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ABSTRACT: The synthesis of 5-methyl-5,6,7,8-tetrahydro-
pteroyl tri-, penta-, and heptaglutamate has been accom-
plished by reductive methylation of the tetrahydropteroyl
oligoglutamate with formaldehyde, followed by purification
on DEAE-Sephadex. The corresponding [5-'4C]methyltet-
rahydropteroyl oligoglutamates were prepared from
14CH,0, and tested as substrates for methionine synthe-
tase (EC 2.1.1.13) isolated from bovine brain. In all cases,
the polyglutamate conjugates were better substrates (lower

Methionine synthetase (EC 2.1.1.13) catalyzes the
transmethylation reaction between the methyl donor, N°-
methyltetrahydrofolate, and homocysteine (Taylor and
Weissbach, 1973). In fact, not only N*-methyltetrahydro-
folate but also the triglutamate can act as a methyl donor
for the transmethylation reaction in bacteria and plants
(Salem and Foster, 1972). The distinguishing feature be-
tween the enzymes which use the monoglutamate and those
which use the higher glutamate derivatives is the fact that
the former enzymes require vitamin B;; while the latter re-
quire phosphate and magnesium. In mammals, the enzyme
has been isolated, partially purified, and studied extensively
in terms of mechanism and kinetic properties (Burke et al.,,
1971). These studies show that the enzyme requires vitamin
B> and that it uses the monoglutamyl form as the methyl
donor. Recent studies suggest that this transmethylation
reaction is not limited to the methylation of homocysteine,
but also may involve the biogenic amines (e.g., dopamine
and serotonin) (Laduron et al., 1974). Studies from several
laboratories have indicated that the predominant folate
forms in mammalian tissue are 5-methyltetrahydropteroyl
polyglutamates (Shin et al, 1972; Houlihan and Scott,
1972; Osborne-White and Smith, 1973; Brown et al., 1974).
Since only small amounts of these conjugated folates have
been available, the use of substituted folate polyglutamates
as substrates for folate-dependent reactions has been rather
limited (Blakley, 1969). The chemical synthesis of oxidized
pteroyl polyglutamates (Godwin et al., 1972; Krumdieck
and Baugh, 1969) has made it possible to obtain sufficient
quantities of these conjugates to use them and their reduced
derivatives as substrates for the many folate-dependent en-
zymes. We have previously described the synthesis of the
7,8-dihydro forms of pteroyl oligoglutamates and their use
as substrates for the enzyme dihydrofolate reductase from
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Km, higher Vi) than the corresponding monoglutamate
forms. In addition, the nonradioactive methyltetrahydro-
pteroyl oligoglutamates inhibited the methylation of homo-
cysteine by methyltetrahydrofolate. This indicates that the
monoglutamate and polyglutamates compete for the same
enzyme, and establishes a role for the ubiquitous methylte-
trahydropteroyl oligoglutamates in mammalian methionine
biosynthesis.

several mammalian cell lines (Coward et al., 1974b). In the
present paper we describe the synthesis of 5-methyl-
5,6,7,8-tetrahydropteroy! polyglutamates and present kinet-
ic studies of the interaction of these substrates and the en-
zyme methionine synthetase from bovine brain. A prelimi-
nary account of this work has been published previously
(Coward et al., 1974a).

Materials and Methods

N*%-Methyltetrahydrofolate (Sigma) and N*-['*C}meth-
yltetrahydrofolate (Amersham/Searle), 60 Ci/mol, were
purchased as the barium salt and were converted into the
sodium salt by dissolving 1 part methyltetrahydrofolate
barium salt in 3 parts 0.1 M NaHCOs, S parts 20 mM 2-
mercaptoethanol, and 2 parts 0.5 M Na,HPOy. The precip-
itated barium phosphate was removed by centrifugation,
and the clear supernatant solution was frozen (—68°) until
used. V-Methyltetrahydropteroyl oligo-y-glutamates were
prepared by reductive methylation of the oxidized pteroyl
polyglutamates in a manner similar to that described for the
preparation of 5-methyltetrahydrofolate (Blair and Saun-
ders, 1970). A typical preparation and purification of a
N5-['4C]methyltetrahydropteroyl polyglutamate is as fol-
lows:  pteroyl-y-glutamyl-y-glutamyl-y-glutamate (50
umol) (Coward et al., 1974b) in 4 ml of 66 mM Tris buffer
(pH 7.8) under a nitrogen atmosphere, was treated with 80
mg (2.1 mmol) of NaBH, in 3 portions over a period of
25-30 min. After the mixture was stirred for 1.25 hr at am-
bient temperature, spectral analysis indicated complete con-
version of the fully oxidized pteroyl triglutamate to the cor-
responding tetrahydro form (Blakley, 1969). Excess
NaBHj was neutralized by 5 N acetic acid and the pH ad-
justed to 7.8 with 1 N NaOH. ['*C]Formaldehyde (300
umol, 0.9 ml of a 1% aqueous solution, specific activity 1
Ci/mol) was added and after 5 min, 46 mg (1.2 mmol) of
NaBHj was added in 4 portions over a period of 5 min. The
reaction mixture was incubated at 45° under nitrogen for
90 min. At the end of this time the spectral analysis indicat-
ed complete conversion of the tetrahydropteroyl trigluta-
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mate to the 5-methyltetrahydro form (Blakley, 1969). The
reaction mixture was cooled to ambient temperature and 20
ul of 2-mercaptoethanol was added and the pH adjusted to
7.0 with 5 NV acetic acid. The resulting solution was applied
to a DEAE-Sephadex A-25 column (0.9 X 30 ¢cm) and the
product was purified by elution with a NaCl gradient
{0.2-0.7 N) in 5 mM Tris (pH 7.5) containing 10 mM 2-
mercaptoethanol. Columns were monitored spectrophoto-
metrically and elution of the radioactive products was mon-
itored by counting aliquots of appropriate tubes in the scin-
tillation counter. The 5-methyltetrahydropteroyl trigluta-
mate was eluted in 0.46 M NaCl (the 5-methyltetrahydro-
pteroyl penta- and heptaglutamates were eluted in 0.48 and
0.56 M NaCl, respectively). In all cases the peak of 5-meth-
yltetrahydropteroyl polyglutamate as determined spectro-
photometrically (Amax 290 nm, Blakely, 1969) and as deter-
mined by radioactivity coincided in the elution profile.
Spectral analysis of the products eluted from DEAE-Sepha-
dex indicated a percent yield of approximately 30-35% for
the conversion of the fully oxidized pteroyl oligoglutamate
to the corresponding 5-methyltetrahydropteroyl oligogluta-
mates. In all cases small amounts of impurities were eluted
from the column prior to the desired product and a substan-
tial amount of radioactive material which absorbed in the
270-300-nm region was eluted at higher salt concentration.
The identity of this latter material was not further investi-
gated. The tubes containing the purified 5S-methyltetrahy-
dropteroyl triglutamate were pooled and lyophilized and the
salts removed by chromatography on Sephadex G-15 using
a 5 mM triethylammonium bicarbonate buffer containing
10 mM mercaptoethanol (pH 8.0). This procedure was ef-
fective in separating the desired 5-methyltetrahydropteroyl
triglutamate from all salts as indicated by monitoring the
column for radioactivity, uv absorption, and conductance.
The peak tubes were pooled and lyophilized and the residue
was redissolved in 5 ml of 5 mM Tris buffer (pH 7.5) con-
taining 10 mM 2-mercaptoethanol. This final solution was
divided into 0.5-ml aliquots and stored at —20° under nitro-
gen. The procedure described above is the result of investi-
gating various reaction conditions which lead to formation
of the 5-methyltetrahydropteroyl polyglutamates from the
fully oxidized form. Use of lower ratios of formaldehyde/
pterin and borohydride/pterin, or shorter time of reaction
with NaBH, (Blair and Saunders, 1970), resulted in lower
conversion to the desired methylated product.

Methionine synthetase was isolated from bovine brain
and purified through the ammonium sulfate precipitation
according to the procedure of Mangum et al. (1972). The
ammonium sulfate pellets were stored at —20° until used
and no loss of activity could be detected over a period of 3
months. Brains were obtained from calves which had not
yet been weaned from stock-fed cows.! The enzyme was
prepared for assay by thawing pellets and dissolving the re-
sulting mix in 10 volumes of 0.05 M Tris buffer (pH 7.5). It
should be noted that there was no difference in activity
whether the enzyme was dissolved in 0.05 M Tris (pH 7.4)
or 0.05 M sodium phosphate (pH 7.4). This is in contrast to
the non-B;; enzyme described by Whitfield et al. (1970)
where the enzyme is specific for phosphate buffer and has
no activity in the presence of Tris buffer. The resulting en-

! Some differences in the kinetic properties of the enzyme isolated
from calves which had not yet been weaned from pasture-fed cows have
been noted. These diet-dependent differences are being investigated
further.

zyme solution was centrifuged at 37,500g for 20 min and
the supernatant dialyzed for 18 hr against 2 X 100 volume
changes of 0.05 M Tris buffer (pH 7.4) in order to remove
ammonium sulfate and homocysteine used in the enzyme
preparation. Following dialysis, the enzyme was centrifuged
at 37,500g for 20 min and the supernatant used directly as
an enzyme source. Protein concentration was determined by
measuring the optical density at 280 nm assuming 1 mg = 1
OD unit; this method gave values which agreed well with
results obtained using a micro biuret protein determination.

Methionine synthetase activity was determined according
to the procedure of Kamely et al. (1973) except that 500
uM D,L-homocysteine (synthesized by Dr. W. Giinther)
was used. The purity of this material was routinely checked
by use of Ellman’s reagent (Ellman, 1959). For kinetic
studies, the radioactive 5-methyltetrahydropteroyl polyglu-
tamates (1200 cpm/nmol) were substituted for the mono-
glutamate, S-methyltetrahydrofolate. For competition stud-
ies concentrations from 5 to 40 uM unlabeled S5-methylte-
trahydropteroyl polyglutamate were added to assays con-
taining 37.5-500 uM [5-'4C]methyltetrahydrofolate. The
diminished rate of radioactive methionine formation ob-
served in the presence of polyglutamyl alternate substrates
(e.g., Figure 2) precluded the use of methyltetrahydrofolate
concentrations of less than 37.5 uM in the competition ex-
periments. All reactions were then incubated at 37° for 1 hr
under nitrogen and the reactions terminated by addition of
0.8 ml of ice-cold water. The radioactive product,
['4C]methionine, was separated from the radioactive meth-
yl donor by column chromatography on AG 1-X8 (Bio-
Rad) in Pasteur pipets. The columns were washed with 1.0
ml of ice-cold water and the total effluent was collected in a
scintillation vial, dissolved in 15 ml of Aquasol (New En-
gland Nuclear), and counted in a Packard TriCarb liquid
scintillation counter. Methionine was identified as the ra-
dioactive product in a typical effluent, by paper chromatog-
raphy as described by Mudd et al. (1970). Reaction veloci-
ties are expressed as nanomoles of methionine formed per
hour per milligram of protein, and are the average of at
least two separate determinations which differed by less
than 10%. In order to be able to compare the results of the
non-B;; methionine synthetase assay with those obtained in
the assay described above, the concentrations of several re-
agents in the non-B;; reaction were different than those de-
scribed by Whitfield et al. (1970) (see Results and Discus-
sion).

In order to ensure that the activity observed with the 5-
methyltetrahydropteroyl oligo-y-glutamates was not due to
their prior hydrolysis to S-methyltetrahydrofolate, conju-
gase (glutamate carboxypeptidase, EC 3.4.12.10) activity
was checked at pH 4.5 and pH 7.4, according to the proce-
dure of Krumdieck and Baugh (1970). At pH 4.5, conju-
gase activity equal to approximately 3.5 nmol of 5-methyl-
tetrahydropteroyl triglutamate hydrolyzed/(hr/mg of prep-
aration) was present in both dialyzed and nondialyzed bo-
vine brain preparations. However, when conjugase activity
was measured at pH 7.4 (0.1 M sodium phosphate or 0.1 M
Tris buffer), the pH of the methionine synthetase assay, no
conjugase activity was detectable in either dialyzed or non-
dialyzed preparations.

Results

Component Requirements for the Methionine Synthetase
Reaction. The use of 1072 M homocysteine as an enzyme
stabilizer during isolation of the bevine methionine synthe-
1975 1549
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Table I: Component Requirements of Assay System.4

nmol of Methionine %

Assay System formed/(hr mg) Activity
Complete B, , 4.7 100

— Homocysteine 0.3 6.4

- 2-ME 0.08 1.7

- SAM 0.16 3.4

- B, 3.1 66.0
— Enzyme 0 0
Complete B, ,b 5.3 100
— 2-ME, SAM, and B, , 0 0
Non-B, ,¢ 0 0

2 Bovine brain methionine synthetase was prepared according to
the procedure described under Materials and Methods and dialyzed
overnight against 2 X 100 volume changes of 0.05 M Tris-HCl buffer
(pH 7.5) containing no homocysteine. The enzyme was assayed in
the standard system at 37° for 1 hr as described under Materials and
Methods. Except as noted, the complete B, , assay mixture contain-
ed in a final volume of 0.2 ml the following components: sodium
phosphate buffer, pH 7.4 (20 umol); 2-mercaptoethanol (2-ME) (24
umol); S-adenosylmethionine (SAM) (50 nmol); cyano-B, , (10
nmol); D,L-homocysteine (100 nmol); N°-[* *C] methyltetrahydro-
folate (100 nmol); 50 ul of enzyme; and water to volume. Appro-
priate blanks were run for each set of conditions. ? Substrate was
N3 -['4C] methyltetrahydropteroyl triglutamate (50 nmol). ¢En-
zyme isolated as in (a). The complete assay mixture contained in a
final volume of 0.2 ml: sodium phosphate buffer, pH 7.4 (20 pmol),
D,L-homocysteine (100 nmol); N*-[* 4C] methyltetrahydropteroyl
triglutamate (50 nmol); Mg(OAc), (20 nmol); 1,4-dithiothreitol (2
umol); 50 ul of enzyme; and water to volume. Appropriate blanks
were run.

Table II: Kinetic Constants for Bovine Brain
Methionine Synthetase.

Liganda Vmax? K (uM) Kii (wM)e
CH,H,PteGlu, 58 73.1
CH,H,PteGlu, 7.2 24.4 26.8
CH,H,PteGlu, 10.1 27.7 26.0
CH,H,PteGlu, 11.1 223 22.1

4 CH,H Pte, 5-methyl-5,6,7,8-tetrahydropteroyl. & nmoles of
methionine formed/(hr mg of protein). ¢ Obtained in competition
experiments as described in the text.

tase prevented a demonstration of the requirement for ho-
mocysteine. It was determined that homocysteine could be
removed from the enzyme prior to assay without seriously
affecting the enzyme stability; preparations dialyzed
against buffer containing no homocysteine had 92% of the
activity of the preparations dialyzed against 1073 M homo-
cysteine. Consequently, the following experiments were per-
formed using bovine brain 5-methyltetrahydrofolate-homo-
cysteine transmethylase which had been dialyzed for 18 hr
at 4° against 2 X 100 volume changes of 0.05 M Tris-HCI
buffer (pH 7.5) containing no homocysteine.

The component requirements of the assay are shown in
Table I. Omission of cyano-B,; produced only a 34% loss of
activity, which is in agreement with data reported by Taylor
and Weissbach (1967). These authors suggested that en-
dogenous B, is tightly bound, and exogenous B3 does not
act as a cofactor, but rather as a minor part of the mercap-
toethanol reducing system. In the complete assay system,
the reaction was linear over a protein range of 0.05-0.25
mg, and for as long as 90 min. A K, determination for DL-
homocysteine using the standard system and enzyme di-

1550 1975

BIOCHEMISTRY, VOL. 14, NO. 7,

COWARD ET AL.

1.200
1.000 /

- ‘
0.800
0.600
0.400

0.200

|
— uM
SP‘

FIGURE !: Kinetic data for the methylation of homocysteine by N3-
[14C]methyltetrahydropteroyl mono- (@), tri- (W), penta- (O), and
heptaglutamate (a).

alyzed against 2 X 100 volume changes of 0.05 M Tris-HCI
buffer (pH 7.5) yielded a value of 53.3 uM.

The possibility existed that a non-B;; methionine synthe-
tase, such as found in bacteria and plants (Salem and Fos-
ter, 1972), was present in the partially purified bovine brain
preparation and was responsible for the activity seen with
the 5-methyltetrahydropteroyl oligo-vy-glutamates. In order
to test for the presence of non-Bj; methionine synthetase
activity under the conditions used to obtain the above re-
sults, the assay of Whitfield et al. (1970) was modified
slightly (Table I). Under these conditions, no [!*C]meth-
ionine formation could be detected. As a further check that
the bovine brain transmethylase satisfied the criteria estab-
lished for a B,-requiring enzyme, 250 uM [5-'*C]methyl-
tetrahydropteroyl triglutamate was assayed in the modified
Bi2 system (Kamely et al., 1973). As expected for a By, en-
zyme, there was no detectable methionine formation from
methyltetrahydropteroyl triglutamate in the absence of S-
adenosylmethionine and the 2-mercaptoethanol, cyano-B,
reducing system (Table I).

Evaluation of Kinetic Data. Using enzyme preparations
dialyzed for 18 hr against 2 X 100 volume changes of 0.05
M Tris-HCI buffer (pH 7.5), K, values were obtained for
N3-[4C]methyltetrahydropteroyl mono-, tri-, penta-, and
heptaglutamates as substrates for bovine brain methionine
synthetase (Table II). The corresponding Lineweaver-Burk
plots are shown in Figure 1. All plots were drawn from data
subjected to a least-squares analysis on an IBM 1130 com-
puter. It can be seen that the K, values for the 5-methylte-
trahydropteroyl oligoglutamates are two- to threefold lower
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than the corresponding value for the monoglutamate, and
the Vmax values are twice as high.

Inhibition studies were carried out using N>-[*C]meth-
yltetrahydrofolate as substrate and unlabeled 5-methylte-
trahydropteroyl tri-, penta-, and heptaglutamates as inhibi-
tors. Lineweaver-Burk plots, such as shown in Figure 2,
clearly establish that the tri-, penta-, and heptaglutamate
forms are noncompetitive inhibitors of homocysteine meth-
ylation by the monoglutamate, 5-methyltetrahydrofolate.
Replots of these data revealed that the inhibition is I-linear,
S-parabolic (Cleland, 1970), leading to Kj; values of 26.8,
26.0, and 22.1 uM for the tri-, penta-, and heptaglutamates,
respectively. These values are in good agreement with the
Km values obtained using the 5-methyltetrahydropteroyl
oligoglutamates as substrates. This is reasonable, since the
observed inhibition presumably results from the fact that
the higher conjugates can act as alternate substrates in the
transmethylation reaction.

Discussion

The primary finding of this work, namely that S-methyl-
tetrahydropteroyl oligoglutamates are substrates for the en-
zyme methionine synthetase, lends further support to the
idea that the conjugates of folic acid can act as substrates as
well as, or better than, the unconjugated folate, and there-
fore are not simply storage forms. Blakley (1957) previous-
ly reported that tetrahydropteroyl triglutamate appeared to
be a better cofactor than the monoglutamate for rabbit
muscle serine transhydroxymethylase, while Loughlin et al.
(1964) reported that a crude S-methyltetrahydropteroyl tri-
glutamate was nearly equal to the monoglutamate as a sub-
strate for hog kidney methionine synthetase. Both studies
were limited by the scarcity of purified polyglutamate
forms, and the possibility that conjugase activity was pres-
ent in the enzyme preparation. Recently we found that the
oligoglutamates of folate and dihydrofolate were as good or
better substrates than corresponding monoglutamates for
purified mammalian dihydrofolate reductase (Coward et
al., 1974b). In addition, Kisliuk et al. (1974) have recently
reported that several oligoglutamate conjugates of 5,10-
methylenetetrahydrofolate are more effective than the
monoglutamate as substrates for the enzyme thymidylate
synthetase from Lactobacillus casei.

In the present work, it has been found that methionine
synthetase partially purified from bovine brain is quite sta-
ble to dialysis in the absence of homocysteine, thus allowing
a more accurate assessment of the K, value for homocys-
teine (53 puM) than previously found by Mangum et al.
(1972). This enzyme system fits the criteria for a Bi;-re-
quiring enzyme as demonstrated in the experiments dealing
with the component requirements of the assay system, espe-
cially the reducing system components (Table I). That ex-
ogenous By, did not substantially affect activity is not un-
usual in the light of results of other investigators using this
reducing system (Taylor and Weissbach, 1967). Evidence
that a non-Bj; enzyme was not active under the present
assay conditions was provided by using a modified assay of
Whitfield et al. (1970). This does not mean that a non-B;;
enzyme may not be present in mammalian tissue, but rather
that under the present isolation and assay conditions, it was
not responsible for the results found when 5-methyltetrahy-
dropteroyl oligo-y-glutamates were tested as enzyme sub-
strates.

The Kn values for the 5-methyltetrahydropteroyl tri-,
penta-, and heptaglutamates were between 25 and 30 uM,

0.200

—i>

0.100F
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FIGURE 2: Kinetic data for the inhibition of N5-[!4C]methyltetrahy-
drofolate-dependent methylation of homocysteine by N°-methylte-
trahydropteroyl heptaglutamate at concentrations of 0 uM (@), 5 uM
(8), 10 uM (A), and 20 uM (O) heptaglutamate (S’). Inset: replot of
slope (x) and intercept (@) vs. concentration of heptaglutamate.

as compared with a Km of 75 uM found for the monogluta-
mate. In addition, the V. values obtained with the oligo-
glutamates were twice the Vnax values obtained with the
monoglutamate. However, a pattern which indicated a pref-
erence for one of the oligoglutamates as a more effective
substrate was not observed. All oligomers above the mono-
glutamate were approximately equal in substrate activity.
The inhibition studies (Figure 2) revealed that the oligoglu-
tamates produced a noncompetitive inhibition vs. 5-methyl-
tetrahydrofolate, with K; values approximating the Kp,’s.
The noncompetitive type of inhibition is significant in that
it eliminates the possibility of separate forms of bovine
brain methionine synthetase active specifically with each of
the 5-methyltetrahydropteroyl oligo-y-glutamates. It sup-
ports either the concept of one enzyme form which utilizes
both the monoglutamate and the polyglutamate derivatives,
but has a preference for the polyglutamate derivatives; or,
the less likely possibility of multiple forms of the enzyme,
each of which utilizes the monoglutamate derivative, but
shows specificity for a particular polyglutamate.

The existence of bacterial and plant methionine synthe-
tases which do not require vitamin Bj» but which require
the 5-methyltetrahydropteroyl triglutamate as the methyl
donor is well documented. The requirement for additional
glutamates has been explained as necessary to bind the sub-
strate to the enzyme. No information has previously been
available to indicate a role for the oligoglutamate conju-
gates in mammalian methionine synthetases. This study in-
dicates that polyglutamate forms of 5-methyltetrahydrofol-
ate, which have been found in quantity in all mammalian
tissues examined, and previously regarded as ‘‘storage
forms” can act as substrates for this enzyme. In addition,
there are data available which indicate that several pteroyl
oligoglutamates are potent inhibitors of bacterial thymi-
dylate synthetase (Friedkin et al., 1971; Kisliuk et al.,
1974). The accumulated data thus support the idea that the
polyglutamate forms may function both as the natural sub-
strates and as potent regulators of intracellular folate-de-
pendent reactions.
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