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Purification and Characterization of S-adenosylmethionine
Synthetase from Soybean (Glycine max) Axes
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Abstract : S-adenosylmethionine (SAM) synthetase was purified to homogeneity from soybean (Glycine max)
axes. The enzyme was purified 216-fold with a 1.5% yield by ammonium sulfate fractionation, acetone
fractionation, ion exchange chromatography with DEAE-sephacel, gel filtration with Sephacryl S-300, and .
afffinity chromatography with ATP-agarose. The enzyme activity reached a maximum 3 days after germina-
tion. SAM synthetase had a subunit molecular weight of 57,000 daltons from a silver stained single band
on SDS-PAGE. The molecular weight of the enzyme was 110,000 daltons from Sephacryl S-300 gel filtra-
tion. The enzyme was composed of two identical subunits. The K,, values of the enzyme for L-methionine
and ATP were 1.81 and 153 mM, respectively. The enzymatic activity was not affected by polyamines,
agmatine, or SAM analogues, but was inhibited by SAM. The inhibition pattern was showed non-competitive
for L-methionine and uncompetitive for ATP. The activity of SAM synthetase was inhibited by thiol-blocking
reagents. The enzyme was induced by treatment with 1073 M putrescine at germination. Experimental data
revealed a possible novel regulation mechanism of polyamine biosynthesis through several endogenous inter-
mediates.
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S-adenosylmethionine (SAM) has been known to
occupy a central metabolic position in both eukaryotes
and prokaryotes since it serves as the major methyl
group donor in the transmethylation reaction involved
in the synthesis of numerous secondary metabolites
(Tabor and Tabor 1984). Furthermore, SAM is involved
in polyamine biosynthesis as an aminopropyl group
donor following conversion of SAM to decarboxylated
SAM (dcSAM) by the action of SAM decarboxylase
(SAMDC), and in the ethylene biosynthesis of higher
plants (Adams and Yang 1977; Yang and Hoffman
1984; Adams and Yang 1979). Methylthioadenosine
(MTA) is formed from dcSAM after donation of an
aminopropyl group to putrescine (Put) or spermidine
(Spd). The formation of SAM is catalyzed by S-adenosyl-
methionine synthetase (ATP :L-methionine S-adenosyl
transferease, EC 2.8.1.5), with ATP and methionine in
the presence of Mg?* and K™.

This enzyme has been studied extensively in bacteria,
yeast, and mammals, and purified from yeast, rat liver,
rat kidney, bovine brain, human lymphocytes, and E.
coli (Cantoni 1953; Mudd and Cantoni 1958; Chiang
and Cantoni 1977; Cherest et al, 1978; Thomas et
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al, 1987; Markham et al, 1980; Okada et al., 1981,
Suma et al., 1986; Mitsui et al., 1988; Cabrero et al.,
1987; Abe et al, 1980). Two multiple forms of SAM
synthetase, a and B (mol. wt. 100,000 and 200,000
daltons) have been reported from rat liver. The cDNA
clones of SAM synthetase have been prepared from
rat liver tissue. The rat liver SAM synthetase gene exhi-
bited 68% homology with the yeast enzyme gene and
52% similarity with the Met K gene of E. coli. However,
no attempt has been made to purify SAM synthetase
from higher plants and, consequently, there have been
no reports on its molecular weight, subunit structure
and kinetic properties. Recently, there has been one
report on purification of this enzyme from germinated
wheat embryos (Mathur et al, 1991). Two isozymes
of SAM synthetase were separated by DEAE cellulose
chromatography from yeast cells. The expression of the
two genes of this enzyme (SAM I and SAM II) showed
a differential regulatory response to methionine. Except
for the limited information on the wheat germ enzyme,
virtually nothing is known about the regulation of SAM
synthetase in plant systems. '
A possible scheme for regulation of SAMDC by ag-
matine (Agm), Spd and spermine (Spm) in soybean
has been proposed with the suggestion that such inhi-
bition might control polyamine biosynthesis through re-
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ducing the concentration of dcSAM (Yang and Cho
1991). To make this regulation scheme of SAMDC
biochemically meaningful it is essential to know if he
level of the substrate, SAM, can be controlled by any
endogeneous metabolites. In connection with this pro-
posed scheme (Yang and Cho 1991), a biochemically
relevant mode! for study of the regulation of SAM bio-
synthesis by Put, SAM, and MTA is described herein.
Additionally, the properties of soybean SAM synthetase
are described. The data presented here shows for the
first time the inducer of SAM synthetase and that SAM
and MTA are inhibitors of SAM synthetase in plant
systems. This suggests that the SAM concentration can
be effectively regulated by these inhibitors and, in tumn,
polyamine biosynthesis can also be regulated through
SAM synthetase and SAMDC activities.

Materials and Methods

Chemicals

L-[1-1*C]Methionine was supplied by Amersham In-
ternational (Bucks, UK). L-methionine, ATP, putrescine,
spermidine, spermine, Tris-Cl, bovine serum albumin,
blue dextran, Coomassie R-250, and ATP-agarose were
purchased from Sigma Chemical Co. (St Louis, USA).
Sephacryl S-300 was purchased from Phamarcia (Uppsala,
Sweden). DEAE-Sephacel was obtained from Bio-Rad
(Richmond, USA). Phosphocellulose (P-81) was sup-
plied by Whatman (Kent, UK). All other chemicals were
of the purest available commercial grade.

Plant materials

Soybean seeds (Glycine max) were grown at 25°C
in the dark and harvested as described by Kang and
Cho (1990).

SAM synthetase assay

SAM synthetase activity was assayed at 30°C by a
modification of the method of Geller et al. (1986). An
assay mixture containing 100 mM Tris-Cl (pH 8.0), 100
mM KCl, 20 mM MgCl;, 10 mM ATP, 2 mM methio-
nine, 0.05 pCi L-[1-1*C] methionine, and enzyme solu-
tion in a total volume of 40 ul was placed in an eppen-
dorf tube. After 1 h incubation the reaction was stop-
ped by adding 40 ul of 0.5 M HCIO, and the reaction
mixture was spotted on P-81 phosphocellulose paper
(1.5X1.5 cm). The paper was then dried for 1 h under
a hood. The paper was washed with 5 mM potassium
phosphate buffer (pH 7.0), 50 ml per disk three times
to remove unincorporated L-[1-'*C] methionine, then
washed with 200 ml of ethanol and 100 ml of ether.
After further drying the paper was transferred to vials
containing 10 ml of scintillation fluid (PPO 4.0 g, PO-

POP 0.1 g, 1000 ml of toluene), and was counted.
One unit of enzyme activity was defined as the amount
of enzyme catalyzing the formation of 1 nmol of SAM
per 1 h. Specific activity was expressed as units/mg
protein. SAM synthetase activity was a linear function
of both incubation time and concentration of substrates
under these conditions.

Tripolyphosphatase assay

Phosphate was assayed by a modification of the
method of Heinonen and Lahti (1981). A 0.2 ml sample
containing 5~40 nmol of phosphate was mixed with
0.8 ml of freshly prepared acid-acetone-molybdate so-
lution [5 N HzSOs/acetone/10 mM ammonium molyb-
date (1/2/1)] followed by addition of 0.08 ml of 1.0
M citric acid. The absorbance at 335 nm was immedi-
ately measured. The pyrophosphate amount was deter-
mined by an adaption of the method of Heinonen et
al. (1981). A sample containing 2~20 nmol of pyro-
phosphate in 0.1 ml was mixed with 0.3 ml of 0.67
N H,SO; Additionally, 0.2 ml of a freshly prepared
mixtutre of 40 mM ammonium molybdate/5 N HzSO,
/triehylamine (80/20/1) was added to a 1.5 ml plastic
Eppendorf tube and allowed to stand at 22°C for 20
min before being centrifuged for 30s at 12,800Xg in
a microcentrifuge. The supernatant was transferred to
another tube and mixed with 0.1 ml of 1 N HySO,
and 0.03 ml of 1 M B-mercaptoethanol. After 20 min
the absorbance at 700 nm was measured.

Enzyme purification

Three day old-soybean axes (200 g) were blended
in a chilled electric mixer with 250 ml of 50 mM Tris-
HCI (pH 8.0), containing 10% (w/v) glycerol, 15 mM
B-mercaptoethanol and 1 mM EDTA (buffer A). The
homogenate was filtered through four layers of gauze
and clarified by centrifugation (13,000Xg, 30 min),
The supernatant was adjusted to 60% saturation with
solid (NH4)2SO, and stirred at 4°C for 5 h. The solution
was centrifuged and the pellet was discarded. The
supernatant was brought to 70% saturation with solid
{NH4)2SO4 and treated as above, except that the pellet
was retained. The pellet was resuspended in 10 ml
of buffer A, The suspension was brought to 40% satu-
ration with precooled (—20°C) acetone and stirred for
10 min. After centrifugation at 5,000Xg for 10 min,
the resulting supernatant was brought to 80% satura-
tion with additional precooled acetone and stirred for
10 min. Following centrifugation at 5,000Xg for 10
min, the pellet was resuspended in buffer A. This solu-
tion was dialyzed against buffer A. After centrifugation
(13,000Xg, 10 min), the supernatant was applied to
a DEAE-Sephacel column (2.8 X5 cm) previously equili-
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brated with buffer A. The column was washed with
50 mM Tris-HCl (pH 8.0), containing 50 mM KCl, 10%
(w/v) glycerol, 15 mM B-mercaptoethanol and 1 mM
EDTA (buffer B). Elution of the enzyme was achieved
with 300 ml of a linear gradient of 0.05 M to 0.3
M KCI made up in buffer A. The flow rate was 30
ml per hour. Active fractions were pooled, concentrated
by ultrafiltration (Amicon’s stirred cell 8050 with YM-
10 membrane), and dialyzed with 50 mM Tris-HCI (pH
8.0), containing 10% (w/v} glycerol, 0.1 M KCl, 15 mM
B-mercaptoethanol, and 1 mM EDTA (buffer C). The
dialyzed enzyme was applied to a Sephacryl S-300
column {1.3X150 cm) which had been pre-equilibrated
with buffer C. The flow rate was 15 ml per hour. Active
fractions from Sephacryl S-300 filtration were pooled
and dialyzed with 50 mM Tris-HCI (pH 8.0), containing
10% (w/v) glycerol, 10 mM MgCly, 15 mM B-mercapto-
ethanol, and 1 mM EDTA (buffer D). The enzyme
was applied to a ATP-agarose column which had been
pre-equilibrated with buffer D. The column was washed
with buffer D, then washed with the same buffer con-
taining 4 mM ATP. The enzyme was eluted with the
same buffer containing 8 mM ATP. The flow rate was
10 ml per hour. Active fractions were pooled and dia-
lyzed against buffer A. All steps of this procedure were
carried out at 4°C except for acetone fractionation,
which was performed at —5°C.

Substrate specificity

Several ATP analogues were used to determine the
substrate specificity for the SAM synthetase of Glycine
max. Each ATP analogue was added to a reaction mix-
ture instead of ATP. The final volume was fixed at
100 ml. After pre'incubation for 10 min at 37°C, the
reaction was started. Subsequently, the relative Vmax
value was calculated,

Protein determination

Protein concentrations were determined by the meth-
od of Lowry et al. (1951) with bovine serum albumin as
the standard protein.

Polyacrylamide gel electrophoresis

SDS gel (12.8%) electrophoresis was performed as
described by Laemmli (1970). Visulalization of proteins
on gel was accomplished by the silver staining method
(Merril et al, 1981). Samples were treated as described
by Kang and Cho (1990).

Determination of molecular weight

The native molecular weight of purified soybean
SAM synthetase was estimated by gel filtration through
a Sephacryl S-300 column (1.3X150 cm) according
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to the method of Andrews (1964). The flow rate was
10ml per hour. Blue dextran was used to measure the
void volume. The column was calibrated with thyroglo-
bulin (670,000 daltons), Y-globulin (158,000 daltons),
ovalbumin (44,000 daltons), myoglobin (17,000 dal-
tons) and vitamin B-12 (1,350 daltons) as markers of
known molecular weight. The subunit molecular weight
of purified soybean SAM synthetase was determined
by 12% SDS-PAGE with phosphorylase B (97,400 dal-
tons), bovine serum albumin (66,200 daltons), ovalbu-
min (45,000 daltons), carbonic anhydrase (31,000 dal-
tons), and trypsin inhibitor {21,500 daltons) serving as
molecular weight standard markers.

Results and Discussion

Change in SAM synthetase activity at soybean seed
germination and the role of putrescine in induction
of SAM synthetase

Fig. 1 shows changes in SAM synthetase activity du-
ring germination and the early growth period of the
soybeans. At the onset of germination, enzyme activity
was relatively low compared to germinated wheat em-
bryos (Mathur et al, 1991). Thereafter, enzyme activity
reached a maximum value three days after germination
and declined steadily as germination progressed.

Since the substrate of the enzyme, methionine, con-
trols the expression of the SAM synthetase gene in
yeast and wheat embryos (Mudd and Cantoni 1958;
Mathur et al, 1991), an attempt was made to test the
effect of L-methionine on the regulation of this enzyme
in soybean axes. For this purpose soybean seeds were
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Fig. 1. Change in SAM synthetase activities in soybean (Glycine
max) axes after treatment with putrescine at seed germination.
Soybean seeds were germinated in water containing 1072 M of
putrescine and the axes were collected at sebsequent days and
homogenized. The SAM synthetase activity was assyed at 30°C
as described in the Materials and Methods. Specific activity was
expressed as U/mg protein. 3-:Control, B8 : Putrescine.
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germinated in water containing different concentrations
of L-methionine (1072 1073 1074 and 10~° M). There
was, however, no evidence of a change in the activity
of soybean SAM synthetase due to L-methionine (Table
1). SAM is involved in polyamine biosynthesis after con-
verson to dcSAM by SAMDC. Accordingly soybean
seeds were germinated in a medium containing Put,
Spd, and Spm (from 1072 M to 1075 M) in order to
see if there was any feedback effect on SAM synthe-
tase. Enzyme activity was increased up to 90% follow-
ing treatment with 1073 M putrescine for two days
after the germination (Fig. 1). Other concentrations
were less effective. Spd and Spm had no effect on
the enzyme activity (Table 1). The enhanced activity
of SAM synthetase was inhibited by the cycloheximide

Table 1. Effects of L-methionine and polyamines in SAM synthe-
tase activity from soybean axes. Soybean seeds were germinated
in water containing different concentrations of these compounds.
The SAM synthetase activity was assyed at 30°C as described
in the Materials and Methods. Specific activity was expressed as
U/mg protein,

Addition Relative activity (%)
None 100
L-Methionine 1072 M 92
107* M 102
104 M 9%
105 M 84
Putrescine 1072 M 92
10 M 153
10* M 83
10 M 78
Spermidine 102 M 79
103 M 78
10¢ M 87
10° M 95
Spermine 1072 M 76
103 M 80
10* M 88
107 M 92

(10 ug/ml), strongly-suggesting a requirement for de
novo protein synthesis for the enhanced activity dut
to putrescine. As shown in Fig. 1, the soybean SAM
synthetase activity of the control was a maximum at
three days after germination, but in the case of putres-
cine treatment, maximum activity was observed two days
after germination. Incubation of purified SAM syn-
thetase with Put failed to enhance enzyme activity.
Such cumulative results strongly demonstrate that Put
acts as an inducer of SAM synthetase in Glycine max.

SAM synthetase purification and stability

The typical purification procedure for soybean SAM
synthetase is summarized in Table 2. Although the ac-
tivity of the enzyme has been reported in higher plants,
such as barley and peas (Mathur et al, 1991), the en-
zyme has not been purified and, consequently, proper-
ties of the enzyme are unknown. However, the enzyme
has recently been purified from germinated wheat em-
bryos and three isozymes have been isolated by DE-
52 ion-exchange column chromatography during purifi-
cation (Mathur et al, 1991). In the case of soybean,
there is no evidence of the presence of isozymes from
the purification steps. In addition, there are other differ-
ences between the enzymes from soybean and wheat
embryo. The soybean enzyme did not bind to Phenyl-
Sepharose, to which wheat SAM synthetase bounded
during purification. Also, soybean SAM synthetase pre-
cipitated at a 60~70% (NH4):SO4, whereas the wheat
enzyme precipitated at 30~60%. Acetone fractionation
(40~80%) was a critical purification step because of
the drastic elimination of other proteins. The enzyme
was finally purified using ATP-agarose affinity chromato-
graphy. After these steps the specific activity of the
final preparation was 158 U per mg of protein, which
was 216-fold higher than the crude enzyme.

Soybean SAM synthetase activity was unstable in
crude extracts and partially purified preparations. More
than 70% of the original activity was lost within three
days at 4°C. However, in the presence of 10% glycerol,
both purified and partially purified enzymes could be

Table 2. Purification procedure of SAM synthetase from soybean (Glycine max) axes. One unit of activity is defined as the amount
of enzyme catalyzing the the production of 1 nmol SAM from ATP and methionine per 1 h.

Fraction Total protein Total activity Specific activity Recovery Purification
(mg) ) (U/mg) (%) (fold)
Crude 1140 8344 0732 100.0 1
(NH4)2S0; (60~70%) 192 480.7 250 576 341
Acetone (40~80%) 37 184.3 498 221 6.80
DEAE-Sephacel 6 120.7 2011 140 2747
Sephacryl S-300 24 80.1 33.38 96 4559
ATP-agarose 0.08 127 158.75 15 216.87
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Fig. 2. Determination of molecular weight of SAM synthetase
by SDS-polyacrylamide gel electrophoresis. A, phosphorylase b
(97.400); B, bovine serum albumin (66,200); C, ovalbumin {45,000}
D, carbonic anhydrase (31,000); E, trypsin inhibitor (21,500).

Table 3. Substrate specificity for SAM synthetase All experiments
measured [methyl-*C] methionine incorporation into SAM and
were performed in 0.1 M Tris-chloride, pH 8.0, containing 20
mM MgCly, 0.1 M KCl, 10 mM ATP, 0.025 pCi [methyl-1*CIme-
thionine at 30°C. Rates are normalized to the maximal rate with
ATP equal to 100.

Compound Relative V.

ATP 100
GTP 24
3'deoxy ATP 58
2'deoxy ATP 17
AMPPNP 21
8-BromoATP 14
ADP 24

ATPYS 2

stored without loss of the activity for up to two weeks
at —20°C.

Electrophoretic homogeneity and subunit structure

Purified SAM synthetase showed a single silver stain-
ed band on SDS-PAGE (12.8%, Fig. 2). All electro-
phoresis patterns were reproducible and were seen in
every preparation of the purified enzyme which was
tested. The molecular weight of the subunit of SAM
synthetase was 57,000 daltons, as determined from the
relative mobility of the standard protein markers, The
molecular weight of the native enzyme was estimated
to be 110,000 daltons by molecular seiving on a calib-
rated Sephacryl S-300 column. These results suggest
that the SAM synthetase of soybean axes is composed
of two identical subunits.

J. Biochem. Mol. Biol (1995), Vol 28(2)
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Fig. 3. Dependence of tripolyphosphatase activity of SAM syn-
thetase on KCl and SAM. The tripolyphosphatase activity at va-
rious conentrations of SAM and different fixed KCl was assayed
as described in the Materials and Methods and the absorbance
at 335 nm was measured.

Table 4. Effects of thiol-blocking reagents on SAM synthetase,

Addition Relative activity (%)

None 100

NEM 05 mM 71
1.0 mM 57

28 mM 42

DTNB 05 mM 50
10 mM 42

28 mM 31

PCMB 05 mM 80
10 mM 75

28 mM 56

Purified enzyme was used. After preincubation for 30 min at
30°C, reaction was carried out.

Specificity, metal effects and modification

ATP analogues showed much lower relative Ve
values when compared to substantial substrate ATP
(Table 3), and 3'deoxy ATP showed the highest sub-
strate specificity, in agreement with Markham et al.
(1980). Like SAM synthetase from other sources
{Chiang and Cantoni 1977; Mudd, 1963), the enzyme
from soybean axes also showed tripolyphosphatase ac-
tivity. Tripolyphosphatase activity was activated by
SAM, the product of the SAM synthetase reaction (Fig.
3). This activity was proportional to the K% concentra-
tion. The soybean enzyme had an optimum pH and
temperature of 83 and 30°C, respectively, similar to
the enzyme from wheat (Mathur et al, 1991). SAM
synthetases from other sources reported to require Mg?*
and K* for their activities (Suma et al., 1986; Mathur
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Fig. 4. Lineweaver-Burk plot showing effects of varying methio-
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constant ATP concentration.
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Fig. 5. Lineweaver-Burk plot showing effects of varying ATP con-
centration at different fixed SAM concentration and a constant
methionine concentration,

et al, 1991; Chiang and Cantoni 1977). Both metal
ions are essential for the soybean enzyme. Li* can
substitute for K* in the case of the soybean enzyme,
but Na* and NHs;" cannot substitute. Soybean SAM
synthetase does require reducing agents for activity,
and is inhibited by mercaptide forming or oxidizing
thiol reagents in a wide range of concentrations (Table
4). DTNB is the most potent inhibitor, followed by
NEM and PCMB. DTNB at 2.8 mM inhibited the en-
zyme up to 70%. These results suggest that the soybean
enzyme is sulfhydryl dependent, as is the enzyme from
E. coli (Markham and Satishchandran 1988),

Kinetics and a propose scheme of inhibition
Considering that dimeric enzyme consist of identical
subunits, the soybean enzyme was expected to follow
sigmoidal kinetics. However, the enzyme followed typi-
cal Michaelis-Menten kinetics with K., values for L-me-

Potent Inhibition L-Arg
e T [ b At N
Less Potent Inhibition|
_____ - — ] Agm
Induction(?) | +
ATP | Put
+ SAM»chAle
MET! | Shd
’
- MTA
Spm

Fig. 6. Possible scheme of the regulation of polyamine biosyn-
thesis by agmatine, polyamine and MTA.

thionine and ATP of 0.53 mM and 1.81 mM, respective-
ly. These values are much larger than those from E.
coli, yeast, and animal cell enzymes {Markham et al,
1980; Suma et al, 1986; Chiang and Cantoni 1977).
Both double-reciprocal plots showed good linearity, in-
dicating the absence of cooperativity, which is in agree-
ment with the data reported for the enzyme from E.
coli (Markham et al, 1980), and human lymphocytes
(Kotb Kredich 1985).

The product of SAM synthetase, SAM, inhibited the
enzyme non-competitively and uncompetitively with re-
spect to methionine and ATP, respectively. K; values,
determined by the method of Dixon and Webb et al.
(1964), were 1545 uM and 0.58 mM for L-methionine
and ATP, respectively. Similar results were obtained
for in Sulfolobus solfataricus, E. coli, and human lym-
phocyte enzymes (Markham et al, 1980; Pocelli et al.,
1988; Kotb and Kredich 1985). However, purified
SAM synthetase was also inhibited more than 30% by
0.5 mM methylthioadenosine (MTA) which is formed
from decarboxylated SAM (dcSAM) during the synthe-
sis of Spd and Spm. Recently, a MTA nucleosidase
was purified which could remove MTA from the soy-
bean axes (unpublished data). Therefore, these data sug-
gest that SAM synthetase activity is closely related to
MTA nucleosidase activity.

In our previous report, SAMDC was isolated and
characterized from soybean axes (Yang and Cho, 1991),
Recently, a new SAMDC was identified from the same
source (Choi and Cho, 1994). All results suggest a more
extensive scheme (Fig. 4). The results of data analysis
further supports previous findings (Yang and Cho 1991)
and therefore should help in our limited understanding
of polyamine biosynthesis in higher plants.
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