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Abstract—2-(2'-methylthio)Ethylmalate (2-MTEM) is thought to be an intermediate 1n the biosynthesis of allylgluco-
sinolate from methionine in Brassica. When chemically synthesized 2-MTEM and labelled methionine are admimis-
tered simultaneously to leaves of B. carinata, radiolabelled 2-MTEM can be recovered from the tissue but the
incorporation of label into allylglucosinolate is unaffected. A non-glucosinolate-producing plant, Phaseolus vulgaris
does not transform *H-methionine into >H-2-MTEM under the same conditions. All efforts to 1solate the enzyme
responsible for the synthesis of 2-MTEM from 2-keto-4-methylthiobutyrate (KMTB) and acetyl CoA have been

unsuccessful.

INTRODUCTION

The biosynthesis of many glucosinolates in Brassica and
related genera requires the chain extension of amino acid
precursors to homologous non-protein amino acids. This
has been demonstrated in radiotracer studies of the
synthesis of phenethylglucosinolate n Nasturtium [1],
allylglucosinolate in Armoracia [2] and 2-hydroxybut-3-
enylglucosinolate in Brassica [3]. The chain extension
pathway is thought to proceed via 2- and 3-substituted
malic acid intermediates such as those 1n leucine bro-
synthesis [4] since labelled 2-benzylmalate and 3-ben-
zylmalate are efficient precursors of phenethylglucosin-
olate in Nasturtium officinale [ 1, 5]. By analogy, allylglu-
cosinolate biosynthesis would require 2-(2’-methylthio)
ethylmalate (2-MTEM) to be formed from the conden-
sation of the alpha-keto acid of methionmne, 2-keto-4-
methylthiobutyrate (KMTB), with acetyl Coenzyme A. 2-
MTEM has been synthesized and its formation from
radiolabelled precursors has been examined in vivo and in
vitro

RESULTS AND DISCUSSION

Synthesis of 2-MTEM

The synthesis of 2-MTEM was attempted employing
conditions described for the synthesis of isopropylmalate
[6]; however, this method resulted 1n the hberation of
large quantities of methanethiol from the starting ma-
terial, methyl 3-methylthiopropionate. To circumvent
this problem, the acetonitrile anion was generated using
n-butyl lithium and was then added to the starting
material. The other steps of the synthesis were performed
essentially as previously described [6]

* Author to whom correspondence should be addressed

Feeding experiments

When L-[Me-*H]methronine was admimstered to
leaves of Brassica carinata simultaneously with synthetic
2-MTEM, resolation of the 2-MTEM by two con-
secutive HPLC punfication procedures showed signifi-
cant incorporation of radiolabel into 2-MTEM (Table 1).
Oxidation of the putative *H-2-MTEM with hydrogen
peroxide and re-analysis of the oxidized material by
reverse phase HPLC, resulted in the recovery of only one
peak of radioactivity, which co-chromatographed with 2-
MTEM sulphoxide. The highest incorporation of label
mto 2-MTEM 1n the smaller leaf 2 1s consistent with the
higher rate of glucosinolate biosynthesis reported earlier
for immature upper leaves [7].

The observed labelling of 2-MTEM mught have result-
ed from a non-enzymatic methylthio exchange reaction
during extraction of the tissue, but reisolation of 2-
MTEM from extracts to which *H-methionine and 2-
MTEM were added only at the time of extraction showed
no label 1n the recovered 2-MTEM. The biotransform-
ation of methionine to 2-MTEM 1n Brassica leaves was
also found to correlate with their glucosinolate bio-
synthetic capability since 1dentical uptake experiments

Table 1 Recovery of 2-MTEM from leaves of B. carinata
administered 3 7 x 10° Bq (10 nmol) L-[ Me-*H]methionine and
synthetic 2-MTEM (1 umol)

Expenment no 1 2 3
Leaf fresh weight (g) 120 078 137
Uptake time (min) 40 40 100
% Uptake 94 66 100
Total dpm in 2-MTEM

(x107%) 51 72 66
% Incorporation 023 046 028
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using leaves of Phaseolus vulgaris, a plant which does not
produce glucosinolates, showed no production of labelled
2-MTEM from *H-methionine

In an attempt to confirm 2-MTEM as an intermediate
in the allylglucosinolate biosynthetic pathway, 10 nmol of
both '#*C-methionine and *H-tryptophan, precursors of
the major glucosmolates in Brassica, were administered
simultaneously to leaves of B carinata 1n the presence and
absence of 1 umol 2-MTEM If 2-MTEM were an
effective cold trap, 1t would be expected to dimimsh the
mcorporation of radioactivity from methionine into allyl-
glucosinolate, while the incorporatton of label from tryp-
tophan into indoleglucosinolates would act as an internal
standard of glucosinolate biosynthesis. The mclusion of
2-MTEM m the uptake solution did not disturb the ratio
of *C/*H incorporated into the two glucosinolates (Tab-
le 2) While this result could be interpreted as evidence
against the proposed chain extension pathway in glucos-
molate biosynthests [1,5], 1t 1s more likely that ex-
ogenous 2-MTEM does not have access to the allylglu-
cosinolate biosynthetic pathway and therefore cannot act
as a cold trap. Further support for this concept 1s the
observation that the accumulation of label into 2-MTEM
n leaves at similar developmental stages (Table 1, exper-
iments 1 and 3) 1s not time dependent *H-2-MTEM
formed 1 viro does not appear to freely exchange with the
administered compound The radioactivity recovered at
the time of extraction may represent the liberation of the
small pool of 3H-2-MTEM formed n viwo into the excess
unlabelled 2-MTEM supplied in the experiment The lack
of a substantial endogenous pool of 2-MTEM 1n the leaf
tissue was confirmed by HPLC analyses which indicated
no measurecable amount of 2-MTEM (detection limit
003 pumol 2-MTEM per g fr. wt) 1n leaf extracts

The production of 2-MTEM n vivo indicated that an
enzyme which condenses acetyl CoA with KMTB to
produce 2-MTEM (2-MTEM synthase) might be detect-
able in vitro For these studtes, leaf tissue was extracted in
potassium phosphate or Tris buffer at pH 68, 7 5, or 8.2,
in the presence of various combinations and concentra-
tions of potassium chionde, sodium fluoride, 2-mercap-
toethanol, dithioerythritol, polyclar AT, L-methionine, L-
valine, L-cysteine, KMTB, 2-ketoisovalerate, 3-[3-chol-
amidopropyldimethylammonio]-{-propanesulphonate
(CHAPS) and phenylmethanesulphonylfiuoride (PMSF)
High acetyl CoA thioesterase activity was observed 1n
crude extracts, which made these preparations unsuitable
for direct assay Gel filtration and anion exchange frac-
tionatrons of the crude extract were employed to separate
potential 2-MTEM synthase activity from the competing

Table 2 Labelling of glucosinolates from 1-[U-'*C]-

methionine and L-[5->H]tryptophan administered to

leaves of B carinata in the presence and absence of 1 ymol
synthetic 2-MTEM

10™* x dpm in glucosinolates

Treatment Allyl Indolylmethyl
Control 19 60
+2-MTEM 21 58

Data shown represent the means of triplicate incu-
bations
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thioesterase and other potentially inhibitory factors, but
2-MTEM synthase activity was not detected i any
fraction of these preparations Although the related en-
zyme, 2-isopropylmalate synthase, has been detected 1n
plants [8, 9]. conditions reported to be sutable for 1ts
assay 1n extracts of plants [8] as well as yeast [10], and
bacterta [11, 12] were meffective 1in the search for a 2-
MTEM synthase activity in Brassica carinata The failure
to detect this enzyme activity may be due to the presence
{(or absence) of regulatory substances in the assay mixture,
or to the instabiity of 2-MTEM synthase under the
conditions employed

In summary, while the radiotracer results indicate that
an enzyme catalysing the formation of 2-MTEM must be
present in B carinata leaf extracts, conditions for 1ts study
in vitro have not yet been established It may be advan-
tageous to first fully characterize the analogous 2-1sopro-
pylmalate synthase responsible for leucine biosynthesis as
a means of developing appropnate solation and assay
systems for this class of enzymes in plants

EXPERIMENTAL

Dry THF was oblained from a Na-benzophenone ketyl 'H
and '3C spectra were recorded on a Bruker WH-400 spectro-
meter, with TMS or DHQO as internal standard 1n the solvents
indicated  TLC analyses were performed on sihca gel KoF
{Whatman)

3-Oxo-5-methylthiovaleromtrile (1) To a soln of 289 ml (72
mmol) n-butyl hithium (2 5 M in hexanes. Aldrich) in 20 ml dry
THF at —80°, was added 4 15 ml (79 mmol) MeCN dissolved 1in
20 ml dry THF A dry N, atmosphere was maintaned at all
times and the addition was complete 1n 10 min The white ppt
which formed was kept 1n suspenston with vigorous stirring The
muxture was then transferred through a stainless steel needle by
positive N, pressure to a recerving flask contamming 9 ml
(72 mmol) methyl 3-methyithiopropionate m 20 ml dry THF
Vigorous stirring was maintained at —80° An additional 10 mi
of THF was used to rinse the first flask The soln was allowed to
warm and a gelatinous ppt began to form 100 ml of 10% HCl
was rapidly added with stirring and the products were immedi-
ately extracted into Et,O (3 x 100 ml). washed with H,O (!
x 100 ml), dried over MgSO,, and concd to yield a yellow o1l
(12 g) This material was not purtfied further due to 1ts tendency
to polymerize at high conen Yield >90% by TLC TLC
(MeOH-CHCl; 149) R, 054, IR vPlmem ™" 2290, 2255 (CN),
1727 (C=0), 1420, 1390, 1355, 1300, 1070, '"H NMR (CDCl,) 3
36(2H, ), 292(2H,,70),276(2H,t 70),2 14(3H, s}, '*C NMR
(CDCly) 196 3(s), 113 6(s),41 7(£). 37 7(1), 27 3(1). 15 6 (), EIMS
mjz 143 [M]" (45). 103 (10), 75 {43}, 68 (22)

22 -methylthio)EthyImalate (2) 6 5 ml HCl (conc ) was added
slowly to a cooled mixt (1ce bath)of 57 g (40 mmol)1,and 521 g

HO. 'CO,H

/2\></C02H
4

MeS 1 3



Biosynthesis of 22-methylthmo)ethylmalate

(80 mmol) KCN Stirring at 5° was maintained for 3 hr after
which 100 ml 10% HCI was added The mixt. was extracted into
Et,O (3 x 100 ml), dried over MgSO, and concd in vacuo The
crude yellow o1l (57 g) was added to 2 vols of concd HCI and
mcubated for 70 hr at room temp The mixture was concd in
vacuo, 3 vols of 2 M HCI was added and the mixture was refluxed
for 3 hr The hydrolysis mixture was extracted into EtOAc (3
x 100 ml) and washed with H,O (1 x 100 ml) Concn of the
organic phase yielded 2ml of a dark yellow o1l which was
dissolved in 20 ml H,O, treated with activated charcoal and
filtered through Celhte The filtrate was taken to dryness and
stored 1n a vacuum desiccator overnight. Recrystallization from
hot EtOAc yielded 730 mg of 2, (yteld from methyl 3-meth-
yltmopropionate, 10%). TLC (EtOH-NH,OH 30.1) R, 021,
IR yYuelem~! 3510 (O-H), 3200-2700 br (COO-H), 1695 br (C
=0), 1220, 'HNMR (D,0) 52 82(1H, d, 16.3, H-3), 2 50 (1H, d,
163, H-3),237 (1H, ddd, 52, 127,127, H-2), 2.19 (1H, ddd, 5 2,
127,127, H-2), 1 88-1 73 (2H, m, H-1"), 1 83 (3H, s, methylthio),
13C NMR (D,0) 1801 (s), 176 5(s), 77 6 (s), 458 (1), 41 0 (t), 29 6
(t), 16 8 (q), EIMS m/z. 208 [M]* (23), 190 (12), 145 (16), 75 (74),
61 (100), 47 (12), acc mass calculated for C;H,,0;S 208 04055,
found 208 03980. Analysis calculated %C, 4038, H, 581, S,
1540, found %C, 4060, H, 585, S, 1573 Mp 121-123°

Radiotracer feeding experiments. Brassica carinata var. 4218
(Agriculture Canada Research Station, Saskatoon, Saskatche-
wan) were maintained as described in [7] Leaves from 5-to 6-
week-old plants were cut from plants while the petiole was
submerged mm  H,0 L-[U-'*C]Methiomne and L-[5-
3H]tryptophan (each 3 7 x 10* Bq, 10 nmol, total vol 200 ul) or L-
[Me-*H]methionine (3 7 x 10° Bq, 10 nmol, total vol 100 ul) was
administered via the transpiration stream. Where ca, 1 umol 2-
MTEM was included 1n the uptake soln 30-90 min after be-
gunning the feeding, leaves were extracted in MeOH as described
m [7]

Extraction and analysis of glucosmolates Isolation of de-
sulphoglucosinolates followed a modified procedure of ref [13]
as described 1n [7], using 02 gmol benzylglucosinolate as an
internal recovery standard Desulphoglucosinolate analysis was
performed on an Alltech 5 yum C-18 column

Reisolation of admimistered 2-MTEM. Leaf extracts were
separated into cationic, amonic and neutral fractions on SP-C-
25 and QAE Sephadex as described by Redgewell [14] QAE
column HCO,H eluates were dried in vacuo and dissolved 1 500
ul H,O A 50 pl aliquot was fractionated on a Synchropak Q-300
HPLC anion exchange column (detection UV 210) with a NaCl
gradient in 20 mM Tns-HCI pH 7.5 (0.5 ml/min, 0% NaCl for
4 min, 1.0 ml/min, gradient to 05M NaCl over 11 minj. 2-
MTEM-containing fractions were further fractionated on a
Serva 5 um RP-8 column (detection UV 210; 1 ml/min, 02 M
H,PO, for 5 mm; gradient to 20% MeCN over 15 mun; compo-
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sition constant for a further 10 min) Aliquots of the 2-MTEM-
containing fractions were extracted with Et,O (5x 1 ml), the
pooled organic fractions were dried, taken up 1n 200 ul 10 mM
H,0,, and incubated overnight at room temp. An aliquot of the
mixture was then analysed using the reverse phase system
described above 1 min fractions were collected in all cases, and
assayed tor radioactivity by liqmd scintillation counting.

Enzyme assays. B carinata leaf enzyme extracts were tncu-
bated with 1 mM 3*H-KMTB (prepared by oxidation of L-[Me-
3H]methionine with L-amino acid oxidase) and 1 mM acetyl
CoA (final vol 100 ul) After 60 min, assays were sptked with 0.2
umol 2-MTEM, transferred to a 100° heating block for 10 mun
and clanfied by centrifugation. Radiolabelled substrate was
separated from product on a Synchropak Q-300 HPLC anion
exchange column (1 0 ml/min 20 mM Tris-HCIl pH 7.5 contain-
mng 100 mM NaCl) The 2-MTEM-containing fraction was
collected and assayed by liquid scintillation counting
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