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Kinetic Studies of the Mechanism of S-Adenosylmethionine

Synthetase from Yeast”

Ronald C. Greene

ABSTRACT: Optimal conditions for adenosylmethionine syn-
thesis by yeast adenosylmethionine synthetase are pH 9, 0.1
M K7, and an excess of 0.005 M Mg?2* over that bound as mag-
nesium adenosine triphosphate. At high pH or low ATP,
higher concentrations of magnesium are inhibitory but the
inhibition is partially overcome by increasing the potas-
sium concentration. Tripolyphosphate hydrolysis is about
twice as fast as adenosylmethionine synthesis and its pH vs.
activity curve is flat between pH 6 and 8.5. The rate of aden-

’I:e formation of S-adenosylmethionine by transfer of the
adenosyl moiety of ATP from tripolyphosphate to the sulfur
of methionine is the only known de novo biosynthesis of a sul-
fonium group. The reaction was first discovered in rabbit liver
and the products of the reaction were shown to be adenosyl-
methionine, PP;, and P; (Cantoni, 1953). Yeast adenosylme-
thionine synthetase has been partially purified and its prop-
erties have been studied (Mudd and Cantoni, 1958; Mudd,
1963). The enzyme from yeast was reported to have an ab-
solute requirement for a divalent cation which is most effec-
tively filled by Mg?* or Mn?* and for a monovalent cation,
with K+, Rb*, or NH,” being much more active than NaT,
Li*, or Cs*. The concentrations of both cations required for
maximal activity were found to be unusually high and incuba-
tion solutions were routinely made 0.3 M in each. The enzyme
was also said to exhibit a requirement for glutathione. Max-
imal enzyme activity was attained at pH 7.6 although pH
values above 8 were not tested because of the instability of
adenosylmethionine in alkaline media. Mudd (1962, 1963) has
presented evidence that implicates inorganic tripolyphosphate
as an intermediate in the reaction and showed that the enzyme
has tripolyphosphatase activity which is stimulated by adeno-
sylmethionine. Mudd and Mann (1963) have calculated sev-
eral thermodynamic constants of the reaction based on pub-
lished thermodynamic parameters of related reactions and
some kinetic measurements of their own. These workers have
postulated a mechanism in which there is a random order of
addition of substrates and release of products. This paper re-
ports the results of kinetic measurements of adenosylmethio-
nine synthesis and tripolyphosphate hydrolysis and their im-
plications on possible reaction mechanisms. The terminology
used is that of Cleland (1963a). As a prelude to the kinetic
work, the effects of various reaction parameters such as pH
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osylmethionine synthesis from selenomethionine and its
pH vs. activity curve resemble those of the tripolyphosphatase
activity rather than those of adenosylmethionine synthesis
from methionine. The kinetic results of adenosylmethionine
synthesis and tripolyphosphate hydrolysis including product
inhibition patterns and both stimulation and inhibition of the
tripolyphosphatase by adenosylmethionine can be rationalized
by a branched model with a single binding site for each sub-
strate or product.

and cation concentrations were evaluated. It was found that
under certain conditions high concentrations of magnesium are
inhibitory and that both the pH optimum and the potassium re-
quirement are influenced by the magnesium concentration. Al-
though selection of optimal incubation conditions is some-
what arbitrary under these circumstances, most kinetic experi-
ments have been done at pH 9in media containing 0.1 M K*+and
a 0.005 M excess of Mg?T over the ATP concentration.

Experimental Section

Pentasodium tripolyphosphate hexahydrate was prepared
and recrystallized as described by Van Wazer (1961). Paper
electrophoresis showed the tripolyphosphate to be free of
other phosphorus-containing compounds. Adenosylmethio-
nine chloride was either obtained from Mycofarm Delft and
was repurified by precipitation and regeneration of the rei-
neckate using a procedure similar to that described by Can-
toni (1957) or was prepared by a modification of the proce-
dure of Schlenk er al. (1959). On paper electrophoresis, the
adenosylmethionine gave one spot which was ultraviolet ab-
sorbing, ninhydrin reactive, and which also bound phospho-
molybdate. ATP-8-14C was obtained from Schwarz BioRe-
search, Inc., and was 98 % pure as judged by chromatography
on Dowex 1; Na; ATP was obtained from the Sigma Chemical
Co. L-Methionine was either Mann Analyzed grade from the
Mann Chemical Co. or N.R.C. grade from Calbiochem. All
other reagents were the purest available grades from standard
commercial sources.

Enzyme Purification. Adenosylmethionine synthetase was
prepared by a modification of the method of Mudd (1963).
The two procedures are not significantly different through the
calcium phosphate gel step. In the modified procedure the
dialyzed calcium phosphate gel eluate (pH 6.3, 0.02 M potas-
sium phosphate; protein content 6-8 mg/ml) is placed in an
ice bath on a magnetic stirrer and solid bentonite (30 mg/ml)
is added with rapid stirring. If necessary, the suspension is
homogenized to remove lumps and the mixture is stirred for
20 min. The bentonite is removed by centrifugation at 20,000g
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for 30 min. The bentonite is discarded and the supernatant
liquid is adjusted to pH 5.2 (4°) by the dropwise addition of
0.25 N acetic acid. The enzyme is unstable at this stage, so as
rapidly as possible bentonite (4 mg/ml) is added with stirring
and homogenization if necessary to remove lumps. Stirring
is continued for 20 min and the bentonite is recovered by cen-
trifugation for 30 min at 20,000g. The supernatant liquid is dis-
carded and the bentonite is suspended in 0.02 M Tris free base—
0.001 M Na,EDTA (one-tenth of the volume of the pH 5.2
solution treated with bentonite). The suspension is stirred for
30 min in an ice bath and the bentonite is removed by centri-
fugation at 40,000 rpm for 30 min in a Spinco Model L cen-
trifuge, a procedure which is necessary to sediment colloidal
particles of bentonite. The eluate is adjusted to pH 7.6 with
0.25 N acetic acid and the protein is precipitated by addition of
solid ammonium sulfate (0.58 g/ml). The ammonium sulfate
precipitate is dissolved in a minimal volume of 0.02 M Tris-
HCI-0.001 M EDTA (pH 7.6) and chromatographed on a
1.9 X 50 cm column of Sephadex G-100. The active fractions
can be stored frozen at —15° without appreciable loss of ac-
tivity for several months. The specific activity of the enzyme at
this state varies between 6 and 11 units per mg of protein. The
purer preparations (~11 units/mg) showed a single symmet-
rical peak on sedimentation in the analytical ultracentrifuge
and chromatography on DEAE-Sephadex or hydroxylapatite
did not result in significant increase in specific activity. When
tested by disc gel electrophoresis, the enzyme showed one
major band and, in various preparations, two to four much
smaller bands. The enzyme activity has been shown to be asso-
ciated with the major band.

Enzyme Assays. ROUTINE ADENOSYLMETHIONINE SYNTHETASE
AssAaY. Determination of enzyme activity is performed by mea-
surement of adenosylmethionine as 260-mu-absorbing mate-
rial which is not bound to Dowex 1 at pH 8. The original pro-
cedure of Cantoni and Durell (1957) was modified to remove
ATP by passing the neutralized samples through 1 X 3 cm
columns of Dowex 1 chloride (1 X 4 cm columns of freshly
washed Dowex 1 are used when very low blanks are necessary)
instead of shaking the samples with a suspension of Dowex 1,
since the columns are much more effective for removing the
last traces of ATP. The procedure used is as follows: after in-
cubation of reaction mixtures (which vary in composition ac-
cording to the particular experiment) for the desired length of
time, the reactions are stopped by the addition of 1 ml of 6%
HCIO;, to each tube. The precipitated protein and KClO, are
removed by centrifugation and a 1-ml aliquot of each super-
natant is added to 10 ml of 0.015 M Tris (pH 7.4) containing
2 drops of bromothymol blue, which is then adjusted to pH
7.5-8 with 1 N NaOH. The neutralized solution is poured
through a Dowex 1 column, and the tube and column are then
successively washed with two 5-ml aliquots of water and the
combined column effluent and washes are made up to 25 ml
with water and mixed. The absorbancy of the effiuent is mea-
sured at 260 mu using a cuvet with a 1-cm light path or one
with a 10-cm light path, depending upon the sensitivity re-
quired. An activity determination includes one or more blanks
incubated under exactly the same conditions as the experi-
mentals but without the addition of methionine. After purifi-
cation of the enzyme through the bentonite step, blanks are
essentially zero and their ultraviolet absorption is that of the
reagents (primarily material shed from the Dowex column).
In some more complex experiments, when enzyme of sufficient
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purity is used, reaction mixtures containing methionine to
which HClO, is added before enzyme, are used as blanks.

Incubation Procedure for Kinetics of Adenosylmethionine
Synthesis. Incubation mixtures containing appropriate quan-
tities of reactants in a volume of 0.9 ml are preincubated for
S-min at 37°, then at 30-sec intervals 0.1-ml aliquots of
enzyme are added to each tube. After 10-min incubation, 1-ml
aliquots of 6% HCIO, are added to each tube also at 30-sec
intervals. The adenosylmethionine content of the HCIO,
supernatants was measured as described above using 10-cm
light-path cuvets. When adenosylmethionine inhibition was
measured, this procedure could not be used since the amount
of adenosylmethionine synthesized was small compared with
the amount added as an inhibitor. In these experiments, ATP-
8-14C was used as the substrate and the assay and chroma-
tography procedure was carried out in the same manner as
above except that instead of measuring the absorbance of the
column effiuent 10-ml aliquots were counted by emulsification
with Triton X-100 and scintillation solution (Patterson and
Greene, 1965).

TRIPOLYPHOSPHATASE ASSAY. For the Kinetic experiments
incubations were carried out for 10 min at 37° in 2 ml of
medium containing 0.09 M Tris—0.09 M histidine (pH 9), 0.1 M
KCl, 0.005 M mercaptoethanol, and 0.005 m MgCl, in excess
of the polyphosphate concentration. Except for the substrates
this is the same medium defined as optimal in the kinetic
studies of adenosylmethionine synthesis. Other incubation
conditions were used as indicated. Phosphate determinations
were carried out by a procedure similar to that of Martin and
Doty (1949), as modified by Gibbs er al. (1965). In the kinetic
experiments, where high sensitivity is required in order to
measure reaction rates without depletion of substrate, 1 ml of
molybdate reagent (4 N H,SO,, 4%, ammonium molybdate,
and 0.02 M silicotungstate) is added to the entire incubation
mixture (2 ml), the solution is immediately mixed, extracted
with 2 ml of isobutyl alcohol, and stored in ice. As soon as
possible after extraction (within 20 min), the phases are sep-
arated by centrifugation in the cold and a 1-ml aliquot of the
isobutyl alcohol phase is taken for color development; 1 ml
of 1 N H;SO,in absolute ethanol is added to the aliquot of
isobutyl alcohol and mixed, then 0.2 ml of 0.125% SnCl; in
1 N H,SO., is added; the solution is mixed, and its absorbance
is measured at 725 mu (100 mumoles of P; gives an absorbance
of 0.58). In experiments where less sensitivity is required,
smaller aliquots are analyzed. All assay procedures used in the
kinetic experiments were linear for 15 min and some showed
slight deviation from linearity at 20 min. Thus the 10-min in-
cubation periods yield reasonable approximations of initial
rates for computation of kinetic parameters.

Calculation of Data. Kinetic constants were computed from
experimental data with the IBM 7072 computer of the Duke
University Computing Laboratory using programs written by
Cleland (1963b) of the University of Wisconsin and kindly
supplied by him to Dr. B. Bulos of the Biochemistry Depart-
ment at Duke University. In the plots of the kinetic data shown
in this paper, the points are averages of experimental data and
the lines are computed from the data using the programs men-
tioned above.

Results

pH Optimum. In earlier studies of the pH optimum of yeast
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FIGURE |: Adenosylmethionine synthesis. (A) Rate of adenosylmethionine synthesis, in millimicromoles per minute ¢s. pH, at several mag-
nesium concentrations. Incubation mixtures contain 0.02 M ATP, 0.02 M methionine, 0.3 M KCl, 0.005 M mercaptoethanol, MgCl; as indicated,
0.09 M Tris, 0.09 M histidine, and 0.09 M triethylamine; buffer was adjusted with HCl or KOH. pH measurements were made on aliguots of
reaction mixtures at 37°, (B) Maximal velocities of adenosylmethionine synthesis in millimicromoles per minute rs. pH. Incubation mixtures
contained Tris-histidine buffer (0.09 M each) adjusted with NaOH or HCI, 0.005 m excess MgCls, 0,1 M KCl, and 0.005 M mercaptoethanol;
indicated pH values were measured on aliquots of reaction mixtures at 37°, Maximal velocities computed by the sequential initial velocity
program obtained from Cleland. The vertical bars indicate the standard error of each point,

adenosylmethionine synthetase (Mudd and Cantoni, 1958)
activity measurements above pH 8 were not made because of
the instability of adenosylmethionine in alkaline media. Al-
though adenosylmethionine is degraded to adenine and
ribosylmethionine under mild alkaline conditions (Parks and
Schlenk, 1958), the assay procedure used here would measure
the adenine as adenosylmethionine with relatively little error
due to differences in molar absorbancy. (In Tris at pH 7.5 the
absorption of adenine is approximately 85 % as great as that of
adenosylmethionine.) Experiments in which adenosylmethio-
nine is separated from adenine and adenine nucleotides by use
of Dowex 50 have shown that incubation for 30 min at 37°
and pH 9 does not result in significant degradation of adeno-
sylmethionine, Figure 1A shows the effects of pH on adenosyl-
methionine synthetase activity at various magnesium concen-
trations. In those media where the magnesium concentration
exceeds that of ATP, pH values higher than those shown in
Figure 1A cannot be tested due to precipitation of magnesium
hydroxide-ATP complexes. At the highest magnesium con-
centration, the same as that used by Mudd and Cantoni (1958),
a broad curve with a peak near pH 8 is obtained. However, at
lower magnesium concentrations where activity may be mea-
sured at higher pH values an activity peak at pH 9 is revealed.
Figure 1B is a plot of V..x vs. pH with a magnesium concen-
tration 0.005 M greater than the ATP concentration. The max-
imal velocity of adenosylmethionine formation increases
slowly from pH 6.5 to 9.2 and then decreases precipitously

KINETICS OF YEAST ADENOSYLMETHIONINE SYNTHETASE

at pH 9.5. Attempts to measure reaction rates in media of
comparable composition at pH 9.8 did not yield reproducible
results because of precipitate formation, but the velocity of the
reaction was considerably lower than at pH 9.5.

As illustrated in Figure 2 the rate of tripolyphosphate hy-
drolysis is insensitive to changes in pH between pH 6 and 8.5
with activity falling to about half-maximal value at pH 5 and
9.5. This curve shows no indication of a peak at pH 9 such as
those seen in the curves of Figure 1A. If selenomethionine is
used as a substrate in the adenosylmethionine synthetic reac-
tion, the pH vs. activity curve is virtually identical with that for
the tripolyphosphatase activity. The rates of tripolyphosphate
hydrolysis and adenosylmethionine synthetase from seleno-
methionine are the same and both are approximately 1.8 times
faster than the rate of adenosylmethionine formation from
methionine at pH 7.6. Mudd and Mann (1963) have reported
a similar difference in the rates of the tripolyphosphatase and
adenosylmethionine synthetase reactions.

Cation Requirements. Since the pH vs. activity curves of
Figure 1A suggested that excess magnesium may be inhibitory
at pH 9, the cation requirements of the adenosylmethionine
synthetase activity at this pH were evaluated. As shown in
Figure 3A with increasing concentrations of magnesium the
enzyme activity rises, passes through a maximum and then
falls. Changing the potassium concentrations from 0.001 to
0.005 M causes an increase in enzyme activity at all magnesium
concentrations. Further increase in potassium has little effect
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FIGURE 2: Effect of pH on tripolyphosphatase activity. Except for
the buffers, incubation media had the standard composition plus
0.001 M PPP;, 0.00001 m adenosylmethionine, and 0.1 unit of en-
zyme, Buffers were 0.09 M histidine acetate or 0.09 M histidine,—0.09
M Tris (adjusted with NaOH or HCI). pH measurements were made
on aliquots of incubation mixtures at 37°; 100%; activity was be-
tween 4.2 and 4.4 mumoles per min in the different experiments.

on the activity at the optimal magnesium concentration, but
reduces the inhibition by excess magnesium. Figure 3B shows
the effect of potassium concentration on enzyme activity at
two concentrations of magnesium. While maximum activity
is obtained with 0.005 M KCl in the media with the lower mag-
nesium concentration, higher concentrations of potassium
partially reverse, but fail to overcome, the inhibition due to
excess magnesium in those reaction media with the higher
magnesium concentration. Under the incubation conditions
used by Mudd and Cantoni (1958) in their evaluation of the
magnesium requirement of adenosylmethionine synthetase
(0.15 M Tris, pH 7.6, 0.3 M KCI, 0.002 m ATP, 0.002 M L-
methionine, and 0.008 M GSH), magnesium concentrations as
high as 0.3 M do not show significant inhibition. However, if
the concentration of ATP is lowered, high concentrations of
magnesium are inhibitory even in the presence of 0.3 M KCl.

In the lower pH range manganese is almost as effective as
magnesium, for example, at pH 7.8 the rate of adenosylme-
thionine synthesis in media containing manganous ion is 807
as great as that obtained in media with magnesium. At pH 9
manganese is considerably less effective and depending upon
the ATP concentration replacement of magnesium with man-
ganese causes a 50-70%; reduction in activity. Although man-
ganese alone is relatively inactive at pH 9 in media with a low
ATP concentration, addition of small amounts of manganese
to such media containing an optimal concentration of magne-
sium causes a marked increase in enzyme activity (approxi-
mately 50%) indicating a synergistic action of these two ions.
The enzyme is completely inactive when incubated at pH 9 in
media containing beryllium instead of magnesium and addi-
tion of beryllium to a series of media containing different con-
centrations of magnesium neither stimulates nor inhibits en-
Zyme activity.

As has been previously reported (Mudd and Cantoni, 1958)
the monovalent cation requirement can be partially fulfilled by
sodium or lithium (10-20%7); when tested in the presence of
limiting potassium (0.005 M), 0.05 M sodium has no effect on
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FIGURE 3: Cation requirements, (A) Effect of MgCl: concentration
on the rate (millimicromoles per minute) of adenosylmethionine
synthesis at several concentrations of KCl. Incubation mixtures con-
tain pH 9 buffer (0.09 M Tris and 0.09 M histidine adjusted with
NaQH), 0.002 M ATP, 0.01 M methionine, 0.005 M mercaptoethanol,
and KCl and MgCl, as indicated. (B) Effect of KCl concentration on
the rate (millimicromoles per minute) of adenosylmethionine syn-
thesis at two MgCl, concentrations. Incubation conditions are the
same as those given above.

the rate of reaction while the same concentration of lithium
causes about 50%; inhibition. Thus, as long as an adequate
amount of potassium is present, sodium compounds (such as
Na,ATP or NaOH for buffer pH adjustment) can be used
without affecting the rate of the enzyme reaction.

The tripolyphosphatase activity has a magnesium require-
ment which is similar to that of adenosylmethionine synthe-
tase activity. At pH 9 in the presence of 0.1 M KCI a magne-
sium concentration greater than the tripolyphosphate con-
centration is required for maximum activity and excess magne-
sium is inhibitory. The tripolyphosphatase activity is less de-
pendent upon potassium than is the adenosylmethionine syn-
thetase activity. In incubation media containing 0.005 M Mg?*+
in excess of ATP or PPP; at pH 9 adenosylmethionine synthe-
tase activity in the absence of potassium is only 107 of that
obtained with 0.1 M potassium, while the omission of potas-
sium causes only a 40% reduction in the tripolyphosphatase
activity.
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Although the selection of optimal ionic conditions is some-
what arbitrary, a potassium concentration greater than 0.1 M
and sufficient magnesium to form a 1:1 complex with the ATP
or PPP; and leave a 0.005 M excess are within the optimal
range.

Sulfhydryl Requirement. Omission of a sulfhydryl compound
from the incubation medium has no effect on the rate of ad-
enosylmethionine synthetase. This result is in contrast to that
of Mudd and Cantoni (1958) who report a requirement for
glutathione, but is consistent with the observation that adeno-
sylmethionine synthetase is insensitive to prolonged treatment
with sulfhydryl reagents (p-mercuribenzoate, iodoacetate).!
Although they do not appear to be required, sulfhydryl com-
pounds are routinely added to incubation media to avoid for-
mation of methionine sulfoxide.

Affect of Fluoride on Tripolyphosphatase. After the experi-
ments on the kinetics of adenosylmethionine synthetase were
partially completed, it was found that the enzyme preparation
had a small amount of pyrophosphatase activity (P; release
from 0.001 M PP; is 0.19 mumole/min as compared with 4.3
mumoles/min from 0.001 M PPP; in the presence of 0.0001 M
adenosylmethionine). Since the concentration of pyrophos-
phate produced during the kinetic incubation is quite low, this
amount of contamination does not interfere with the experi-
ments doue in the presence of adenosylmethionine. In those
experiments without adenosylmethionine, where the tripoly-
phosphatase activity is greatly reduced, and in the pyrophos-
phate inhibition experiments, it is necessary to add 0.01 M so-
dium fluoride which completely inhibits the pyrophosphatase.
In an enzyme preparation free of pyrophosphatase, prepared
by chromatography on Sephadex G-200, 0.01 M sodium fluo-
ride was shown to have no significant effect on the tripolyphos-
phatase activity, either in the presence or absence of adenosyl-
methionine, thus confirming the results of Mudd and Cantoni
(1958).

Kinetics of Adenosylmethionine Synthetase. As shown in
Figure 4, the lines obtained by plotting the reciprocal of the
concentration of one substrate at several concentrations of the
other substrate are convergent. The results presented in this
figure were obtained at pH 7.6 with 0.3 M MgCl,. Similar plots
were also obtained at pH 9 in the presence of 0.03 M Mg?* and
at pH 9 with a Mg?* concentration of 0.005 M in excess of the
ATP. Such kinetic behavior can be interpreted as evidence for
a mechanism where both substrates must bind to the enzyme
before any products can be formed (Alberty, 1953), but they
give no information about the order of substrate addition or
product release. Cleland (1963a) has pointed out that the total
rate equation for each sequence of association of substrates
and dissociation of products predicts a characteristic product
inhibition pattern. The total rate equation for an enzyme reac-
tion with two substrates and three products, which is the in-
verse of one presented by Cleland (1963a) for a reaction with
three substrates and two products, has been derived by the
method of King and Altman (1956). As will be shown below
the pattern of inhibition by the products can be rationalized
by a model in which the binding of ATP precedes that of me-
thionine and the order of product release is orthophosphate,
adenosylmethionine, pyrophosphate (ATP, Me: P;, adenosyl-
methionine and PP;). If this sequence of substrate addition is

1R. C. Greene, unpublished results,
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FIGURE 4: Kinetic experiments. (A) Plot of the reciprocal of the veloc-
ity of adenosylmethionine synthesis (millimicromoles per minute) vs.
the reciprocal of the ATP concentration (molar) at several methio-
nine concentrations. Incubation mixtures contain 0.15 m Tris (pH
7.6), 0.3 M MgCl,, 0.3 M KCl, 0.008 M GSH, and ATP and methi-
onine as indicated. Lines computed by the least-square fit to a
hyperbola program of Cleland. (B) Plot of the reciprocal of the
velocity of adenosylmethionine synthesis (millimicromoles per
minute) vs. the reciprocal methionine concentration (molar) at
several concentrations of ATP. Incubation conditions are the same
as those given above.

valid it is possible to evaluate the dissociation constant of the
enzyme ATP complex (Kiarp).? The kinetic constants of the
initial velocity equation have been computed on the assump-
tion that this proposed sequence does prevail. These constants

? Abbreviations used are as follows: Kgpp, the apparent value of a
Michaelis constant at the concentration of fixed substrate used in the
experiment; Ki,1, inhibition constant affecting the slope of the reciprocal
plot; K1int, inhibition constant affecting the intercept of the reciprocal
plot.
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FIGURE 5: Inhibition of adenosylmethionine synthesis by tripoly-
phosphate. (A) With ATP as the variable substrate. Velocity is ex-
pressed in millimicromoles per minute and ATP concentration in
moles per liter. Incubation mixtures contained 0.09 M Tris~0.09 M
histidine (pH 9), 0.1 m KC1-0.005 M mercaptoethanol, 0.005 M excess
MgCl;, 0.01 M methionine, and ATP as indicated. The upper curve is
from mixtures which also contained 0.0003 M PPP;. Kinetic param-
eters are! Vmax = 18.0 == 0.3 mumoles/min, Katp app = (4.0 = 0.3)
X 104 M, and K1 5 = (1.4 == 0.1) X 1075 m. (B) With methionine as
the variable substrate. Velocity is expressed in millimicromoles per
minute and methionine concentration in moles per liter. Incubation
mixtures contained 0.09 M Tris-0.09 M histidine (pH 9), 0.1 m KCl,
0.005 M mercaptoethanol, 0.005 M excess MgCls, 0.005 M ATP, and
methionine as indicated. The upper curve is from mixtures which
also contained 0.0003 M PPP,. Kinetic parameters are: Vg = 13.2
+ 0.2 mumoles/min; Ky app = (4.4 £ 0.4) X 1074M, K1 = (2.7 £
0.4) X 1075M, K1jne = (3.3 £ 0.4) X 1074 M.

measured under three sets of experimental conditions are given
in Table 1. The Michaelis constants for ATP and methionine
are considerably lower than those reported by Mudd (1963)
under all conditions tested. The dissociation constant of the

2260

GREENE

BIOCHEMISTRY

TABLEI: Kinetic Constants for Adenosylmethionine Synthetase.

A. 0.15 M Tris (pH 7.6), 0.3 M MgCl,, 0.3 M KCl, and 0.008 m
GSH
Vimax = 17.0 = 0.3 mumoles/min
Karp = (6.2 £ 0.6) X 1074 M
Kye = (4.5 +0.6) X 1074¢M
Kisrp = (89 = 1.5) £1073 M

B. 0.09 M Tris-0.09 M histidine (pH 9), 0.03 m MgCl,,
0.05 MKCl, and 0.005 M mercaptoethanol
Vaar = 16.9 %= 0.5 mumoles/min
Kyrp = (4.8 = 0.5) X 1074¢mMm
Ky = (1.4 £02) X 1078 u
Kiarp = (1.3 £03) X103 m

C. 0.09 M Tris-0.09 M histidine (pH 9), 0.005 m MgCl; in
excess of ATP, 0.1 m KCl, and 0.005 M mercaptoetha-
nol

Viaxr = 16.7 &= 0.3 mumoles/min
Kyrp = (2.8 £ 0.2) X 107*M
Ky = (3.1 £ 0.3) X 107* M
Koarp = (1.0 =2 0.2) X 107%¢ M

enzyme ATP complex K; rp is in each case considerably larger
than the Michaelis constant.

Figure 5 shows the effect of tripolyphosphate on the rate of
adenosylmethionine synthesis when either ATP or methionine
is the variable substrate. The kinetic constants computed from
these data and their standard errors are given in the legend of
Figure 5. When the concentration of methionine is held con-
stant and that of ATP is varied, tripolyphosphate shows com-
petitive inhibition (Figure 5A). In the inverse situation where
ATP is held constant and methionine is varied the inhibition is
noncompetitive (Figure 5B). As shown in Figure 6, pyrophos-
phate exhibits the same pattern of inhibition as tripolyphos-
phate.

Inhibition of the enzyme by adenosylmethionine is shown in
Figure 7. Since rather high concentrations of adenosylme-
thionine must be added to the incubation mixtures to obtain
significant inhibition, reaction rates were determined by mea-
suring the incorporation of radioactive ATP into adenosylme-
thionine. As can be seen from these plots, adenosylmethionine
is an uncompetitive inhibitor when either ATP or methionine
is the variable substrate. The values of the inhibition constants
measured in either type of experiment are approximately the
same.

The inhibition of the enzyme by low concentrations of
orthophosphate (0.01 M) is too small to be accurately mea-
sured. In the reaction media used here, it is not possible to in-
corporate much greater amounts of phosphate without forma-
tion of insoluble complexes with magnesium. Since valid ki-
netic measurements cannot be made after precipitation of
some of the components of the medium, it has not been pos-
sible to determine the nature of the phosphate inhibition.

Kinetics of Tripolvphosphate Hydrolysis. Figure 8 shows a
double-reciprocal plot of the velocity of tripolyphosphate hy-
drolysis vs. the concentration of tripolyphosphate in the ab-
sence of adenosylmethionine, and for comparison one in the



voL. 8 NO. 6, JUNE 1969

2 ry 6 8 ©
AL,
Ve
FIGURE 6: Inhibition of adenosylmethionine synthesis by pyrophos-
phate. (A) With ATP as the variable substrate. Velocity is expressed
in millimicromoles per minute and ATP concentration in moles per
liter. Incubation mixtures contained 0.09 M Tris-0.09 M histidine
(pH 9), 0.1 M KCl, 0.005 M mercaptoethanol, 0.005 M excess MgCl,,
0.01 M methionine, and variable ATP. The upper line is from mix-
tures which also contained 0.002 M PP;. Kinetic parameters are
Vemax = 14.6 = 0.4 mumoles/min, Katpapp = (2.8 = 0.4) X 1074 M,
and K1 = (7.1 £ 1.2) X 10~4M. (B) With methionine as the vari-
able substrate. Velocities are expressed in millimicromoles per
minute and methionine concentrations in moles per liter. Incubation
mixtures contained 0.09 M Tris—0.09 M histidine (pH 9), 0.1 m KCl,
0.005 M mercaptoethanol, 0.005 M excess MgCls, and 0.002 M ATP.
The upper curve is from mixtures which also contained 0.002 M PP;.
Kinetic parameters are Vmax = 12.8 = 0.3 mumoles/min, Ko app =
(5.4=0.6) X 1074M; K11 = (1.2 &= 0.3) X 1078 M, and Kiiny =
(7.3 £ 1.3) X 1073 m.

presence of 0.0001 M adenosylmethionine, under the standard
incubation conditions with the addition of 0.01 M NaF. The
Michaelis constants and the maximal velocities of the reac-
tions computed from these data are given in the legend of
Figure 8. The kinetic constants computed from the reaction
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FIGURE 7: Inhibition of adenosylmethionine synthesis by adenosyl-
methionine. (A) With ATP as the variable substrate, Velocities are in
millimicromoles per minute and ATP concentration in moles per
liter. Incubation mixtures contained 0.09 M Tris-0.09 M histidine (pH
9), 0.1 M KCl, 0.005 M mercaptoethanol, 0.005 m excess MgCly, 0.01 M
methionine, and variable ATP. The upper curve is from mixtures
which also contained 0.003 M adenosylmethionine. Kinetic param-
eters are: Vmex = 14.1 &£ 0.3 mumoles/min, Katp app = (3.3 £0.4) X
1074 M, and Kriny = (3.5 &= 0.2) X 1072 M. (B) With methionine as
the variable substrate. Velocities are in millimicromoles per minute
and methionine concentrations in moles per liter. Incubation mix-
tures contained 0.09 M Tris—0.09 m histidine (pH 9), 0.1 m KCl, 0.005
M mercaptoethanol, 0.005 M excess MgCl,, 0.009 M ATP, and vari-
able methionine. The upper curve is from mixtures which also con-
tained 0.003 M adenosylmethionine. Kinetic parameters are: Vm,« =
23.2 £ 0.6 mumoles/min; Ky app = (5.6 = 0.5) X 10~ M, and K ins¢
= (5.4+04) X 107%™,

mixtures containing adenosylmethionine are in good agree-
ment with those obtained in the absence of NaF. As has been
reported by Mudd (1962), addition of adenosylmethionine to
the incubation mixture causes a marked increase in the rate of
tripolyphosphate hydrolysis. If the reciprocal of the rate of P;
release is plotted against the reciprocal of the tripolyphosphate
concentration at several concentrations of adenosylmethio-
nine, a series of convergent lines are obtained in which the
intercepts and slopes decrease as adenosylmethionine is in-
creased until inhibitory levels are reached which causes an in-
crease in the intercepts. The intercepts and slopes of such plots
and the standard error of these values at seven concentrations
of adenosylmethionine are given in Table II. In each kinetic
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FIGURE 8: Double-reciprocal plot of tripolyphosphatase vs. PPP; in
the presence of 0.0001 M adenosylmethionine and without adenosyl-
methionine. Standard reaction conditions (pH 9.0) were used with
the addition of 0.01 M NaF. Incubation mixtures with adenosyl-
methionine contained 0.05 unit of enzyme while those without con-
tained 0.5 unit of enzyme but the velocities were corrected to 0.1 unit
before plotting. The kinetic parameters of each line are: 0.0001 M
adenosylmethionine, ¥ (0.1 unit) = 5.11 = 0.09 mumoles/min,
K = (1.8 = 0.1) X 1075 M; no adenosylmethionine, ¥ (0.1 unit) =
0.515 = 0.008 mumole/min, Kn = (0.70 == 0.006) X 1075 M.

experiment, duplicate sets of tubes with five concentrations of
tripolyphosphate were incubated together with appropriate
blanks and standards. The number of experiments doae at
each concentration of adenosylmethionine is indicated in the
table. Values of the slopes and intercepts extrapolated to infi-
nite adenosylmethionine concentration were obtained from
the intercepts of the lines shown in Figures 9 and 10. In Figure
9 the intercepts from Table II are plotted against the reciprocal
of the adenosylmethionine concentration. The line was com-
puted by means of a least-squares fit to the three points cor-
responding to 2 X 1075, 5 X 1075, and 10~4 M S-adenosylme-
thionine. The other points were not used because those ob-
tained with higher concentrations of adenosylmethionine show
inhibition and the point at the lowest adenosylmethionine con-
centration is expected to fall below the line due to the tripoly-
phosphatase activity of the enzyme in the absence of adenosyl-
methionine (see discussion), Inclusion of the point corre-
sponding to the lowest concentration of adenosylmethionine in
the computation does not greatly affect the slope or intercept
of the line. The slopes from Table II are plotted vs. the re-
ciprocal of the adenosylmethionine concentration in Figure
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FIGURE 9: Plot of the intercepts from Table II vs. the reciprocal of the
adenosylmethionine concentration. Lines above and below each
point represent the standard error of that point.
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TABLE II: Intercepts and Slopes of Reciprocal Plots of Tripoly-
phosphatase Activity at Different Concentrations of Adenosyl-
methionine.s

Adenosyl-
methionine
Concn (X No. of Slope (K/¥)app
105 M) Expt Intercept (1/V) X 108
1 7 0.468 = 0.007 8.33 = 0.88
2 4 0.344 £ 0.005 5.60 = 0.65
5 5 0.231 = 0.002 5.03 =0.33
10 6 0.189 = 0.005 5.12 = 0.67
20 3 0.203 £ 0.002 395+0.25
50 2 0.200 % 0.002 416 = 0.24
100 3 0.256 = 0.003 424 +0.38

« Reaction vessels containing 0.1 unit of enzyme and
variable MgPPP and adenosylmethionine were incubated
under standard conditions. The kinetic parameters of the
adenosylmethionine-stimulated tripolyphosphatase activity
are: V7 (0.1 unit of adenosylmethionine synthetase), 6.52 =
0.15 mumoles/min; K,genosyimethionines (2.50 = 0.14) X 1075 M;
and K,pp (intercept, Figure 10/intercept, Figure 9), 2.6 X 1075
M.

10, the line shown was obtained by a least-squares fit to all
seven points. Though the precision of these points is much less
than those of the intercepts and the degree of scatter is greater,
they do not show the obvious increase at the higher adenosyl-
methionine concentrations that is seen in Figure 9.

The values of the extrapolated kinetic parameters obtained
from these lines are also given in Table II. The reciprocal of
the intercept of Figure 9 gives the maximal velocity of the
adenosylmethionine-stimulated tripolyphosphate hydrolysis.
This rate is approximately twelve times greater than that of the
tripolyphosphatase reaction in the absence of adenosylme-
thionine which is similar to the result obtained by Mudd
(1962). The Michaelis constant for adenosylmethionine was
computed from the ratio of the slope to the intercept of Figure
9 and the Michaelis constant for tripolyphosphate was ob-
tained by dividing the intercept of Figure 10 by the intercept
of Figure 9.

From the reciprocal plot of the tripolyphosphatase activity
in the presence and absence of 0.002 M pyrophosphate shown
in Figure 11, it can be seen that pyrophosphate inhibition is
competitive with tripolyphosphate.

Discussion

Adenosylmethionine synthetase of yeast has appeared to be
a somewhat unusual enzyme in view of the high concentrations
of potassium and magnesium which were reported to be nec-
essary for maximum activity. The results presented here show
that such behavior is only found in the lower pH range in the
presence of high concentrations of ATP and potassium. At
lower concentrations of ATP or potassium or at higher pH,
high levels magnesium are inhibitory. In spite of the inhibitory
action of excess magnesium, maximum adenosylmethionine
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FIGURE 10: Plot of the stopes from Table II vs. the reciprocal of the
adenosylmethionine concentration. Lines above and below each
point represent the standard error of that point.

synthetase and tripolyphosphatase activities require a magne-
sium concentration greater than that of ATP or PPP;. This
observation suggests that magnesium plays a dual role, first
to form magnesium complexes of ATP or PPP; which are prob-
ably the true substrates, and second to interact directly with
the enzyme. The observation of the synergistic behavior of
magnesium and manganese tends to support this interpreta-
tion since it can be argued that each of the two cations is better
at fulfilling one of the functions. At lower magnesium concen-
trations the adenosylmethionine synthetase activity shows a
rather broad pH optimum with a peak at pH 9. In constrast
the pH wvs. activity curve of the tripolyphosphatase reac-
tion is flat between pH 6 and 8.5 with no sign of a peak. The
maximum velocity of the tripolyphosphatase reaction is about
two-times greater than that of the adenosylmethionine syn-
thetase reaction (which includes tripolyphosphate hydrolysis
as one of the steps). As has been pointed out by Mudd and
Mann (1963) this difference in rates indicates that the adeno-
sylmethionine synthetase reaction must have two rate-lim-
iting steps, one being the tripolyphosphate hydrolysis and the
other unidentified (possibly the transfer of the adenosyl mo-
iety from ATP to the sulfur of methionine). When selenome-
thionine is used as a substrate for adenosylmethionine syn-
thetase, not only is the rate of the reaction increased about
twofold (Mudd and Cantoni, 1957) but the pH wvs. activity
curve resembles that of the tripolyphosphatase rather than
that of the adenosylmethionine synthetase with methionine as
a substrate. The effect of selenoadenosylmethionine on the rate
of the tripolyphosphatase reaction has not been evaluated be-
cause selenoadenosylmethionine is less stable than S-adenosyl-
methionine and an adequate procedure for isolation of the pure
material has not been found. However, if it is assumed that both
the sulfur- and selenium-containing adenosylmethionines have
the same stimulating etfect on the tripolyphosphatase reaction,
it is reasonable to conclude that the rate of synthesis of sele-
noadenosylmethionine is limited by the tripolyphosphate hy-
drolysis. If this condition is true, then it is possible that the
rate of the other limiting reaction (formation of adenosyl-
methionine and PPP?) may be increased to a much greater ex-
tent when selenomethionine is a reactant than is indicated by
the twofold increase in rate of the over-all reaction.

KINETICS OF YEAST ADENOSYLMETHIONINE SYNTHETASE
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FIGURE 11: Inhibition of tripolyphosphatase by pyrophosphate.
Standard incubation media at pH 9.0 containing 0.001 M PPP;,
0.0001 M adenosylmethionine, 0.01 M NaF, and 0.1 unit of enzyme.
The reaction mixtures plotted in the upper line also contained 0.002
M MgPP?~, K| for pyrophosphate is (2.3 &= 0.5) X 1074 ™.

The kinetic behavior of the adenosylmethionine synthetase
and tripolyphosphatase activities, including the stimulation
and inhibition of tripolyphosphate hydrolysis by adenosylme-
thionine, can be rationalized by the model given in Figure 12.
The total rate equation for this model has been derived by the
method of King and Altman (1956) but is is too complex to be
generally useful (the denominator has 57 terms). In the indi-
vidual experiments where the concentrations of some products
are zero the appropriate simiplified rate equations are obtained
by ignoring those reactions which are not operative. Without
added tripolyphosphate the kinetics of adenosylmethionine
synthesis can be described by the outer ring of reactions shown
in Figure 12. This model with two substrates and three
products is the inverse of one with three substiates and two
products for which Cleland (1963a) has derived the rate equa-
tion. The initial velocity of the reaction in the absence of any
products is described by the equation given below for an en-
Zyme with two substrates derived by Alberty (1953) and modi-
fied to use the terminology of Cleland (1963a). Although

14
v =
1+ Katp 4+ A Me K; atpKite
[ATP] [Me] [ATP][Me]
E(ARPPP)
+ARPPP E(ARPPP&ME)
) E(ARMe; PPP)
/ /xa E(ARMe}PP}P)
ARMe
m
Lk gppp) ke| |3
E(PP,P) +P
s E(ARMe!PP)

E(PP)

FIGURE 12: Proposed mechanism of yeast adenosylmethionine syn-
thetase. Me is methionine, ARPPP is ATP, and ARMe is adenosyl-
methionine,

2263



this equation predicts the convergent lines of the
kinetic plot of Figure 4 the same behavior would be observed
regardless of the order of addition of substrates. The pattern
of product inhibition must be determined before any conclu-
sions may be drawn about the sequence of substrate inhibition
or product release.

The equations describing the inhibition by the various
products are obtained from the total rate equation by dropping
all terms which contain the concentrations of products other
than the one being studied.

The equations for pyrophosphate and tripolyphosphate in-
hibition are similar and have the following form.

£

- Ko Katp K; arpKie I
1+ = 1+~
T e T <[ATP1 * [ATP][Me])( - Kx>

For pyrophosphate inhibition, [I]/K; = [PP)/K; ppp, for tripoly-
phosphosphate inhibition, [I}/Ki = [PPP]/Kippe. The in-
hibition constant for tripolyphosphate obtained from this
derivation is identical with the Michaelis constant for
tripolyphosphate of the tripolyphosphatase reaction in the
absence of adenosylmethionine and the inhibition constant for
pyrophosphate is the dissociation constant of the enzyme—py-
rophosphate complex. The above equation predicts that pyro-
phosphate and tripolyphosphate will inhibit competitively
when ATP is the variable substrate and noncompetitively
when methionine is the variable substrate. It also states that in
experiments with variable methionine the apparent noncom-
petitive inhibition constants are not independent but are func-
tions of the other kinetic constants and the ATP concentra-
tion. The competitive inhibition constants measured in experi-
ments where ATP is the variable substrate are not affected by
changes in the concentration of methionine, while changing
the concentration of ATP in experiments with variable me-
thionine causes the expected changes in the apparent noncom-
petitive inhibition constants. Cleland (1963a) has pointed out
that product inhibition will be competitive when the variable
substrate and the inhibiting product compete for the same
form of the enzyme. In an ordered sequential mechanism this
relationship would be seen between the first substrate to bind
and the last product to dissociate since both would compete for
the free enzyme.

The equation describing the inhibition by adenosylmethio-
nine is as follows

"
U=
1+ Kartp + Kie n K areKne [adenosylmethionine]
[ATP] [Me] [ATP][MC] KI adenosylmethionine

Since the concentration of adenoslymethionine appears only
in a term which does not contain the concentration of either
substrate, the equation predicts that only the intercept will be
changed by addition of adenosylmethionine to the incubation
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mixture which is consistent with the experimental results. Cle-
land (1963a,b) has pointed out that uncompetitive inhibition
is seen when the variable substrate and the inhibiting product
do not bind to the same form of the enzyme and when there is
no reversible pathway connecting the two forms (dissociation
of a product at very low concentration is sufficiently irreversi-
ble to cause this behavior). For an enzyme reaction with three
products, uncompetitive inhibition is shown by the second
product to dissociate. This observation further indicates that,
in the catalytic reaction, adenosylmethionine does not bind to
the free catalytic site since it shows the same type of inhibition
for both substrates and regardless of their order of addition,
at least one of them must bind to the free enzyme.

The rate equation for the tripolyphosphatase activity in the
presence of adenosylmethionine derived by neglecting the
reactions involving adenosine triphosphate and methionine
and assuming initial conditions is given in eq 1. The
term in the numerator containing the reciprocal of the ad-
enosylmethionine concentration is required to account for the
tripolyphosphatase activity in the absence of adenosylmethio-
nine. Judging from the experimental results this term becomes
negligible at adenosylmethionine concentrations greater than
2 X 10-3 M. When the concentration of adenosylmethionine is
zero the rate equation reduces to the simple single substrate
Michaelis—Menten equation. An unusual feature of the pro-
posed mechanism for the tripolyphosphatase activity is the
obligatory association and dissociation of adenosylmethionine
during each catalytic cycle. According to this model adenosyl-
methionine behaves as a substrate and a product and the de-
nominator of the rate equation therefore contains both
Kiodenossimethionine/[adenosylmethionine] and [adenosylmethio-
NiN€)/K adonosyimothionine terms. Because of these terms the rate
equation predicts that adenosylmethionine will have both
stimulatory and inhibitory effects as the experimental results
have shown. The rate equation further predicts that with in-
creasing adenosylmethionine the intercepts of the double-re-
ciprocal plots will decrease and then increase while the slopes
will continue to decrease. Although the measurement of the
slopes of these plots is not sufficiently precise to draw any
firm conclusions, the highest concentration of adenosylmethio-
nine causes a marked increase in the intercept without a com-
parable effect onthe slope. The value of the kinetic constant
K ppp can be computed in three ways from the rate equations
given above, the Michaelis constant for tripolyphosphate
hydrolysis in the absence of adenosylmethionine, the inhibi-
tion constant for the competitive inhibition of adenosylmethio-
nine synthesis by tripolyphosphate, and the ratio of slopes
of Figures 10 and 9. Values obtained by these procedures are
in reasonably good agreement (7, 14, and 11 um).

The action of a compound which has both stimulatory and
inhibitory effects on an enzyme, such as those shown by
adenosylmethionine on the tripolyphosphatase activity is most
frequently explained by a model in which the enzyme can bind
two molecules of the effector without obligatory dissociation
of the effector molecules during catalysis. The binding of the

V1<1 i kitks + kis)

kSkH

1
[adenosylmethionine]>

KPPP Kadenosylmethionine

Ki PPPKudenosylmethionine

6]

[adegg_sylmethioni_nel

1 4 FrE
™ [PPP] ™ fadenosylmethionine]

2264

GREENE

[PPPJladenosylmethionine}

Kl adeunosylmethionine



voL. 8 No. 6 JUNE 1969

first molecule presumably stimulates activity while the second
inhibits it. This model cannot be ruled out, but in its simplest
form it predicts that high concentrations of inhibitor will
cause proportionate increases in the slopes and intercepts of
the reciprocal plots. Further it has been reported that the K
for the competitive inhibition of the tripolyphosphatase ac-
tivity by ATP is not influenced by addition of adenosylmethio-
nine (Mudd, 1963). This behavior is predicted by the model in
Figure 12 in which ATP and tripolyphosphate are presumed
to compete for the free enzyme prior to the binding of adeno-
sylmethionine. On the other hand, if adenosylmethionine does
not necessarily dissociate during the catalytic reaction and if it
is assumed that the adenosyl moieties of adenosylmethionine
and ATP each bind to the same site on the enzyme, the
presence of bound adenosylmethionine would be expected to
impair the binding of ATP and this difference should be re-
flected in an altered K.

Mudd and Mann (1963) have proposed a mechanism in
which the association of substrates and release of products is
random. In support of this proposal they have reported a lag
during the early phases of adenosylmethionine synthesis which
can be slightly diminished by the addition of 5 X 1075 M
adenosylmethionine. They believe this lag to be due to disso-
ciation of adenosylmethionine prior to tripolyphosphate hy-
drolysis when the concentration of free adenosylmethionine is
very low. In the work reported here, no special attempt has
been made to study the early transient phases of the reaction
but since no significant deviation of the rate of the synthetic
reaction from linearity was observed any lag must be small.
Mudd and Mann (1963) have also shown that dissociation of
tripolyphosphate from the enzyme before it is hydrolyzed is
about 2% of that which is produced under conditions where
this dissociation may be expected to be maximal, i.e., very low
ATP (10=% M), relatively high pyrophosphate (10-2 M), and
very low adenosylmethionine. Addition of adenosylmethionine
(4.8 X 10~4 M) to the incubation mixture reduces the amount
of tripolyphosphate which is liberated. This amount of dis-
sociation is too small to have a significant effect on the kinetic
results. Under conditions where the enzyme can be shown to
bind pyrophosphate no binding of ATP could be detected
(Mudd, 1962). If the values of the dissociation constants for
ATP, K, a1p, reported here are correct, binding would not
have been detected by the methods used. That the free enzyme
can bind ATP is shown by the observation that ATP competi-
tively inhibits tripolyphosphate hydrolysis in the absence of
adenosylmethionine (Mudd and Mann, 1963). As has been
mentioned above if dissociation of adenosylmethionine oc-

KINETICS OF YEAST ADENOSYLMETHIONINE SYNTHETASE

curred after pyrophosphate release or before release of ortho-
phosphate, product inhibition by adenosylmethionine would
not be uncompetitive, It is difficult to rule out the possibility
that part of the reaction may proceed with the binding of me-
thionine before ATP is bound. However, the kinetic data do
not suggest this sequence and there is no evidence to show that
the free enzyme can bind methionine.

The model with a single binding site for each substrate or
product was selected because it accounts for the kinetic prop-
erties of the enzyme in a simple and straightforward manner.
While it is felt that this model is the best description of the
major reaction sequence, there is no intent to suggest that al-
ternate mechanisms cannot participate in the reaction to a
minor extent.
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