K, 
values for L-methionine. 

As will be described in this paper, S-Ado-Met synthetase 
activity in crude extracts from various nonheptatic tissues 
examined similarly responded to tripolyphosphate, an inter- 
mediate of the enzyme reaction, as well as to Me2S0. 
Therefore, we compared hepatic S-Ado-Met synthetases a and 
0 with the enzyme from kidney having the highest specific 
activity of the nonhepatic tissues examined. We wish to de- 
scribe some molecular and catalytic properties of S-Ado-Met 
synthetases a and @ in rat liver and of the kidney enzyme, 
tentatively termed S-Ado-Met synthetase y .  

Materials and Methods 
Chemicals. ~ - [ m e t h y l - ~ H ]  Methionine (8.7 Ci/mmol) and 

[2JH]ATP (16 Ci/mmol) were obtained from Radiochemical 
Centre (Amersham, England). Potassium tripolyphosphate, 
spectroquality Me2S0, and poly(ethy1ene glycol) 6000 were 

Abbreviations used: S-Ado-Met, S-adenosylmethionine; Me,SO, 
dimethyl sulfoxide; DTT, dithiothreitol; EDTA, ethylenediaminetetra- 
acetic acid; Tris, tris(hydroxymethy1)aminomethane. 
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and 0.1 mM EDTA for 5 h at 0 OC. The enzyme activity in 
the cytosols was determined in the standard reaction mixture. 

Puripcation Procedures of the Enzyme. All operations were 
carried out at 0-4 "C. Wistar male rats weighing 150-250 
g were used. 

( I )  Purification of Rat Liver Enzymes. The livers removed 
from decapitated rats were homogenized in 4 volumes of 0.25 
M sucrose, and 3.3 mM MgC12 in a glass-Teflon homogenizer. 
The homogenate was centrifuged at 105000g for 1 h. To 100 
mL of the supernatant solution (step 1) was added 31.3 g of 
solid ammonium sulfate, followed by stirring for 30 min. The 
precipitate recovered by centrifugation at 20000g for 30 min 
was dissolved in 10 mL of buffer A containing 75 mM KCl. 
Ammonium sulfate was removed from the solution by gel 
filtration on a Sephadex G-50 column (2.2 X 19 cm) previously 
equilibrated with the same buffer. The enzyme fraction (step 
2, 17 mL) was applied to a DEAE-Sephadex column (1.3 X 
16 cm) previously equilibrated with buffer A containing 75 
mM KCl. The column was washed with 5 column volumes 
of the same buffer, and then the enzyme fraction was eluted 
with a linear KCl gradient (0.0754.25 M) in 100 mL of buffer 
A. Fractions of 2.5 mL were collected. The active fractions 
(34 mL) eluted around 0.16 M KCl were pooled and precip- 
itated with ammonium sulfate fractionation (0-50% satura- 
tion). The resulting precipitate was suspended in a minimal 
volume of buffer A containing 0.1 M KCl and well dissolved 
by dialysis against the same buffer. The enzyme fraction (step 
3, 1.5 mL) was chromatographed on a column (1.75 X 145 
cm) of Sephadex G-150 (void volume: fraction number 93) 
equilibrated with buffer B containing 0.5 M KCl. Fractions 
of 1.35 mL were collected, and fraction numbers 106-1 13 
(S-Ado-Met synthetase a) and 120-1 28 (S-Ado-Met 
synthetase p) were pooled (step 4). The intermediate fractions 
were discarded to avoid possible cross-contamination. Im- 
mediately before the fractions were applied to a hydroxyl- 
apatite column, the pH of both fractions was carefully adjusted 
to 6.3 with a dropwise addition of 0.4 M acetic acid with 
mechanical stirring. Each enzyme solution was applied to a 
column (0.9 X 5.5 cm) of hydroxylapatite previously equili- 
brated with 10 mM potassium phosphate, pH 6.3, 0.2 mM 
DTT, and 20% (v/v) glycerol, and the column was washed 
with 8 mL of the same buffer. The enzyme was eluted with 
pH and concentration gradients of potassium phosphate buffer 
containing 20% (v/v) glycerol and 0.2 mM DTT between 20 
mL of 10 mM potassium phosphate, pH 6.3, and 20 mL of 
30 mM potassium phosphate, pH 8.8. Fractions of 1 mL were 
collected. Each S-Ado-Met synthetase, a and p, was eluted 
at pH 7.2-7.5 and concentrated with the aid of an immersible 
Millipore filter (Amicon Far East) (step 5). 

( 2 )  Purification of Kidney Enzyme. Kidneys were removed 
from decapitated rats and stored at -70 OC for less than 3 
weeks, if necessary. The pooled kidneys (65 g) were homo- 
genized in 4 volumes of 0.25 M sucrose and 3.3 mM MgC12 
in a glass-Teflon homogenizer. The homogenate was cen- 
trifuged at 105000g for 1 h to obtain the supernatant solution 
(step 1, 290 mL). To the solution adjusted to 10 mM po- 
tassium phosphate by the addition of l M potassium phos- 
phate, pH 7.0, was added 300 mL of calcium phosphate gel 
(1 5 mg dry weight/mL) with mechanical stirring. After being 
stirred for 5 min, the mixture was centrifuged at 2000g for 
10 min. The packed gel was washed once with 600 mL of 10 
mM potassium phosphate, pH 7.0, and 0.1 mM EDTA and 
then eluted twice with 300 mL of 0.15 M potassium phosphate, 
pH 7.0, and 0.1 mM EDTA. To the eluate (step 2, 615 mL) 
was added the poly(ethy1ene glycol) solution (50%, w/v) to 

obtained from Nakarai Chemicals (Kyoto, Japan). ATP and 
1 -aminocyclopentanecarboxylic acid (cycloleucine) were from 
Sigma (St. Louis, MO). DEAE-Sephadex A-50, QAE- 
Sephadex A-25, Sephadex G-50, Sepahdex G-150 (superfine), 
and Blue Sepharose CL-6B were products of Pharmacia 
(Uppsala, Sweden), Hydroxylapatite was a product of Seik- 
agaku-kogyo (Tokyo, Japan), Phosphocellulose, DEAE-cel- 
lulose, and cellulose phosphate paper were purchased from 
Whatman (Kent, England). All other reagents were of ana- 
lytical grade. 

Buffers. Buffers A (50 mM Tris-HC1, pH 7.8, 20% (v/v) 
glycerol, 0.2 mM DTT, 0.1 mM EDTA and 10 mM MgClJ, 
B (50 mM potassium phosphate, pH 6.2, 20% (v/v) glycerol, 
1 mM DTT, and 0.1 mM EDTA), and C (20 mM potassium 
phosphate, pH 6.2, 20?? (v/v) glycerol, and 0.1 mM EDTA) 
were used. The pH of the buffers was adjusted at 20-25 OC. 
DTT was added immediately before use from a 0.1 M stock 
solution. 

Enzyme Assay. The activity of S-Ado-Met synthetase was 
determined according to the method of Liau et al. (1977) with 
a slight modification. The standard reaction mixture in a total 
volume of 0.1 mL contained 0.1 M Tris-HC1 (pH 9.0), 20 mM 
MgCl,, 0.15 M KC1, 5 mM DTT, 10 mM ATP (Tris salt), 
25 pM ~-[methyl-~H]methionine (0.25 pCi), and the enzyme. 
The incubation was carried out at 37 OC for 10 min. The 
reaction was terminated by the addition of 20 pL of 2 M 
HC104 and 5 mM L-methionine in an ice bath. The resulting 
precipitate was removed by centrifugation at l00Og for 10 min, 
and a 100-pL portion of the supernatant was spread onto a 
cellulose phosphate paper disk (2.5-cm diameter). The disk 
was dropped into a beaker containing 5 mM potassium 
phosphate buffer (pH 7.0) and extensively washed with the 
same buffer. The washed paper was transferred to a counting 
vial and immersed in 1 mL of 1.5 M NH40H.  The radio- 
activity was measured in a Packard scintillation spectrometer. 
The scintillator solution contained 667 mL of toluene, 333 mL 
of Triton X-100, 4 g of 2,5-diphenyloxazole, and 0.1 g of 
2,2'-p-phenylenebis( 5-phenyloxazole). Radioactivity of blanks 
containing no enzyme was subtracted out. One unit of the 
enzyme was defined as the amount of enzyme that catalyzes 
the formation of 1 nmol of S-Ado-Met/min under the standard 
assay conditions. Under the assay conditions employed, the 
enzyme activity was linear with respect to the incubation time 
and the amount of protein. Reaction velocity (v) was expressed 
as total picomoles of S-Ado-Met formed per minute in the 
reaction mixture. 

Stoichiometry ofthe Enzyme Reaction. The stoichiometric 
relationships between the consumption of ATP and the for- 
mation of S-Ado-Met were determined by using either 0.25 
pCi of [3H]ATP (2.5 nmol) plus 2.5 nmol of L-methionine or 
0.25 pCi of [3H] L-methionine (2.5 nmol) plus 2.5 nmol of 
ATP in the reaction mixture containing 0.03-0.05 unit of the 
enzyme. [3H]ATP was separated from [3H]AMP and 
[3H]ADP by QAE-Sephadex A-25 (formate form) column 
(0.5 X 3 cm). AMP, ADP, and ATP are successively eluted 
from the column with 0.1,0.2, and 0.4 M ammonium formate. 

Preparation of Various Tissue Extracts. Wistar male rats 
(350-g body weight) were killed by decapitation, and the 
tissues examined were removed. The tissues were homogenized 
in 4 volumes of 20 mM Tris-HC1, pH 7.5, 15% (v/v) glycerol, 
10 mM MgClz, 0.5 mM DTT, and 0.1 mM EDTA in a 
glass-Teflon homogenizer at 0 OC. The homogenates were 
centrifuged at 105000g for 1 h at 2 "C. The resulting su- 
pernatant solutions were dialyzed against 20 mM Tris-HC1, 
pH 7.5, 15% (v/v) glycerol, 10 mM MgCl,, 0.5 mM DTT, 



936 B I O C H E M I S T R Y  O K A D A ,  T E R A O K A ,  A N D  T S U K A D A  

a final concentration of 6% (w/v). After being stirred for 30 
min, the solution was centrifuged at l5OOOg for 15 min. The 
resulting supernatant solution was adjusted to pH 5.0 by the 
dropwise addition of 1 M acetic acid. The precipitate obtained 
by a 30-min centrifugation at 15000g was dissolved in a 
minimal volume of 20 mM potassium phosphate, pH 7.0, and 
0.1 mM EDTA. The solution was dialyzed against 500 mL 
of buffer C for 6 h and then centrifuged at 25000g for 15 min 
to remove the precipitate. The clear supernatant solution (step 
3,21 mL) was applied to a phosphocellulose column (2 X 20 
cm) previously equilibrated with buffer C to obtain the 
pass-through fraction (step 4, 34 mL). The enzyme fraction 
was applied to a DEAE-cellulose column (1.3 X 12 cm) 
previously equilibrated with buffer C. The column was washed 
with 4 column volumes of buffer C, and the enzyme fraction 
was eluted with a linear concentration gradient of potassium 
phosphate between buffer C (70 mL) and 0.35 M potassium 
phosphate. pH 7.0, 20% (v/v) glycerol, and 0.1 mM EDTA 
(70 mL). Fractions (3.5 mL) were collected, and the active 
fractions pooled were concentrated with ammonium sulfate 
precipitation (0-50% saturation). The precipitate obtained 
by a 30-min centrifugation at 105000g was dissolved in a 
minimal volume of buffer C and dialyzed against buffer C for 
6 h. The dialyzed fraction was centrifuged at 15000g for 15 
min. The enzyme solution (step 5, 3.6 mL) was applied to 
a Blue Sepharose column (1.2 X 13 cm) previously equilibrated 
with buffer C. The column was washed with 2 column volumes 
of buffer C, and then the enzyme was eluted with a linear KC1 
gradient (0-0.35 M) in 120 mL of buffer C. The fractions 
(3.8 mL) containing the bulk of the enzyme activity were 
combined. The precipitate obtained by the addition of am- 
monium sulfate (50% saturation) was dissolved in a minimal 
volume of buffer B containing 0.5 M KCl for 6 h. A 1-mL 
portion of the dialyzed fraction (step 6, 1.3 mL) was applied 
to a Sephadex G-150 column (0.95 X 130 cm) previously 
equilibrated with buffer B containing 0.5 M KCl. Fractions 
(0.92 mL) were collected, and active fractions were concen- 
trated with the aid of an immersible Millipore filter. The 
solution was dialyzed against buffer C for 4 h to obtain step 
7 enzyme. 

Analytical Gel Filtration. Analytical gel chromatography 
was carried out at 4 O C  on a column of Sephadex G-150 (0.95 
X 130 cm) previously equilibrated with buffer B containing 
0.5 M KC1. The molecular weights of S-Ado-Met synthetase 
a, p, and y were estimated according to the method of An- 
drews (1964). Catalase ( M ,  240 000), lactate dehydrogenase 
( M ,  140 000), and bovine serum albumin (M,  67 000) were 
used as external marker proteins. Blue Dextran was employed 
to determine the void volume. 

Glycerol Density Gradient Centrifugation. S-  Ado-Met 
synthetases a and p from step 5 and y from step 6 were 
dialyzed for 12 h against 100 mL of buffer B containing 5% 
(v/v) glycerol instead of 20%. A 0.1 -mL portion of the enzyme 
solution was layered on a 4.9 mL of 10-30% (v/v) linear 
glycerol gradient in 50 mM potassium phosphate, pH 6.2, 1 
mM DTT, 0.1 mM EDTA, and 0.5 M KCl and centrifuged 
in a Hitachi SW50 rotor at 40000 rpm for 19 h. Bovine serum 
albumin (szo,w = 4.4 S )  and catalase ( s ~ , ~  = 1 1.3 S) were used 
as external marker proteins, and lactate dehydrogenase ( S Z ~ , ~  

= 7 S )  was used as an external and internal marker protein. 
Sedimentation coefficients were calculated as described by the 
method of Martin & Ames (1961). 

Protein Determination. Protein was determined by the 
method of Lowry et al. (1 95 1) or of Bradford (1 976) by using 
crystalline bovine serum albumin as a standard. The protein 

A A 0.4 I 1 
7 I I 

&U 30 40 50 60 
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FIGURE 1: Gel-filtration profiles of S-Ado-Met synthetase in rat liver 
(A) and kidney (B) cytosols. The cytosols of rat liver and kidney were 
prepared as described under Materials and Methods, followed by 
dialysis against buffer A containing 0.1 M KCl for 4 h. A 0.42-mL 
portion of the liver cytosol (0.8 unit) or the kidney cytosol (0.2 unit) 
was chromatographed on a column (0.93 X 110 cm) of Sephadex 
G-150 previously equilibrated with buffer A containing 0.1 M KCl. 
Fractions of 0.92 mL were collected, and the 20-pL aliquots were 
assayed for the enzyme activity with (0) or without (0) 10% (v/v) 
Me2S0 in the standard reaction mixture, except for the use of 0.5 
pCi of ~-[~H]methionine (25 pM). The recovery of the enzyme activity 
was 5045%. The void volume (fraction number 33) of the column 
was determined with Blue Dextran. 

concentration in column fractions was estimated by measuring 
absorbance at 280 nm. 

Results 
S-Ado-Met Synthetase Activity in Various Rat Tissues. 

When S-Ado-Met synthetase in the cytosols from various 
tissues of rat was assayed at 25 pM L-methionine, the specific 
activity of the enzyme (munits/mg of protein) was in the 
following order: liver (75.5); kidney (32.0); bone marrow 
(20.9); thymus (16.2); testis (14.2); small intestine (12.1); 
spleen (1 1.9); brain (10.7); lung (6.3); heart (4.8); skeletal 
muscle (2.5). The enzyme activity in the liver cytosol was 
stimulated 5- to 10-fold by 10% Me2S0 and about 3-fold by 
0.1 5 mM tripolyphosphate whereas the enzyme activity in the 
cytosol of the nonhepatic tissues was inhibited by 10% Me2S0 
(60-80% of control) and by 0.1 5 mM tripolyphosphate 
(65-80% of control). In contrast to the hepatic enzyme ac- 
tivity, the enzyme activity in the nonhepatic tissues was not 
considerably susceptible to the inhibition by p-(chloro- 
mercuri)benzoate (see Table 111). These results suggest that 
the nonhepatic tissues examined predominantly contain the 
enzyme species distinguishable from hepatic S-Ado-Met 
synthetases a and p. When the kidney cytosol was applied 
to a Sephadex G-150 column, a single, symmetrical peak of 
S-Ado-Met synthetase activity was observed between the 
elution position of S-Ado-Met synthetase a, which was less 
activated by Me2S0, and that of S-Ado-Met synthetase 8, 
which was strikingly activated by Me2S0 (Figure 1). We 
therefore intended to purify the kidney enzyme, termed S- 
Ado-Met synthetase y, as well as liver S-Ado-Met synthetases 
a and 0. 

The same results as stated above were obtained by using 
fresh crude extracts from rat tissues without dialysis. When 
partially purified S-Ado-Met synthetase a (step 4, Table I) 
was incubated in the fresh liver extract for 1 h at 0 OC, the 
activities in the mixture, which were determined in the presence 
and absence of 10% MezSO, were nearly equal to the additive 
values of the activities in the partially purified enzyme and 



M U L T I P L E  S P E C I E S  O F  S - A D O - M E T  S Y N T H E T A S E  V O L .  2 0 ,  N O .  4 ,  1 9 8 1  937 

Table 1: Summary of Purification of S-Ado-Met Synthetases CY and p from Rat Livera 

step 

(1) crude extract 
(2) ammonium sulfate fractionation 
(3)  DEAE-Sephadex column 
(4) Sephadex G-150 column 

S-Ado-Met synthetase CY 

S-Ado-Met synthetase p 

S-Ado-Met synthetase CY 

S-Ado-Met synthetase p 

(5) hydroxylapatite column 

total specific 
activity activity yield purification 
(units) (units/mg) (%I (n-fold) 

2054 
870 

84 

12.4 
11.2 

2.4 
3.0 

142 0.07 100 1 
136 0.16 96 2.2 
100 1.19 70 17.2 

20 1.63 14 (46.5) 
14 1.26 10 (36.0) 

18 7.5 5 (214) 
9 3.0 2 (86) 

a The enzyme activity was determined as described under Materials and Methods. Values in parentheses were obtained by assuming that 
the activity of S-Ado-Met synthetase CY was equal to that of S-Ado-Met synthetase p in step 1 under the standard assay conditions (see Figure 
1). 

Table 11: Summary of Purification of S-Ado-Met Synthetase 7 from Rat Kidneya 

total specific 
protein activity activity yield purification 

step (mg) (units) (units/mg) (%I (n-fold) 

(1) crude extract 3349 143 0.04 100 1 
(2) calcium phosphate gel 1021 130 0.12 90 3 
(3) poly(ethy1ene glycol) 360 132 0.36 92 8 
(4) phosphocellulose column 244 113 0.46 I9 18 
(5) DEAE-cellulose column 29.5 68.4 2.31 48 55 
(6) Blue Sepharose column 1.3 35.6 27.4 25 658 
(7) Sephadex G-150 column 0.2 7.8 39.0 5.4 975 

The enzyme activity was determined as described under Materials and Methods. 

in the crude extract. This suggests that S-Ado-Met synthetase 
j3 is not derived from S-Ado-Met synthetase a by partial 
proteolysis during the preparation of the crude extract from 
liver. Similarly, the partially purified S-Ado-Met synthetase 
a was not converted to S-Ado-Met synthetase y, which was 
assayed in the presence of 0.5 mM p(chloromercuri)benzoate, 
in the fresh crude extract from kidney. It seems likely that 
liver S-Ado-Met synthetases (Y and ,!I and kidney S-Ado-Met 
synthetase y exist in vivo. 

Enzyme Purification. The results of a typical purification 
of S-Ado-Met synthetases (Y and ,!I are summarized in Table 
I. Both S-Ado-Met synthetases a and j3 bound to DEAE- 
Sephadex at pH 7.8 were eluted at about 0.16 M KCl. The 
two enzyme species were separated by Sephdex G-150 column 
chromatography (cf. Figure 1). The overall purification was 
about 200-fold for S-Ado-Met synthetase a and about 80-fold 
for S-Ado-Met synthetase 0. The partially purified liver en- 
zymes (steps 4 and 5 )  were stable in buffer A containing 0.1 
M KCl at 0 OC for at least a month. In the absence of glycerol 
and DTT, S-Ado-Met synthetases a and j3 were spontaneously 
inactivated during the purification procedures and the storage 
at 0 OC. 

As shown in Table 11, S-Ado-Met synthetase y was purified 
about 1000-fold with a yield of 5.4% from kidney cytosol. The 
kidney enzyme (step 7) was spontaneously inactivated within 
a week, even in the presence of glycerol and DTT. Therefore, 
the enzyme preparation of step 6 was used for the following 
experiments unless otherwise noted. 

More than 90% of [3H]ATP consumed was converted to 
13H]-S-Ado-Met in the reactions of the partially purified 
enzymes from rat liver (steps 4 and 5 )  and from kidney (steps 
6 and 7), and nearly equal amounts of [3H]-S-Ado-Met were 
obtained by using ~-[~H]methionine instead of [3H]ATP. 
Since stoichiometric relationships between the consumption 
of ATP and the formation of S-Ado-Met in the reactions of 
the partially purified enzymes were observed, these enzyme 

Table 111: Catalytic Properties of S-Ado-Met Synthetases from 
Rat Liver and Kidney 

relative activity of 
S-Ado-Met synthetase 

(% of control) 

assay conditionsa f f P  Y 

control system 100 100 100 
- MgZ+ 1 1 1  
-K+ 3 1 1  
- DTT 35 30 97 

6 I8 -DTT, + pC1-HgBzO-b (0.5 mM) 
+Me,SO (10% v/v) 130 1700 86 
+glycerol (20% v/v) 250 610 18  
+tripolyphosphate (0.15 mM) 70 493 75 
+tripolyphosphate (1 mM) 23 171  32 
+cycloleucinec (0.1 mM) 83 126 92 
+cycloleucinec (1 mM) 36 72 48 

S-Ado-Met synthetase activity was determined as described 

3 

under Materials and Methods. The enzyme activities in the con- 
trol system for liver S-Ado-Met synthetases a and p (step 5)  and 
kidney S-Ado-Met synthetase Y (step 6) were 4, 5, and 6.5 pmol/ 
min, respectively. p-(Chloromercuri)benoate. The reaction 
was carried out at pH 8.0 instead of pH 9.0. 

preparations seem to be freed from interfering enzymes, such 
as ATPase. 

General Properties. The pH optima for the activity of 
S-Ado-Met synthetases a, 8, and y were broad between pH 
7.5 and 9.5. The enzyme activity at pH 7.5 and 9.5 was about 
70-80% of the maximal activity. The liver enzymes and the 
kidney enzyme absolutely required Mg2+ and K+ for the ac- 
tivity (Table 111), as shown in the yeast enzyme (Mudd & 
Cantoni, 1958). Mg2+ and K+ were not replaced by Mn2+ and 
Na+, respectively. S-Ado-Met synthetases a and j3 required 
DTT for the activity and were completely inhibited by p- 
(ch1oromercuri)benzoate (Table 111), indicating that SH 
groups are essential for the enzyme activity. In contrast, the 
kidney enzyme, S-Ado-Met synthetase y, showed full activity 
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FIGURE 2: Double-reciprocal plots of the reaction velocity as a function 
of L-methionine concentration for S-Ado-Met synthetases a (A), B 
(B), and y (C). The reaction velocity ( u )  was determined as described 
under Materials and Methods with (0) or without (0) 10% (v/v) 
Me,SO, except that the reaction mixture contained the following 
concentrations of L - [ ~ H ]  methionine (40 Ci/mol): 0.5 pM-0.5 mM 
for S-Ado-Met synthetase a; 2.5 pM-2 mM for S-Ado-Met synthetase 
p; 0.25 pM-0.5 mM for S-Ado-Met synthetase y. The apparent So,5 
value was estimated as the ligand concentration giving half V,,, 
determined graphically by using the double-reciprocal plots. 

even in the absence of DTT and was slightly inhibited by 
p(ch1oromercuri) benzoate. 

Influence of Effectors. By the addition of 10% Me2S0 to 
the standard reaction mixture containing 25 pM L-methionine, 
S-Ado-Met synthetases a and 6 were activated by 1.3- and 
by 17-fold, respectively (Table 111). The stimulation ratio with 
respect to S-Ado-Met synthetase p was decreased with an 
increasing concentration of L-methionine (see Figure 2B). As 
in the case of Me2S0, another cryoprotectant glycerol (20%, 
V/V) similarly affected the activity of S- Ado-Met synthetases 
a and f l .  The optimal concentration for the stimulation of 
S-Ado-Met synthetase /3 was 10-15% for Me2S0 and about 
20% for glycerol, and at their higher concentrations, the 
stimulation was gradually decreased. Even in the presence 
of either 10% Me2S0 or 20% glycerol, the enzyme reaction 
proceeded linearly within at least 15 min. The kidney enzyme 
was slightly inhibited by MezSO and was susceptible to the 
inhibition by glycerol (Table 111). 

Tripolyphosphate is a powerful inhibitor of S-Ado-Met 
synthetase (Greene, 1969; Chou & Talalay, 1972; Lombardini 
et al., 1973; Liau et al., 1977), which is competitive with ATP. 
Table I11 shows the contrasting resonses of S-Ado-Met 
synthetases a and p to tripolyphosphate. At 25 pM L- 
methionine, S-Ado-Met synthetase was gradually activated 
up to 5-fold with an increasing concentration of tripoly- 
phosphate (0.01-0.2 mM) and inhibited at a higher concen- 
tration than 0.2 mM with an apparent Io.? value of about 0.4 
mM. In the presence of 2.5 mM L-methionine, the inhibitory 
effect on S-Ado-Met synthetase a as well as the stimulatory 
effect on S-Ado-Met synthetase fl tends to diminish. Lom- 
bardini et al. (1973) previously demonstrated that the partially 
purified enzyme from rat liver, which is presumed to contain 
S-Ado-Met synthetases a and p, was activated 2.5-fold by 
about 0.2 mM tripolyphosphate and was inhibited by the 
higher concentrations. The dual effect of tripolyphosphate was 
dependent on the concentration of L-methionine. 

When assayed at 25 p M  L-methionine, S-Ado-Met 
synthetase p was stimulated 1.3-fold by 0.1 mM cycloleucine, 

FIGURE 3:  Doublereciprocal plots of the reaction velocity as a function 
of ATP concentration for S-Ado-Met synthetases a (A), 8 (B), and 
y (C). The reaction velocity ( u )  was determined as described under 
Materials and Methods with (0) or without (0) 10% (v/v) Me2S0, 
except that the reaction mixture contained 0.25 mM L- [3H]methionine 
(2 pCi) and 5 pM-2.5 mM ATP for S-Ado-Met synthetases a and 
y and 1.5 mM ~-[~H]methionine (2 pCi) and 20 pM-10 mM ATP 
for S-Ado-Met synthetase p. The apparent So.s value was estimated 
as in the legend of Figure 2. 

a nonsubstrate analogue of L-methionine, and was inhibited 
by the higher concentrations with an apparent Z0,5 value of 1 
mM (see Table 111). The stimulatory effect tends to diminish 
in the presence of 2.5 mM L-methionine. The dual effect of 
L-methionine analogues including cycloleucine was also ob- 
served by using the partially purified enzyme from rat liver 
(Lombardini et al., 1973). S-Ado-Met synthetase a was in- 
variably inhibited by cycloleucine with an apparent value 
of 0.6 mM. S-Ado-Met synthetase y was susceptible to the 
inhibition by tripolyphosphate and cycloleucine as in the case 
of S-Ado-Met synthetase a (Table 111). 

Kinetic Properties. Plots of reciprocal reaction velocities 
of S-Ado-Met synthetase against reciprocal concentrations of 
one of the two substrates, L-methionine and ATP, are shown 
in Figures 2 and 3. As for S-Ado-Met synthetase a, the 
double-reciprocal plots exhibited slightly negative wperativity, 
yielding an apparent S0.53 value of 17 pM for L-methionine 
(Figure 2A) and 0.5 mM for ATP (Figure 3A). Hill coef- 
ficients obtained were 0.6 for L-methionine and 0.8 for ATP. 
Similar negative wperativity with respect to substrates is also 
observed in the case of yeast S-Ado-Met synthetases I and I1 
(Chiang & Cantoni, 1977). Kinetic patterns of S-Ado-Met 
synthetase 6 showed positive cooperativity, yielding an ap- 
parent So,s value of 0.5 mM for L-methionine (Figure 2B) and 
2 mM for ATP (Figure 3B). Hill coefficients obtained were 
1.6 for L-methionine and 1.8 for ATP. Me2S0 markedly 
lowered the So.s value of S-Ado-Met synthetase /3 for L- 
methionine to 50 pM and the value for ATP to 0.5 mM 
without significant effect on V,,,. The Hill coefficient was 
decreased to 1.1 for L-methionine and to 1.2 for ATP by 
Me2S0. In contrast, neither the V,,, the So.s value, nor the 
Hill coefficient of S-Ado-Met synthetase a for substrates was 
significantly affected by Me2S0 (data not shown). Similar 
results were obtained with 20% glycerol instead of MezSO 
(data not shown). Kinetic patterns of S-Ado-Met synthetase 
y were similar to those of S-Ado-Met synthetase cy. The 
apparent S0.5 values for L-methionine and ATP were 6 and 
70 pM, respectively (Figures 2C and 3C). Hill coefficients 

~ ~ ~~ ~~ ~ ~~ 

The notation was defined as a ligand concentration required for 50% 
inhibition of maximal activity. 

The notation was defined as a ligand concentration required for 
half-maximal velocity. 
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erativity with respect to Mg2+ in the presence of 10 mM ATP 
(Figure 5B). MQSO lowered the apparent So.5 value of 7 mM 
to about 2 mM along with the disappearance of the markedly 
positive cooperativity. Nearly identical results were obtained 
by using constant Mg2+/ATP ratios of 1 .O and 1.5. Therefore, 
the markedly positive cooperativity is not due to the inhibition 
by excess ATP over Mg2+ concentration at low concentrations 
of Mg2+ but is due to the enhancement of the positive coop- 
erativity, which is characteristic of S-Ado-Met synthetase /3 
(see Figures 2B, 3B, and 4B), by requirement of excess Mg2+ 
over the ATP concentration for the maximal activity. 

Molecular Properties. On the basis of gel filtration on a 
Sephadex G- 150 column, the apparent molecular weight was 
estimated to be 210000 for S-Ado-Met synthetase a and 
160 000 for S-Ado-Met synthetase 0. The kidney enzyme has 
an apparent molecular weight of 190000. On the basis of 
glycerol gradient centrifugation, sedimentation coefficients of 
S-Ado-Met synthetases a and 0 were estimated to be 9 and 
5.5 S, respectively. The kidney enzyme has a sedimentation 
coefficient of 7.5 S .  Both enzymes of liver were eluted from 
a DEAE-Sephadex column by the similar concentration of KCl 
(-0.16 M), suggesting that their charge properties are 
probably identical. 

Discussion 
Our present results indicate that two distinct species of 

S-Ado-Met synthetases a and 0 in rat liver cytosol and a single 
species of the enzyme in kidney cytosol are partially purified 
and that these three species of the enzyme are markedly 
different from one another in molecular and catalytic prop- 
erties. S-Ado-Met synthetases a ( M ,  210000, s20,w = 9 s) 
and /3 (M, 160000, szo,w = 5.5 S )  exhibit negative cooperativity 
with low S0.5 values for the substrates and K+ and positive 
cooperativity with high S0.5 values, respectively. S-Ado-Met 
synthetase y from kidney ( M ,  190000, s20,w = 7.5 S) shows 
kinetic patterns similar to those of S-Ado-Met synthetase a. 
In contrast to the liver enzymes, the kidney enzyme is resistant 
to the inhibition by p-(ch1oromercuri)benzoate. Two iso- 
functional forms of S-Ado-Met synthetase have been purified 
to homogeneity from bakers' yeast, whose properties are not 
markedly different from each other (Chiang & Cantoni, 1977). 
Our preliminary experiment indicates that the enzyme activity 
in the extract from bakers' yeast is not stimulated by Me2S0 
(10% v/v). S-Ado-Met synthetase from mammalian livers 
has been shown to exhibit abnormal kinetics (Lombardini et 
al., 1973; Finkelstein et al., 1975; Liau et al., 1977) and un- 
usual responses to tripolyphosphate and cycloleucine (Lom- 
bardini et al., 1973). Now, these phenomena are understood 
to be due to the presence of S-Ado-Met synthetase 0 in the 
enzyme preparation. 

Chromatographic and kinetic studies by Liau et al. (1977) 
have shown that Novikoff ascites hepatoma cells contain a 
single form of S-Ado-Met synthetase and that normal liver 
contains two forms of the enzyme. Recently, they have re- 
ported the existence of three isozymes of the enzyme in adult 
rat and human livers, which are termed low-K, (3-4 pM), 
intermediate-K, (17-24 pM), and high-K, (0.6-1 mM) iso- 
zymes according to their K, values for L-methionine (Liau et 
al., 1979a,b). These isozymes were kinetically detected by 
using the enzyme preparation obtained from one-step puri- 
fication on DEAE-cellulose chromatography. It seems likely 
that the high-K, isozyme corresponds to S-Ado-Met synthe- 
tase 0 with an apparent So, value for L-methionine of 0.5 mM. 
The low-K, and intermediate-K, isozymes may be intrinsic 
kinetic forms of S-Ado-Met synthetase a but not two distinct 
molecular species, for S-Ado-Met synthetase y and yeast 
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FIGURE 4: Double-reciprocal plots of the reaction velocity as a function 
of K+ concentration for S-Ado-Met synthetases a (A), 0 (B), and 
y (C). The reaction velocity (u) and So,s values were determined as 
in the legend of Figure 3 except for the use of 10 mM ATP and 
0.3-200 mM KC1. 

FIGURE 5 :  Double-reciprocal plots of the reaction velocity as a function 
of Mg2+ concentration for S-Ado-Met synthetases a (A), 0 (B), and 
y (C). The reaction velocity and So,5 values were determined as in 
the legend of Figure 3 except for the use of 10 mM ATP and the 
following concentrations of MgC12: 2-30 mM for S-Ado-Met 
synthetases cy and y; 1-30 mM for S-Ado-Met synthetase 0. 

obtained were 0.4 for L-methionine and 0.7 for ATP. 
Plots of reciprocal reaction velocities of S-Ado-Met 

synthetases a, 0, and y against reciprocal concentrations of 
K+ exhibited abnormal kinetic patterns as in the case of the 
substrates (Figure 4). The S0.5 value for K+ was 5 mM for 
S-Ado-Met synthetase a, 8 mM for 0, and 2 mM €or y. Hill 
coefficients of S-Ado-Met synthetases a, 0, and y were 0.7, 
1.6, and 0.7, respectively. Me2S0 (10%) lowered the So.5 value 
for K+ of S-Ado-Met synthetase 0 to 2 mM and the Hill 
coefficient to 1.0. 

Slightly positive cooperativity with respect to Mg2+ and the 
slight inhibition at the higher concentration were observed in 
the case of S-Ado-Met synthetases a and y (Figure 5A,C). 
An apparent S0.5 value for Mg2+ was about 6 mM for S- 
Ado-Met synthetase a and about 5 mM for S-Ado-Met 
synthetase y. This positive cooperativity, in contrast to the 
negative cooperativity with respect to L-methionine, ATP, and 
K+, may reflect the requirement of excess Mg2+ over the ATP 
concentration for the optimal activity. Yeast S-Ado-Met 
synthetase exhibiting similar kinetic patterns with respect to 
Mg2+ requires an excess of 5 mM Mg2+ over the ATP con- 
centration for the optimal activity at pH 9 (Greene, 1969). 
S-Ado-Met synthetase p exhibited a markedly positive coop- 
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S-Ado-Met synthetases I and 11, as well as S-Ado-Met 
synthetase a, show negative cooperativity with respect to the 
substrates, from which apparently two K,  values could be 
obtained. As estimated from Figure 2A, S-Ado-Met 
synthetase a has two intrinsic K,  values for L-methionine of 
about 2 and 20 pM. 

Yoshida ascites hepatoma AH 130, Morris hepatoma 7316A 
(Okada et al., 1979), and Novikoff hepatoma (Liau et al., 
1977, 1979a) contain a single form of S-Ado-Met synthetase 
which may be similar to kidney S-Ado-Met synthetase y rather 
than hepatic S-Ado-Met synthetase a with respect to apparent 
molecular weight and sensitivities to SH-blocking reagents. 
As described previously (Okada et al., 1979), rat liver of 
precancerous states induced by thioacetamide contains half 
of S-Ado-Met synthetase 0 relative to CY. Furthermore, Morris 
hepatoma 7794A (Okada et al., 1979) and hepatoma induced 
by 2-(acetylamino)fluorene (Tsukada & Okada, 1980) contain 
a decreased amount of S-Ado-Met synthetase 0 and kidney- 
type enzyme, probably S-Ado-Met synthetase y, instead of 
liver S-Ado-Met synthetase a. Therefore, we suggest that 
S-Ado-Met synthetases a and 0 disappear during liver car- 
cinogenesis along with the appearance of S-Ado-Met 
synthetase y. It is worth noting that the kidney-type enzyme 
also exists in  fetal liver as a predominant species (Okada et 
al., 1980). 

We are interested in the physiological importance and 
regulation of S-Ado-Met synthetases a and /3 in relation to 
hepatic functions. Our preliminary observation indicates that 
both enzymes are localized almost all in liver cytosol and the 
activity is negligible in particulate fractions including nuclei. 
On the basis of chromatography of the liver cytosol (see Figure 
l ) ,  the activity ratio of S-Ado-Met synthetase /3 to a can be 
estimated to be 1 .O at 25 pM L-methionine. When assayed 
at 25 pM L-methionine in the presence of 10% Me2S0, the 
activity of S-Ado-Met synthetase 0 is mainly measured in the 
liver cytosol (see Figure 1 ) .  In the assay conditions with and 
without 10% Me2S0, we have estimated the level of liver 
S-Ado-Met synthetases a and /3 under several physiological 
conditions including partial hepatectomy (Okada et al., 1979), 
nutritional changes, and hydrocrotisone injections. The level 
of the enzyme activity was not significantly changed under 
these conditions. MezSO and glycerol markedly stimulate 
S-Ado-Met synthetase /3 activity at the suboptimal concen- 
trations of ligands by increasing the affinity of the enzyme for 
the ligands. These cryoprotectants have been reported to 
exhibit stimulatory effects on several enzyme systems, such 
as glutamine-dependent carbamoyl-phosphate synthetase 
(Ishida et al., 1977) and pyruvate kinase (Ruwart & Suelter, 
1971). These two enzymes are regulated by allosteric acti- 
vators in their reactions. The concentration of L-methionine 
in rat liver cells is estimated to be within a range of 50-120 
pM from the data of Sturman et al. (1969) and Adibi et al. 
(1973), which is much lower than the apparent So.s value of 
S-Ado-Met synthetase fl  and higher than the apparent So.s 
value of S-Ado-Met synthetase a. Therefore, we cannot rule 
out the possibility that S-Ado-Met synthetase fl  is regulated 
by an unknown, physiological, allosteric activator increasing 
the affinity of the enzyme for L-methionine. 


