
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Sulfur Chemistry
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926081

Biochemistry of S-Methyl-L-Cysteine and its Principal Derivatives
George A. Mawa

a 23, Brooklyn Avenue, Worthing, Sussex, England

To cite this Article Maw, George A.(1982) 'Biochemistry of S-Methyl-L-Cysteine and its Principal Derivatives', Journal of
Sulfur Chemistry, 2: 1, 1 — 26
To link to this Article: DOI: 10.1080/01961778208082422
URL: http://dx.doi.org/10.1080/01961778208082422

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713926081
http://dx.doi.org/10.1080/01961778208082422
http://www.informaworld.com/terms-and-conditions-of-access.pdf


Surfur Reports 
Volume 2 (l), February 1982, pp. 1-32 
0 1982 harwood academic publishers, gmbh 
Printed in the United States of America 

BIOCHEMISTRY OF 

PRINCIPAL DERIVATIVES 
S-METHYL-L-CYSTEINE AND ITS 

GEORGE A. MAW 
23, Brooklyn Avenue, Worthing, Sussex, England 

This review describes the natural occurrence of S-methyl-L-cysteine, its sulfoxide and y-glutamyl deriva- 
tive, as well as the distribrtion of these compounds in plants, the changes in their concentrations during 
plant growth and development, and the pathways so far known for their biosynthesis. The appearance of 
a tripeptide of S-methylcysteine, S-methylglutathione, during the metabolism of various methylated drugs 
and pesticides in animals and plants is also discussed. 

A summary is presented of the pathways of metabolism of the amino acid and its derivatives, including 
dethiomethylation, demethylation, transpeptidation, oxidative degradations, etc. The physiological and toxi- 
cological effects of these compounds aredescribed, and an account isgiven of recent research on the identifi- 
cation of S-methylcysteine sulfoxide as the causative agent of kale poisoning in cattle. Suggestions as to  the 
physiological role of S-methylcysteine and its derivatives are discussed. 

I. INTRODUCTION 

From a ~iocnemical standpoint, S-methyl-L-cysteine 1 is of interest in being both a deriv- 
ative of L-cysteine and a lower homologue of L-methionhe. Historically, it was these 
structural relationships which in the 1930’s prompted the earliest research on the biologi- 
cal behavior of the compound, almost a quarter of a century before the discovery that it 
was itself naturally occurring. 

Since that time a detailed picture has been built up of the similarity of S-methylcysteine 
to cysteine and methionine in many of their respective roles. The metabolism of S-methyl- 
cysteine can now be accounted for in part by the extent to which it can act as a substrate 
for the numerous enzymes mediating in the metabolism of either cysteine or methionine 
(this applies particularly in animal tissues), and in part by the existence of enzymes for 
which S-methylcysteine is a normal substrate (as in plants). 

The present review deals with the biochemistry of S-methylcysteine in organisms in 
which it is a natural metabolite and in those in which it must be regarded as a foreign 
compound. Included is an account of the naturally occurring derivatives of the amino 
acid, namely, its sulfoxide 2 and the dipeptide y-L-glutamyl-S-methyl-L-cysteine 3, also 
the tripeptide S-methylglutathione 4, which is a metabolic product in certain situations. 
The biosynthesis and metabolism of S-methylcysteine was previously reviewed by 
Thompson.’ 
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11. NATURAL OCCURRENCE 

S-Methyl-L-cysteine and its sulfoxide 

Synge and Wood’ in 1955 were the first t report the natural occurrence of th sulfoxide 
of S-methyl-L-cysteine as its (+) diastereoisomer in the non-protein, soluble N fraction of 
cabbage leaves, its isolation being achieved by ion-exchange chromatography. Almost at 
the same time this compound was isolated and identified as a constituent of turnip leaves 
by Morris and Thompson.’ In the following year the two groups of workers described the 
compound in more detail,4>’ and, on the basis of paper chromatographic studies, they 
produced strong evidence for its presence in other Cruciferae, such as broccoli, cauli- 
flower, Chinese cabbage, kale and kohlrabi, also shepherd’s purse (Capsella bursa- 
pastoris L), wallflower (Cheiranthus cheiri L) and white mustard (Sinapsis alba L). Its oc- 
currence has since been confirmed in cauliflower and Chinese cabbage (Brassica 
pekinensis Rupr.).6 

Thompson et al. ’ also isolated free S-methyl-L-cysteine as the (-) diastereoisomer 
from the non-protein N fraction of beans of Phaseolus vulgaris, and the amino acid has 
been reported to be a natural metabolite in Neurospora crassa.* 

S-Methyl-L-cysteine sulfoxide has subsequently been established as a constituent of the 
common onion (Allium cepa L),6n9-’2 and there has been one report of S-methylcysteine 
being present in this plant.” Both compounds have been found in garlic (Allium sativum).” 
S-Methylcysteine also occurs in the fruit and seeds of the sea buckthorn (Hippophue 
rhaminoide~)’~ and in the foliage and seeds of those species of the genus Astragalus, e.g. A .  
bisulcatus, which accumulate the corresponding selenium compound, Se-methylseleno- 
~ysteine.”-’~ It has been detected in sonically disrupted cells of Escherichia coli and Pro- 
teus mirabilis, ’’ in the haemolymph of the southern army worm (Prodenia eridania) fed on 
fresh kale,” in human urine2’ and in human and bovine blood.22 The sulfoxide has also 
been found in human urine.” 

There is, however, no firm evidence to suggest that S-methylcysteine or its sulfoxide are 
natural constituents of mammalian or insect tissues. Rather, they originate from the in- 
gestion of plants containing these compounds, such as brassicas or, as described in Sec- 
tion V, they are formed during the metabolism of foreign organic compounds capable of 
acting as methylating agents. 

y-L- Glutamyl-S-methyl-L-cysteine and its sulfoxide 

S-Methylcysteine and its sulfoxide have not been found as normal components of pro- 
teins in higher plants, yeasts or  animal^,'>^^-^^ but the two compounds appear to be of 
fairly wide occurrence in plants as the corresponding y-glutamyl derivatives. Both dipep- 
tides were shown by Rinderknecht2’ to be present in the non-protein N fraction of lima 
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S-METHYL-L-CYSTEINE 3 

beans (Phaseolus lunatus) and of five other types of bean. Thompson and coworkers28 
isolated and characterized y-glutamyl-S-methylcysteine 3 from kidney beans, in which it 
accounted for about one-third of the total non-protein N present, and they showed the 
natural product to be identical with the dipeptide prepared by the hydrolysis of synthetic 
S-methylglutathione 4 with carb~xypeptidase.~~ 

The dipeptide, alone or together with its sulfoxide, has been found in other plants, for 
example, sieva beans (Phaseolus l~natus) ,~'  the expressed juice from seedlings ofPhaseolus 
aureus, 31  the common onion,32 garlic,33 the seeds and foliage of selenium-accumulating 
species of Astragalus,'6-'s which also contain y-glutamyl-Se-methylselenocysteine, the 
fruit of the sea buckthorn (H. rhaminoide~),'~ and seeds of Vigna radiata.34 

111. CONCENTRATION AND DISTRIBUTION IN PLANTS 

In the course of their isolation of S-methylcysteine sulfoxide from the expressed juice 
from cabbage leaves, Synge and Wood4 estimated the compound to represent 4.4 per cent 
of the non-protein N of the leaf to 2.2 per cent of the total N present. This amounted to 
0.57 per cent ofthe dry matter, equivalent to a concentration of 37.7 pmoledg dry matter. 
The sulfoxide was obtained from the dialysed leaf juice by fractionation on columns of a 
cation-exchange resin. Morris and Thompson' found a comparable concentration of 
the sulfoxide in turnip leaves, amounting to 3.7 per cent of the non-protein N, and a value 
of 1.5 per cent for turnip roots. The latter workers prepared aqueous ethanol extracts of 
ground tissue and subjected these to cation-exchange chromatography, followed by 
paper chromatographic determination of the compound with ninhydrin. 

Data published subsequently for the content of S-methylcysteine and its derivatives in 
other plants have been obtained by essentially similar procedures, the final analysis of the 
compounds being carried out by two-dimensional paper chromatography coupled with 

Separation from other densitometry,"*26 or by means of an amino acid analyzer. 
amino acids has also been achieved by electrophoresis on glass fibre paper, followed by a 
densitometric assay.37 More recently, an automated ion-exchange chromatographic 
method for S-methylcysteine sulfoxide in freeze-dried plant samples has been de~cribed.~' 

Zacharius3' obtained the following values for S-methylcysteine and its derivatives in 
the seeds of bush bean (Ph. vulgaris), expressed as pmoles/g air-dried seeds: S-methyl- 
cysteine, 1.25; S-methylcysteine sulfoxide, 0.326; y-glutamyl-S-methylcysteine, 11.5; 
y-glutamyl-S-methylcysteine sulfoxide, 1.01. An extensive survey of the content of 
S-methylcysteine in various seeds made by Evans and B ~ u l t e r ~ ~  is summarized in Table I. 
In bush bean seeds S-methylcysteine is present in greater concentration than its sulfoxide 
and, as seen from Table I, the amino acid occurred in appreciable amounts only in the 
species of Phaseolus and Vigna examined. However, the most abundant form of S-methyl- 
cysteine in legumes is its y-glutamyl derivative, the molar concentration of which can be 
more than nine times that of the free amino acid. 

The contents of S-methylcysteine and y-glutamyl-S-methylcysteine in two species of 
Astragalus (A. bisulcatus and A. pectinatus) have been reported by McConnell et al. 1 7 ~ 1 8  

and are shown in Table 11. 
The concentration of the y-glutamyl derivative is highest in the seeds and falls after ger- 
mination, declining further with the growth of the seedling, but rising again with the de- 
velopment of seed pods. Probably as a result of the hydrolysis of the dipeptide, growth of 
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4 G. A. MAW 

TABLE I 
S-Methyl-L-cysteine content of various legume seeds* 

S-Methylcysteine 
(pmoledg dry wt of seed) Legume 

Kidney bean (Phaseolus vulgaris) 15.61 

Mung bean (Vigna aureus) 10.45 

Cowpea ( Vigna unguiculata) 

Lima bean (Phaseolus lunatus) 

10.90 

8.07 

Pea (Pisaturn sativum 0.90 

Pigeon pea (Cajanus Cajun) 

Field bean ( Vicia faba minor) 

0.61 

0.9 1 

Broad bean ( Vicia faba major) 0.82 

Soya bean (Glycine max) 

Lupin (Lupinus albus) 

0.37 

0.19 

Yam bean (SDhenostvh stenocaroa) None detected 

* Recalculated data of Evans and Bo~l te r ’~ .  
(Reproduced with permission of Martinus Nijhoff Publishers B. V., The Hague.) 

the seedling is associated with an increase in the content of free S-methylcysteine. The 
concentration of the amino acid is high in young foliage but diminishes as the leaves age. 

Smith et aL3’ have made a very detailed examination of the S-methylcysteine sulfoxide 
content of brassicas, and much of their data is summarized in Table 111. As seen from the 
Table, the sulfoxide content varies widely and there are also large varietal differences, for 
example in kales, where the concentration appears to be a heritable character.39 Only 
small amounts of the compound are present in the seeds, but there is an initiation of its 
synthesis after germination. The content of the whole plant then increases with age, a 
particularly rapid increase occurring at the onset of secondary growth and flower develop- 
ment. Flowers and secondary growth leaves were found to contain considerably more of 
the sulfoxide than the rest of the plant, and this is in agreement with the original findings 
of Morris and Thompson.’ High levels of S-methylcysteine sulfoxide in young, inner 
leaves as opposed to older, outer leaves were also noted in Chinese cabbage.26 

IV. BIOSYNTHESIS 

S-Methylcysteine 

Several pathways for the biosynthesis of S-methylcysteine are theoretically possible, in- 
cluding (a) the direct methylation of cysteine in the free state, (b) the methylation of 
cysteinyl residues in peptides or proteins, (c) de now synthesis, involving the formation of 
the S-C skeleton by a transsulfuration mechanism, and (d) the preliminary formation of 
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S-METHYL-L-CYSTEINE 5 

TABLE I1 
Distribution of S-methyl-L-cysteine and y-glutamyl-S-methyl-L-cysteine 

in two species of Astragalus* 

Concentration (pmoledg dry matter) 

Seedlings 

1 wk-old 1 mnthsld Young leaves Flowers Seeds 

A .  bisulcatus 

S-Methylcysteine 77.2 13.5 87.5 40 44 
y-Glutamyl-S-methylcysteine 5 1.5 1.1 3.3 0.7 78.2 

A. pectinatus 

S-Methylcysteine - 6.9 4. 7 - 16.0 
y-Glutamyl-S-methylcysteine - 3.1 trace - 4.8 

* Data of Nigam, Tu and McConnell” and Nigam and McConnell.” 
(Reproduced with permission of Pergamon Press Ltd., Oxford.) 

TABLE I11 
S-Methyl-L-cysteine sulfoxide content of various Brassica forage and root crops* 

S-Methylcysteine sulfoxide 

Sample (pmoledg dry wt) 

Kales, whole plant a t  harvest 
(Five dates of harvest) 

Rapes, whole plant at harvest 
(Five varieties at five dates 
of harvest) 

Turnip, leaves 
roots 

Brassica campestris, ssp pekinensis 
ssp chinensis 
ssp narinosa 

Brassica oleracea Alboglabra 

Raphanus sativus, leaves 
roots 

Raphanobrassica 

Swedes, leaves 
roots 

30.09-95.38 

20.11-54.50 

13.10-52.32 
18.72-34.86 

26.92 
38.56 
46.96 

44.12 

20.24-25.2 
15.81-24.67 

22.36, 40.74 

33.67-123.75 
40.61 -83.74 

* Recalculated data of Whittle et aL3’ 
(Reproduced with permission of Blackwell Scientific Publications Ltd., Oxford.) 
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6 G. A. MAW 

a derivative of S-methylcysteine, e.g. its sulfoxide or its N-acetyl derivative (methylmer- 
capturic acid9), followed by the appropriate catabolic reaction to give the free amino acid 
(reduction and deacetylation, respectively, in the case of the two derivatives cited). 

It is now known that enzymes exist in various organisms for the operation of pathways 
of types (a), (b) and (c) and that these occur in vivo. The evidence for pathway (d) occur- 
ring in vivo is less clear, although there are enzymes capable of forming S-methylcysteine 
from its sulfoxide in plants, and esterases exist which could hydrolyse the N-acetyl 
derivative. 

Wolff, Black and Downey4O first demonstrated the biosynthesis of S-methylcysteine 
by incubating L-serine with methanethiol in the presence of a partially purified enzyme 
preparation from yeast. This corresponds to the pathway type (c), referred to above: 

CHSH + serine - S-methylcysteine + H20 
If this reaction were to occur in vivo, a likely source of the methanethiol could be methio- 
nine, for fission of the latter amino acid to methanethiol occurs in many microorgan- 
isms41,42 and has been demonstrated in animal t i s s ~ e s . ~ ’ , ~ ~  The above pathway was also 
proposed by Sugii et d4’ for the formation of S-methylcysteine in garlic. These workers 
introduced 3sS-labeled methionine into whole plants and recovered 50 per cent of the ”S 
in S-methylcysteine, As pointed out by Thompson,’ however, although this demon- 
strated the transfer of the sulfur of methionine to S-methylcysteine, it does not constitute 
proof of the transfer of the intact thiomethyl (CH3S-) group. 

Methanethiol and its oxidation product, dimethyl disulfide, are well recognized as con- 
stituents of plants, 46,47 and more convincing evidence that the thiol can act as a precursor 
of S-methylcysteine in plants has been provided by Giovanelli and M ~ d d . ~ *  They ob- 
tained two enzyme fractions from extracts of spinach which could catalyse the synthesis 
of cysteine from inorganic sulfide and for which 0-acetylserine was the sulfur acceptor. 
These two systems were also able to utilize methanethiol in place of sulfide, forming 
S-methylcy steine: 

Met hanethiol + 0-acetylserine - S-methylcysteine + acetate 

L-Serine, however, could not replace 0-acetylserine as a substrate. One of the spinach 
fractions was appreciably more active than the other and resembled an 0-acetylserine 
sulfhydrase present in m i c r o ~ r g a n i s m s . ~ ~ ’ ~ ~  Similar findings were published independ- 
ently by Thompson and Moore,” showing that extracts of N. crussa, baker’s yeast (Suc- 
charomyces cerevisiae) and leaves of turnip (Brassica rapa L) readily promoted S-methyl- 
cysteine synthesis from methanethiol and 0-acetylserine, L-serine itself being a poor 
sulfur acceptor. A similar system has also been reported in onion and E. ~ o l i . ~ ~  0-Acetyl- 
serine rather than serine is therefore most probably the normal substrate in S-methyl- 
cysteine biosynthesis by the transthiomethylation pathway, and this compound is also 
highly active as a substrate in the synthesis of cysteine from sulfide in spinach,” yeast” 
and bacteria.49 

Thompson and GeringS4 were unable to obtain S-methylcysteine by this pathway in 
kidney bean or radish plants. They found, however, that in radish leaves the direct methy- 
lation of cysteine takes place (pathway (a)). DL-[l-’4C]Cystine taken up by intact leaves 
gave rise to ‘‘C-labelled S-methylcysteine and its sulfoxide. The source of the S-methyl 
group was shown to be methionine, for experiments with the latter amino acid labelled 
with ”S and with 14C or ’H in the methyl group gave good incorporation of the methyl 
group but a much lower incorporation of the sulfur. This indicated that S-methylcysteine 
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S-METHY L-L-CYSTEINE 7 

formation did not involve a transthiomethylation, but was a typical enzymic transmeth- 
ylation, S-adenosylmethionine most probably being the actual methyl donor. Supporting 
evidence for this pathway in plants has come from similar tracer studies in A, bisulcatus. 
McConnell et al.sss6 found the S-adenosylmethionine was about 1.7 times as effective as 
methionine itself as a precursor of the S-methylcysteine-methyl group, and their data 
suggest that in this plant transthiomethylation is again an unimportant pathway in 
S-methylcysteine biosynthesis. 

The dual role of methionine in S-methylcysteine synthesis in plants is summarized in 
Scheme 1. Which of the two mechanisms is physiologically the more significant may de- 
pend on the particular plant species. 

In bacteria, as already mentioned, S-methylcysteine may be formed from methanethiol 
by transthiomethylation to 0-acetylserine. A second type (c) pathway is also possible, for 
purified preparations of cysteine desulfhydrase from Aerobacter aerogeness7 and Pseu- 
domonasj7uorescenss8 form the amino acid from methanethiol, pyruvate and ammonia. 
However, whether this latter pathway is more significant in vivo than that involving 
0-acetylserine has yet to be determined. In yeasts it has not been possible to demonstrate 
the methylation of ~ysteine,’~ and the major if not the sole biosynthetic pathway for 
S-methylcysteine would appear to be one in which methanethiol is a precursor. 

Formation of S-methylcysteine from its sulfoxide and y-glutamyl derivative. Many plants 
contain predominantly S-methylcysteine sulfoxide or y-glutamyl-S-methylcysteine, but 
only small or negligible amounts of the free amino acid (see Section 111). These deriva- 
tives, in addition to having specific metabolic roles, may also be the forms in which 
S-methylcysteine is stored in these plantsz6 and, if this is so, mechanisms should therefore 
exist for their conversion to the parent amino acid. The reduction of S-methylcysteine 
sulfoxide to S-methylcysteine has, in fact, been demonstrated in the leaves of turnip and 
in kidney beans.60 The reaction requires anaerobic conditions and is of interest in that the 
natural (+) diastereoisomer of the sulfoxide is reduced more rapidly in bean leaves than is 
the unnatural (-) diastereoisomer, whereas in turnip leaves the reverse is the case. 

y-Glutamyl-S-methylcysteine could act as a source of the parent amino acid by losing 
its glutamyl group to other amino acids or peptides in the presence of a y-glutamyl 
transpeptidase: 
y-Glutamyl-S-methylcysteine -I- amino acid (or peptide) 

y-glutamylpeptide + S-methylcysteine 

although the more generally recognized role for this enzyme is the reverse reaction, 
namely, the synthesis of y-glutamyl-S-methylcysteine.61 

Methionine - S-Methylcysteine 
0-Acetylserine 

Methanethiol Acetate 

Scheme 1 .  Role of methionine in 2-methylcysteine 
biosynthesis in plants 
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8 G. A. MAW 

S-Methylcysteine sulfoxide 

All the available evidence points to S-methylcysteine sulfoxide being formed by the oxi- 
dation of the parent amino acid, as suggested originally by Morris and Thompson,’ and 
subsequently shown to take place in tissues of Cruciferae, such as whole leaves of broccoli 
and discs of turnip leaf.62 The formation of the sulfoxide required the presence of gaseous 
oxygen and was a stereospecific reaction, giving rise preferentially to the (+) diaster- 
eoisomer. The interconversion of S-methylcysteine and its sulfoxide takes place readily in 
plants, as indicated by the close similarity in the patterns of distribution of the sulfur of 
the two compounds when either was applied to the leaves of Chinese cabbage.63 

y- Glutamyl-S-methylcysteine 

The widespread occurrence of y-glutamyl-S-methylcysteine together with other y-glu- 
tamyl dipeptides in plants prompted a study of the mode of their formation. Thompson et 
aL6’ obtained evidence that the major biosynthetic pathway is a y-glutamyl group 
transfer from glutathione to the appropriate amino acid in the presence of a y-glutamyl 
transpeptidase (or transferase) identified in various plant tissues: 

S-Methylcysteine + glutathione y-glutamyl-S-methylcysteine + cysteinylglycine 

Table IV shows the activity of the transpeptidase from a number of plant sources. The 
enzyme was not found in onion bulbs, as reported earlier by Vi~-tanen.~’ However, it 
would appear from the work of S ~ h w i m m e r ~ ~ . ~ ~  that whereas the enzyme is absent from the 
fleshy layers of mature dormant onion bulbs, it is present in the sprouted onion. 

Numerous other L-amino acids can act as y-glutamyl group acceptors in the presence 
of this enzyme, including S-methylcysteine sulfoxide, which has 68 per cent of the sub- 
strate activity of S-methylcysteine itself. This could account for the occurrence of the 
y-glutamyl derivative of the sulfoxide in various legumes. 

There seems to be no evidence for the direct conjugation of S-methylcysteine with glu- 
tamate, by analogy with the formation of y-glutamylcysteine in bean seedlings and in 
wheat germ?’ 

Glutamic acid + cysteine + ATP - y-glutamylcysteine + ADP 4- Pi 

However, such an ATP-dependent formation of y-glutamyl-S-methylcysteine could 
occur in mammalian tissues and may also be operative in yeasts (see Section V). 

V. S-METHYLGLUTATHIONE AND S-METHYL-GCYSTEINE AS 
METABOLIC ARTIFACTS 

S-Methylglutathione 

For more than a century it has been known that various organic compounds are metabo- 
lized in animals to mercapturic acids, or S-substituted N-acetyl-L-cysteines, which are ex- 
creted in the urine.68 The source of the cysteine moiety of mercapturic acids has been 
shown to be glutathione, primarily that present in the liver, the level of which falls rapidly 
when precursors of mercapturic acids are admini~tered .~~ 
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S-METHYL-L-CYSTEINE 9 

TABLE IV 
y-Glutamyl transpeptidase activity of various plant tissues" 

Plant tissue Transpeptidase activity? 

Red kidney bean (Phaseolus vulgaris) 

Whole fruit 
Immature seed 
Leaves 
Mature seed 

Soya bean (Glycine max) 

Immature seed 
Green pod 

Lima bean (Phaseolus lunatus) 

Immature seed 
Green pod 

Pea (Pisum sativum) 

Mature seed 

Radish (Raphanus sativus) 

Storage root 

Wedgewood Iris (Iris xithium X I. tingitana) 

Bulb 

Onion (Allium cepa) 

Bulb 

Turnip (Brassica rapa) 

38 
12 
16 
4 

25 
24 

61 
24 

23 

7 

1.5 

0 

Storage root 0 

* Data of Thompson et aL6' 
t mpmoles aniline formed/g fresh wt/h; substrates: y-glutamylaniline and S-methyl-L-cysteine. 
(Reproduced with permission of Pergamon Press Ltd., Oxford.) 

Johnson7' showed that the administration to rats of iodomethane, which gives rise to 
urinary methylmercapturic acid'l 9, produced this rapid depletion of liver glutathione, 
accompanied by the appearance of a new metabolite, identified as S-methylglutathione 4, 
which was excreted in the bile. As much as 50 per cent of a 10-15 mg dose of iodomethane 
given to a 200 g rat was metabolized in this way within 1.5 h. Johnson'' further character- 
ized a glutathione-dependent S-alkyltransferase, present in the liver and to a lesser extent 
in the kidneys and adrenal glands of many animal species, able to catalyse the conjugation 
of glutathione with iodomethane. 

A more recent re-examination and reclassification of the glutathione S-transferases has 
indicated, however, that these enzymes have broad and overlapping substrate specificities 
with regard to their donor iodomethane being a good substrate for gluta- 
thione S-transferase E, but a less effective one for the S-transferase B." 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



10 G. A. MAW 

The enzyme-catalysed reaction of glutathione with compounds possessing an electro- 
philic center is now recognized to be an important detoxication pathway in animals and 
plants for the metabolism of many drugs and  pesticide^'^-^^ and, in particular, as sug- 
gested by H o l l i n g ~ o r t h ~ ~  it may be a major route for the 0-dealkylation of such com- 
pounds. Thus, organophosphorus insecticides of the dimethyl triester type can be O-de- 
methylated, one methyl group being transferred to glutathione (GSH), as in the case of 
methyl paraoxon: 

The formation of S-methylglutathione by this pathway was observed in vitro in mouse 
liver  preparation^,^' although in vivo no S-methylglutathione was found in the urine of 
methyl paraoxon-treated animals owing to its further metabolism (see below). 

Tetrachlorvinphos ((z)-2-chloro-I-(2,4,5-trichlorophenyl)vinyl dimethyl phosphate) 
is likewise 0-demethylated in mammalian liver preparations, glutathione acting as the 
methyl acceptor,8098’ and there is some evidence that the S-transferase involved is identi- 
cal with that catalysing the methylation of glutathione by iodomethane. The enzyme is 
also present in housefly tissue.82 Other examples of this detoxication reaction in which 
S-methylglutathione has been positively identified as a product include the metabolism of 
DDVP (2,2-dichlorovinyl dimethyl phosphate) in rats,83 cis-mevinphos (2-methoxycar- 
bonyl-I-methylvinyl dimethyl phosphate) in mouse liver homogena te~ ,~~  azinphosmethyl 
(S-(3,4-dihydro-4-oxobenzo[d]-1,2,3-triazin-3-ylmethyl) 0, O-dimethylphosphorodithio- 
ate) in housefly tissue and mouse and dimethylvinphos (2-chloro-1-(2,4-dichlo- 
ropheny1)vinyl dimethyl phosphate) in rats and dogs.87 

The formation of S-methylglutathione in the metabolism af methylparathion (0,O- 
dimethyl 0-4-nitrophenyl phosphorothioate) is also implied from the identification of an 
appropriate glutathione-dependent S-methyltransferase in A similar detoxi- 
cation mechanism appears to be operative in plants, as indicated by the demethylation of 
fenitrothion (0,O-dimethyl 0-4-nitro-rn-tolyl phosphorothioate) by seeds of white pine, 
white spruce and yellow birch to form desmethylfenitrothion and S-methylgl~tathione.~’ 

Mammalian brain is the one tissue in which S-methylglutathione has been reported to 
be naturally oc~urring.~’ This tissue is also well known to contain many 0-methylated 
and N-methylated compounds of pronounced physiological activity, and it is therefore 
tempting to suggest that S-methylglutathione may be a product of their detoxication. Its 
formation may even be a part of the regulatory control of their levels in brain tissue. 

S-Methylglutathione was found to be the major metabolite of methyl methanesulfonate 
in the liver of rats and mice dosed with this Dimethylnitrosamine, another 
methylating agent and carcinogen, has also been reported to reduce the level of liver glu- 
tathione in mice,95 although CraddockZ4 had previously found very little methylation of 
glutathione by this compound in rats. 

All the above instances of S-methylglutathione formation are examples of S-methyl- 
cysteine synthesis by the pathway type (b), referred to previously. Asanalternative to the 
direct methylation of glutathione, there is evidence for S-methylglutathione formation 
from S-methylcysteine in the yeasts S. cerevisiae and Candida utiti~.’~ In the first of these 
organisms the tripeptide was the major metabolite of S-methylcysteine. The rapidity of its 
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S-METHYL-L-CYSTEINE 11  

appearance in cells suspended in a medium supplemented with S-methylcysteine, and the 
non-appearance of the sulfur of the amino acid in cysteine or methionine, as checked by 
35S-labelling studies, suggests that under these conditions S-methylglutathione may have 
been formed by a two-step conjugation, with y-glutamyl-S-methylcysteine as an inter- 
mediate. The biosynthesis of this dipeptide in plants mediated by a y-glutamyltranspep- 
tidase6' has already been discussed, and in the animal S-methylcysteine is known to act as 
a y-glutamyl group acceptor for a similar enzyme, gl~tathionase.'~ In animal tissues the 
amino acid is also a substrate for y-glutamylcysteine syntheta~e:'~''~ 

Glutamate + S-methylcysteine + ATP y-glutamyl-S-methylcysteine + ADP + Pi 
One or other of these pathways may be operative in yeasts, and would be expected to be 
coupled with the further conjugation of y-glutamyl-S-methylcysteine with glycine, cata- 
lysed by glutathione synthetase: 

y-Glutamyl-S-methylcysteine + glycine + ATP S-methylglutathione + ADP + Pi 

It has been shown that yeast cells contain the enzymes required for glutathione synthe- 
s ~ s , ~ ~  and highly purified preparations of the glutathione synthetase have been obtained 
from this source.'" 

S-Methylcysteine and its sulfoxide 

S-Methylcysteine can arise as an artifact during the acid hydrolysis of proteins."' It has 
been obtained non-enzymically by the action of trimethyl phosphate on cysteine, a methyla- 
tion which takes place under physiological conditions,'" and it has been identified in the 
urine of rats and mice dosed with trimethyl phosphate.'" The interaction of N-methyl-N- 
nitrosourethane with cysteine in vitro also gives S-methyl~ysteine."~ CraddockZ4 found 
traces of the amino acid in the liver protein and urine of rats dosed with dimethylnitro- 
samine and, following the treatment of rats with methyl methanesulfonate, S-methylcys- 
teine was detected in the haemogl~bin.' '~ It is possible that these last two methylating 
agents were also reacting non-enzymically with free or protein-bound cysteine. 

In several instances where S-methylglutathione has been formed metabolically in mam- 
malian liver PS-methylcysteine and/or its sulfoxide together with the corresponding 
N-acetyl derivatives, methylmercapturic acid 9 and its sulfoxide 10, have been detected as 
minor urinary constituents. An example of this is following the administration of iodo- 
methane to rats,"'7' although the combined methylthio compounds excreted represented 
only about 2per cent of the iodomethane given. More recently, S-methylcysteine has been 
identified in the urine of workers occupationally exposed to chloromethane vapor,lo6 and 
it is reasonable to assume that this was associated with the preliminary formation of S- 
methylglutathione in the liver. Some years earlier, Redford-Ellis and G o ~ e n l o c k " ~  had 
demonstrated the in vitro formation of S-methylglutathione after exposure of liver and 
kidney homogenates to chloromethane. As shown by C-labelling studies, chloro- 
methane was also taken up by erythrocytes, some 40 per cent of the halide absorbed form- 
ing S-methylglutathione enzymically. 

14 
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12 G. A. MAW 

, 

Treatment of rats, mice and rabbits with methyl methanesulfonate similarly caused the 
urinary excretion of small amounts of S-methylcy~te ine ,~~ '~~ as did doses of DDVP in rats 
and mice. lo* Evidence that in animals S-methylglutathione is the precursor of urinary S- 
methylcysteine was provided by Foxwell and Young,'09 who showed that the administra- 
tion of S-methylglutathione directly to rats resulted in the excretion of S-methylcysteine 
and related metabolites such as methylthioacetic acid 11, N-(methylthioacety1)glycine 13 
and methylmercapturic acid 9. Furthermore, the tripeptide was converted in vitro to S- 
methylcysteine by rat kidney microsomes.' lo 

S-Methylcysteine, its sulfoxide and related methylthio compounds most probably ap- 
pear under these conditions as a result of the stepwise cleavage of S-methylglutathione to 
give the free amino acid, followed by its subsequent oxidation, acetylation, etc. S-Methyl- 
glutathione is an effective substrate for y-glutamyltranspeptidase, present in mammalian 
kidney and other In the presence of this transferase the tripeptide can act like 
glutathione itself as a y-glutamyl group donor to a number of amino acids, including 
asparagine, cystine, glutamine, methionine and serine, as well as to various dipeptides, 
e.g., glycylglycine: 

S-Methylglutathione + amino acid (or peptide) S 
S-methylcysteinylglycine + y-glutamylpeptide 

However, the renal y-glutamyltranspeptidase has hydrolytic as well as transfer activity, 
and it has recently been stated that in vivo the major reaction catalysed by the enzyme is 
the hydrolytic fission of glutathione and its S-substituted derivatives and not y-glutamyl 
group transfer:' l4 

S-Methylglutathione -I- HzO - S-methylcysteinylglycine + glutamic acid 

The initial product of S-methylglutathione breakdown is S-methylcysteinylglycine, 
which is presumably further split to give free S-methylcysteine and glycine. The appro- 

has been characterized in the priate dipeptidase, referred to as cysteinylglycinase, 
kidney of the pig and other animals. A summary of the formation and breakdown of S- 
methylglutathione in plants, animals and microorganisms is shown in Scheme 2. 

11 1,113 

115,116 

Amino acids, 
S-Methylglutathione 

Glutathione 
synthetase =/- 

Glycine /I glutamic acid 
t 

S-Methylcysteinylglycine 
I 

y-Glutamyl-2-methylcysteine 

Cysteinylglycine 

transpeptidase 

Glutathione 

S-Methylcysteine 

Scheme 2. Biosynthesis and metabolism of S-methylglutathione 
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S-METHY L-L-CYSTEINE 13 

VI. METABOLISM 

Many of the early metabolic studies made on S-methylcysteine were concerned with its 
behavior in the animal, and these showed that when added to  the diet in place of methio- 
nine or  cysteine, it failed to induce agrowth response in, for example, rabbits,’I7 chicks118 
or young rats. Neither did it yield extra urinary cystine when fed to a human cystin- 
uric. Furthermore, unlike cysteine or  methionine, it was inactive in reducing the depo- 
sition of fat in the livers of animals given high fat Its inability to  act as a dietary 
source of sulfur indicates that in the animal S-methylcysteine does not act as a precursor 
of either methionine or cysteine to any significant extent. 

On the other hand, S-methylcysteine does show certain similarities to methionine. At 
high concentrations both methionine and S-methylcysteine depress the growth of 
although it is not certain whether the compounds act in the same manner, or whether two 
different mechanisms of action are involved. At high concentrations S-methylcysteine 
acts as a substrate for methionyl-tRNA synthetase of rat liver, while it is a competi- 
tive inhibitor of cysteinyl-tRNA ~ynthetase.”~ As will be discussed below, the compound 
can also serve as a substrate for a number of other animal enzymes involved in the metab- 
olism of methionine and cysteine, and it is their action on S-methylcysteine which is re- 
sponsible for the observed pattern of catabolism of this amino acid. 

In microorganisms there are numerous instances of S-methylcysteine acting as a nutri- 
tional substitute for methionine and/or cysteine, indicating that it is an effective precur- 
sor of these amino acids. Thus, S-methylcysteine can serve as the sole source of sulfur for 
the growth of N. crassa,8 S. cerevisiae, 128-131 C. ut i l i~ , ’~ P. mirabilis, E. c ~ l i ‘ ~ ~  and the 
myxomycete Physarum polycephalum, 133  and it promotes the growth of methionineless 

P. mirabilis and E. coli. l9 However, it cannot replace cystine mutants of N. crassa, 
for the growth of Leuconostoc mesenteroides. 13’ 

The biochemical similarity of S-methylcysteine to methionine in microbial metabolism 
is seen from the ability of both compounds to counteract the toxicity of cysteine and of 

Both amino acids ethionine to and the toxicity of cysteine to A? crassa. 
competitively depressed the uptake of cysteine by E. C O Z ~ ” ~  and by yeasts,142 as well as the 
incorporation of sulfate-S into E. coli, 13’ N. crussa and yeasts.I4’ S-Methylcysteine 
was also found to inhibit the incorporation of methionine itself into yeasts.143 

Other examples of this similarity between S-methylcysteine and methionine include the 
ability of both compounds to protect the developing eggs of the sea urchin, Paracentrotus 
lividus, against the toxic effects of ~ y s t e i n e , ’ ~ ~  and their inhibition of cysteine transport in 
tobacco cells.145 A further example in plants is the occurrence of y-glutamyl-S-methylcys- 
teine and its sulfoxide in the seeds of Vigna radiata, and the parallel occurrence of y-glu- 
tamylmethionine and its sulfoxide in the seeds of Vigna m ~ n g o . ~ ~  

119,120 

125,126 

134-136 

139-141 

134,135 

Dethiomethylation of S-methylcysteine and methionine biosynthesis 

The ability of S-methylcysteine to  serve as a sole source of sulfur for the growth of various 
microorganisms implies a metabolic conversion of the sulfur of the amino acid to cysteine 
and methionine, and this has been demonstrated directly in h? c r a ~ s a ’ ~ ~  and in the yeasts 
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14 G. A. MAW 

S. cerevisiae and C. utilis2’ grown in the presence of 35S-labelled S-methylcysteine. Doney 
and Thompson146 have also shown this sulfur transfer to occur in leaves of Phaseolus vul- 
garis, but there is no evidence of such a reaction taking place in animal tissues. 

To account for the formation of methionine from S-methylcysteine in Neurospora, 
Ragland and Liverman’ originally proposed a direct transthiomethylation from S-methyl- 
cysteine to a four-carbon acceptor. Although the existence of this particular reaction re- 
mains unproven, there is now good supporting evidence for the participation of methane- 
thiol as an intermediate. Methanethiol is readily formed from S-methylcysteine by many 
ba~ te r i a , ’~~- ’~ ’  and also S. cerevisiae. 154 The reaction has also been observed in 
seeds of Albizzia l~phanta”’”~~ and in rat liver. ’’’ 

Methionine biosynthesis in the presence of extracts of Salmonella typhimurium has 
been obtained with the thiol acting as a sulfur donor to 0-succinylhomoserine:1’8 

Methanethiol + 0-succinylhomoserine - methionine + succinate 
In Neurospora an analogous reaction has been identified, with 0-acetylhomoserine as 
the sulfur a ~ c e p t 0 r . l ~ ~  

Using 14C-methyl- and 35S-labelled S-methylcysteine, studies of the transfer of the thio- 
methyl group of the amino acid have been made in N. c r a ~ s a l ~ ~  and in kidney bean 
1 e a ~ e s . I ~ ~  The methyl group and the sulfur both appeared in protein-methionine, but they 
did so to different extents, depending on the experimental conditions. T h o r n p ~ o n ’ ~ ’ ~ ~  has 
interpreted this as arguing against the possibility of an intact thiomethyl transfer. How- 
ever, Maw” has pointed out that the completeness of the transfer will depend on the ex- 
tent to which methanethiol is available for metabolism by other competing pathways, 
such that the methyl group is lost while the sulfur is still available for methionine biosyn- 
thesis. It is therefore unreasonable in in vivo experiments to expect exact agreement in the 
amounts of incorporation of the sulfur and of the methyl group. 

In experiments with the yeasts S. cerevisiae and C. utilis grown for two days on 
H-methyl- and 35 S-labelled S-methylcysteine as the sole sulfur source, Mawz5 calculated 

that transfer of the thiomethyl group of the amino acid to protein-methionine had taken 
place to the extents of 21 and 35 per cent, respectively. The remainder of the sulfur incor- 
porated by each organism was taken to originate indifectly from methanethiol or S-methyl- 
cysteine itself by other degradative pathways. 

A second product of the cleavage of S-methylcysteine in bacteria was believed to be 
pyruvic acid,’” and a pyridoxal phosphate-requiring S-alkylcysteinase, or S-alkylcys- 
teine lyase, was subsequently partially purified from Pseudomonas cruciviae. This enzyme 
catalyses the stoichiometric B-elimination of S-methylcysteine to methanethiol, pyruvic 
acid and ammonia:14* 

S-Alkylcysteine lyase has also been identified in other bacteria.I6’ It was found to be inac- 
tive towards methionine as a substrate but acted on S-methylcysteine sulfoxide, splitting 
it to methyl methanethiosulfinate 5: 

3 

CHpSCHzCH(NH2)C02H + HzO - CH3SH + CH3COCOzH + NH3 

P 0 I 
ZCH~SCH~CH(NH~)COZH + H20 - CH3SSCH3 + 2CHjCOCOzH + 2NH3 

5 
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S-METHY L-L-CYSTEINE IS 

155,156 A plant S-alkylcysteine lyase found in the endosperm of seeds of A. lophanta and 
which has been extensively purified from hypocotyls of seedlings of Acacia farnesiana 
Willd,161 behaves similarly. Using the enzyme from Acacia, Mazelis and Creveling161 
found S-methylcysteine sulfoxide to have about 75 per cent of the substrate activity of 
S-methylcysteine itself. An interesting suggestion as to why a seedling may contain such 
high concentrations of the lyase in its hypocotyl and root, put forward by Mazelis and 
Fowden,16* is that during the early germination period, while the cotyledon, hypocotyl 
and radicle are in the soil, they are very susceptible to attack by soil pathogens. Many 
volatile sulfur compounds, including methanethiol, are good inhibitors of fungal growth, 
so that the enzymic release of methanethiol at this stage of development might therefore 
give the seedling a better chance of establishing itself in the presence of pathogenic 
organisms. 

The cleavage of S-methylcysteine to methanethiol is also a possible metabolic pathway 
in mammals, for Binkley ”’ found that a partially purified preparation of a cystathionine- 
cleaving enzyme, which he termed “thionase”, catalysed the hydrolytic cleavage of many 
S-alkylcysteines, including S-methylcysteine, to the corresponding thiols. However, 
other have been unable to show any appreciable action of liver cystathio- 
nase on S-methylcysteine. The amino acid is also a poor substrate for the P-cystathionase 
of ba~teria,’~’ Neurospora166 or plants,167 but the cystathionine y-cleavage enzyme of 
Neurospora is able to split it to methanethi01.l~’ 

possess a L-methionine y-lyase which cata- 
lyses cup- and ay-eliminations from methionine and several of its derivatives, also S-sub- 
stituted cysteines, including S-methylcysteine. S-Methylcysteine is also a good substrate 
for tryptophanase in E. coli, 16’ Aeromonas liquefa~iens~’~ and a marine V i b r i ~ . ” ~  This en- 
zyme mediates in a variety of other ap-elimination and P-replacement reactions, the 
former reaction cleaving S-methylcysteine to methanethiol, pyruvate and ammonia, as in 
the S-alkylcysteine lyase- and L-methionine y-lyase-catalysed reactions. Tryptophan syn- 
thetase from E. ~ o l i ” ~  and tyrosine phenol-lyase from Aeromonasphen~logenes’~~ and Er- 
winia h e r b i ~ o l a ’ ~ ~  have likewise been shown to utilize S-methylcysteine as a substrate and 
to degrade it in a similar manner. There is, therefore, a variety of enzyme systems poten- 
tially capable of dethiomethylating S-methylcysteine, although what significance they 
have in methanethiol formation in vivo remains unclear. 

Some bacteria, e.g., Pseudomonas ovalis, 

Cleavage of S-methylcysteine sulfoxide. In addition to being a substrate for some bacte- 
rial and plant alkylcysteine lyases, S-methylcysteine sulfoxide is also degraded to methyl 
methanethiosulfinate, pyruvate and ammonia by a similar mechanism through the action 
of specific, pyridoxal phosphate-activated cysteine sulfoxide lyases. One of these, alliin 

and is so called because of its lyase, or alliinase, is present in many Allium species, 
ability to cleave S-allyl-L-cysteine sulfoxide (alliin), the predominating sulfoxide in these 
plants. Similar lyases have been found in another member of the Liliaceae, Tulbaghia vio- 
lacealso and in many Brassicae. In the case of the lyase from broccoli,181 the substrate 
activity of S-methylcysteine sulfoxide was found to be comparable with that of alliin. S- 
Substituted cysteines, such as S-methylcysteine, are not only inactive as substrates for 
these enzymes, but can be appreciably inhibi t~ry.”~ 

175-179 

181,182 
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16 G .  A. MAW 

Demethylation 

Since in plants S-methylcysteine can be formed from cysteine by transmethylation, atten- 
tion has been given to the possibility ofthe operation of the reverse reaction, with S-methyl- 
cysteine acting like methionine as a methyl group donor. However, in animals all the evi- 
dence points to the absence of any transfer of the intact methyl group from the 
compound, and its consequent conversion to the demethylated product, cysteine. 
Transfer of the methyl group of methionine occurs via the intermediate formation of S- 
adenosylmethionine, mediated by the 'methionine-activating enzyme', ATP: L-methio- 
nine S-adenosyltransferase, and C a n t ~ n i ' ~ ~  has shown that S-methylcysteine does not 
serve in lieu of methionine as a substrate for this enzyme; neither is S-methylcysteine an 
effective competitive inhibitor of the methionine a ~ t i v a t i 0 n . l ~ ~  Furthermore, the expected 
product of the reaction between the amino acid and ATP, namely, S-adenosyl-S-methyl- 
L-cysteine, has been synthesized and shown to be inactive as a methyl donor substrate for 
all the S-adenosylmethionine-dependent methyltransferases tested.186 SchlenkI8' also 
showed that when yeasts are grown in the presence of S-methylcysteine, there is no evi- 
dence of S-adenosyl-S-methylcysteine formation in the cells; instead, part of the sulfur of 
the amino acid is utilized to form S-adenosylmethionine. 

On the other hand, demethylation of S-methylcysteine by intact methyl group transfer 
seems to be a valid metabolic pathway in some plants. Mae et aZ.63 found that when the 

S-labelled amino acid or its sulfoxide were infiltrated into detached leaves of Chinese 
cabbage the labelled sulfur appeared in the neutral and acidic fractions of the tissue, and 
about 70 per cent of the 35S in the insoluble fraction was present as cysteine. Moreover, 
when S-methylcysteine or its sulfoxide, doubly labelled with 35S and with 'H in the 3-posi- 
tion, were applied to detached leaves, the ratio of 3H and "S in the cysteine isolated from 
the leaves was comparable with that in the compounds initially administered. This result 
was to be expected if demethylation of either compound had taken place, whereas if me- 
tabolism had occurred by dethiomethylation, the 3H/35S ratios in the cysteine would have 
been very different. Further experiments with 14C-methyl-labelled S-methylcysteine 
showed that the label was incorporated into the methyl ester groups of pectin in Chinese 
cabbage.188 In addition, the methyl group of S-methylcysteine doubly labelled with 14C 
and with 'H in the S-methyl group was transferred to S-adenosylmethionine in the leaves 
with little change in the original 3H/14C ratio, while the transfer to pectin methyl ester 
groups did involve some change in the ratio. However, the magnitude of the ratio was 
considerably higher than would have been expected if the methyl group had been entirely 
converted first to formaldehyde or formate. 18' 

These findings suggest that the methyl transfer occurred by a combination of two 
pathways: an intact methyl group transfer through S-adenosylmethionine, and a transfer 
involving the partial degradation of the methyl group to formaldehyde or formate. The 
last two intermediates are known to be efficient precursors of the methyl ester groups of 
pectin. 

35 

Oxidation 

In addition to being oxidized to its sulfoxide in plants, S-methylcysteine can undergo 
complete oxidation of its sulfur to inorganic sulfate in the animal. Administration of the 
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S-METHYL-L-CYSTEINE . 17 

compound to dogs,’” rabbits,Ig’ rats192 and man’” was found to cause an increase in uri- 
nary sulfate excretion. The in vitro degradation of the amino acid to  inorganic sulfate has 
also been demonstrated in rat liver slices.’93 The actual pathway of the oxidation has not 
so far been elucidated, but it seems unlikely that cysteine or cystine are intermediates. 
Dethiomethylation to methanethiol has been suggested as a likely preliminary step, 
for the thiol has been shown to be further oxidized to sulfate.Ig4 

Degradation of the S-methyl group to COZ is also an important oxidative pathway for 
S-methylcysteine in the animal. K u ~ h i n s k a s ” ~  found that injection of the amino acid la- 
belled with 14C in the methyl group into rats gave rise to labelled COZ in the expired air, 
the maximum rate of oxidation occurring some 3-5 h after administration. Over a 24-h 
period, the conversion of the S-methylcysteine-methyl group to C02 in the whole rat was 
about twice as extensive as that of the S-methyl group of methionine. Cell-free prepara- 
tions of rat tissues were obtained capable of carrying out the oxidation, which was stimu- 
lated by the presence of NAD and NADP, Co2+and reduced g1~tathione.l’~ The oxida- 
tion appears to require catalase and a H2O2-generating ~ystern.”~ More recent 
experiments by Case and Benevengalg8 suggest that the oxidation proceeds totally 
through the intermediate formation of free formate. 

68,193 

Other metabolic reactions 

Studies of the metabolism of S-methylcysteine in yeasts and in rats have shown that the 
compound gives rise to a variety of other metabolites as a result of its participation in 
deamination, decarboxylation, acylation and conjugation reactions. 

The corresponding a-hydroxy acid, methylthiolactic acid 7, has been identified as a 
metabolite in the yeasts S. cerevisiae and C. utilis and was one of the main products re- 
leased back into the medium following uptake of the amino acid by growing cultures.’99 
Using ”S-labelled S-methylcysteine added to  the medium,25 it was shown that two other 
compounds were also excreted by the cells, namely, methylthiopyruvic acid 6 and S-methyl- 
cysteamine 8. The three metabolites, together with S-methylglutathione 4, were also pres- 
ent in the sulfur pools of the yeasts after uptake of S-methylcysteine. S-Methylcysteamine, 
the decarboxylation product of the amino acid, was a major metabolite, representing as 
much as two-thirds of the non-protein S derived from S-methylcysteine in C. utilis, while 
S-methylglutathione was the principal metabolite formed in S. cerevisiae. 

The presence of methylthiopyruvic and methylthiolactic acids is evidence for the deam- 
ination of S-methylcysteine, although this particular reaction does not appear to have 
been examined at the enzymic level in microorganisms. The amino acid acts as an efficient 
amino group donor to pyruvate or glyoxylate in the presence of asparagine transaminase 
of rat liverZoo and glutamine transaminase of brain tissue.20’ The metabolism of S-methyl- 
cysteine in yeasts is summarized in Scheme 3. 

Detailed studies of the fate of S-methylcysteine in the rat and other animals have been 
made by Barnsley.’929202 Subcutaneous injection of rats with the amino acid resulted in the 
urinary excretion of the corresponding N-acetyl derivative, methylmercapturic acid 9, rep- 
resenting about 0.6 per cent of the administered compound, together with its sulfoxide 
10. These products are also excreted by animals dosed with methylating agents, such as 
iodomethane, which are believed to give rise to S-methylcysteine endogenously through 
the intermediate formation of S-methylglutathione (see Section V). 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
2
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



18 G .  A. MAW 

,NHOCCH,CH,CH(NH, )CO,H 
CH, SCH,  CH / 'C0,H 3 

COC0,H -CH, SCH, CH (OH )CO, H 

CH, SCH, CH ( NH, )CO, H I 

CH, SCH, CH, NH, 

\ CH, SH---LCH,SCH,CH,CH(NH,)CO,H 

Scheme 3. Metabolism of 5-methylcysteine in yeasts 

Further excretion products were methylthioacetic acid 11 and N-(methylthioacety1)- 
glycine 13, 2-hydroxy-3-methylsulfinylpropionic acid 14 and methylsulfinylacetic acid 
12. N-(Methylthioacety1)glycine and methylsulfinylacetic acid are clearly metabolites of 
methylthioacetic acid, and the former conjugate is excreted by rats dosed with methyl- 
thioacetic acid. The latter metabolite is the corresponding sulfoxide of methylthioacetic 
acid, and its appearance together with methylmercapturic acid sulfoxide and 2-hydroxy- 
3-methylsulfinylpropionic acid, implicates sulfoxidation as a reaction of some signifi- 
cance in S-methylcysteine metabolism. This is evident from the fact that, although inor- 
ganic sulfate was quantitatively the most important metabolite excreted, accounting for 
about 50 per cent of the injected compound, the three sulfoxides taken together corre- 
sponded to about 19 per cent of the dose. 
2-Hydroxy-3-methylsulfinylpropionic acid is also the sulfoxide of methylthiolactic 

acid, a metabolite of S-methylcysteine in yeasts, and this suggests that deamination of the 
amino acid most probably occurred. The primary product of this reaction would be methyl- 
thiopyruvic acid 6, which in addition to undergoing reduction could also be the precursor 
of methylthioacetic acid by an oxidative decarboxylation. 

Many of the above-mentioned metabolites excreted by the rat are also formed in the 
guinea-pig and hamster, and their derivation and interrelationships are depicted in 
Scheme 4. 

0 
t 

,CH, SCH, CH( NHCOCH, )CO,H 

t 7 ,' 

CH,SCH,CH(NH, )CO,H -CH,SCH,CH(NHCOCH, )CO,H 0 
9 ,CH, SCI:ZCO,H t 

CH, SCH,COCO,H -CH, SCH,CO,H 

I '  
CH, SCH,CH(OH)CO,H 

\CH, SCH,CONHCH,CO,H 11 

13 

0 t 1 7  
CH, SCH, k~ ( OH )CO,H 

14 

Scheme 4. Metabolism of 2-methylcysteine in the rat and other animals. 
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VII. PHYSIOLOGICAL AND TOXICOLOGICAL EFFECTS 

As has been discussed previously, numerous microorganisms are able to grow in the pres- 
ence of S-methylcysteine as their sole source of sulfur, indicating that this amino acid and 
the methanethiol formed from it as an intermediary metabolite in methionine biosynthe- 
sis are not significantly toxic to these organisms. 

In the case of animals, Piriel” noted that S-methylcysteine was appreciably toxic to 
dogs when given orally at doses of about 0.1 g/kg body weight. The compound is appar- 
ently tolerated in small doses by other animal species,120”913192*202 although high levels in 
the diet have caused a depression of growth.203 Small doses of y-glutamyl-S-methylcys- 
teine given repeatedly by injection to mice and rabbits were not noticeably toxic, but at a 
higher dose rate of 700 mg/kg body weight it caused kidney and liver injury to rabbits.204 

S-Methylcysteine sulfoxide appears to be quite toxic to a wide range of species. Like 
several other cysteine-S-oxides, it may act as an antibiotic in animals because of the anti- 
microbial properties of the methyl methanethiosulfinate formed from it in the intestine, 
and which inhibits growth of Staphylococci and many other bacteria at dilutions of 
1 : 10,000 to 1 : 100,000.32 Studies investigating the nutritional value of S-methylcysteine 
sulfoxide in rats have shown that when present at a level of 2 per cent or more in the diet it 
causes a decrease in the growth rate and food intake, coupled with other deleterious ef- 
fects, including the development of anaemia and hypertrophy of the spleen, together with 
an abnormal deposition of iron in this organ. 

A further effect of the compound when administered in the diet is to markedly reduce 
A possible the plasma- and liver-cholesterol levels in rats fed a high cholesterol diet. 

mechanism which has been suggested for the blood cholesterol-lowering activity of the 
sulfoxide is an interaction between its sulfoxide group and the sulfhydryl group of coen- 
zyme A, leading to a disorientation of lipid biosynthesis.212 However, whether the sulfox- 
ide produces its effects directly or whether it is itself innocuous but gives rise to toxic me- 
tabolites is not apparent from the nutritional studies quoted above. 

It is of particular interest that S-methylcysteine sulfoxide has been identified as the 
agent responsible for the condition encountered in farm animals, known as ‘kale poison- 
ing’ or ‘kale anaemia’, which can arise when such animals are provided for long periods 
with a diet consisting mainly or exclusively of brassica crops. The initial recognition of 
this illness in cattle fed on large quantities of kale (Brussicu oleruceu) is attributed to 
Rosenberger.’” Kale poisoning was subsequently studied by Greenhalgh,214 who ob- 
served that ruminant animals, particularly cattle and goats, were more susceptible to the 
condition than pigs and a variety of other non-ruminant animals. 

The poisoning, a severe haemolytic anaemia, develops 1-3 wk after the animals have 
been placed on the kale diet, and is manifested by the appearance within the erythrocytes 
of Heinz-Ehrlich bodies, consisting of spherical aggregates of denatured haemoglobin, 
followed by a pronounced fall in the blood haemoglobin level from the normal value of 
about 11 g/lOO ml to 8 g/100 ml or less. Haemoglobinuria may subsequently result and 
the animals may show loss of appetite, jaundice, increased pulse rate, fall in milk produc- 
tion, a poor conception rate and growth retardation. If kale feeding is discontinued, 
haemoglobin levels gradually return to normal and the animals generally recover. 

Further elucidation of this problem has been provided by the work of Smith and his 
They found that the haemolytic activity of the whole kale plant collaborators. 
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20 G. A. MAW 

was due to the presence of S-methylcysteine sulfoxide, and that the administration to 
experimental animals of the synthetic compound produced all the symptoms associated 
with excessive kale feeding. Furthermore, S-methylcysteine itself also produced compa- 
rable effects. Feeding experiments have shown that when administered to  cattle as the 
chemical itself or  in the form of cabbages o r  swedes, S-methylcysteine sulfoxide at an  
intake level of about 10-15 g/100 kg body weight elicited a mild-moderate haemolytic 
response, while intakes of 15-20 g/lOO kg body weight gave rise to an acute re~ponse .~”  

Animals showing acute kale poisoning contained abnormally high concentrations of 
volatile sulfur compounds in the rumen, and in vitro studies in which S-methylcysteine 
sulfoxide was incubated with the rumen contents of a kale-fed goat showed the rapid evo- 
lution of dimethyl disulfide and, at a later stage, methanethiol. Subsequent feeding exper- 
iments indicated that dimethyl disulfide, like a number of other organic disulfides, is a 
potent haemolysin and produces the symptoms characteristic of kale poisoning. 

It is now believed that dimethyl disulfide is the direct causative agent of this condition 
and that the compound arises from the action on S-methylcysteine sulfoxide of S-alkyl- 
cysteine sulfoxide lyases, present in a small number of the rumen bacteria, forming methyl 
methanethiosulfinate, which is then reduced enzymically to the disulfide. Further reduc- 
tion may also occur to form methanethiol. 

Smith”’ has suggested that dimethyl disulfide may exert its effect by lowering the levels 
of reduced glutathione (GSH) in the erythrocyte through its oxidant action: 

2GSH + CHsSSCH3 GSSG + 2CH3SH 

or  by reacting with sulfhydryl groups on the red cell membrane, forming a mixed disulfide: 

Membrane-SH + CH3SSCH3 = Membrane-SSCH3 + CH3SH 

An alteration of membrane permeability would be expected to  lead to  a loss in the ability 
of the erythrocyte to retain haemoglobin. 

It is not yet possible to  exclude S-methylcysteine sulfoxideper se as a contributor to the 
overall haemolytic action, however, since by analogy with the behaviour of S-allylcysteine 
sulfoxide (alliin), the methyl compound would be expected to  react with reduced gluta- 
thione as follows: 

S-Methylcysteine sulfoxide + 2GSH S-methylcysteine + GSSG + H20 

These investigations on the biochemical basis of kale poisoning have an important 
“because there is bearing on the feeding of farm animals in that, as stated by Smith: 

in practice no simple way of counteracting the toxic action of the disulfide, measures to  
prevent kale anaemia must be limited to  those aiming to  restrict the intake of S-methyl- 
cysteine sulfoxide or  to  inhibit disulfide production or  absorption”. The former precau- 
tion might be achieved by attention to  the careful selection of kale varieties as animal 
foodstuffs, as studied by Whittle et al.” and to  the breeding of new varieties with low 
S-methylcysteine sulfoxide contents, so as to  maintain a daily intake of the compound of 
less than 10 g/lOO kg body weight. 

The S-methylcysteine sulfoxide content of cruciferous crops is also a factor to  be consid- 
ered in human nutrition. This is especially so in certain countries, for example, Japan, 
where Cruciferae represent a major proportion of the diet, providing an average daily 
intake of the sulfoxide of about 300 mg per person. At this level it is not considered that 
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the compound will have deleterious haemolytic effects. Rather, its effect in lowering the 
cholesterol content of the blood and liver could be of possible prophylactic value against 
hypercholesterolaemia and coronary heart disease. 

The tripeptide S-methylglutathione, a metabolite formed during the detoxication of 
many methylated drugs and pesticides, may also have possible medical applications. It 
was first synthesized by Kermack and Matherson’” and shown like other S-alkylgluta- 
thiones to inhibit the enzyme glyoxalase I, which catalyses the first step in the glutathione- 
requiring conversion of methylglyoxal to lactic acid. For this reason, S-alkylglutathiones 
have been proposed as possible anti-cancer drugs.’18 Clearly, more needs to be known 
about the biochemical and pharmacological properties of this tripeptide of S-methylcys- 
teine. 

VIII. PHYSIOLOGICAL ROLE OF S-METHYLCYSTEINE 

It might be expected that an elucidation of the metabolism of S-methylcysteine and its 
derivatives would pinpoint its role in the physiology of the plant. However, no single, 
unequivocal function for the amino acid has so far emerged. Numerous possibilities have 
been suggested, for example, Synge and Wood‘ speculated correctly that S-methylcysteine 
sulfoxide might be a precursor of methanethiol, and they considered this to be an impor- 
tant role for the compound, 

Following the decomposition of cruciferous plants in soil, methanethiol and its disul- 
fide are released, and Lewis and Papa~izas’’~ have considered that the presence of these 
substances could be responsible for the reduction or suppression of some plant diseases 
caused by soil-borne pathogens. A protective function for the thiol formed from S-methyl- 
cysteine by the roots of seedlings has also been proposed by Mazelis and Fowden.16’ On 
account of its pronounced odor, the thiol might in addition serve an ecological function 
in repelling herbivores and parasites.‘’ An antibacterial role for sulfoxides, such as 
S-methylcysteine sulfoxide, as a result of their ability to undergo breakdown to the cor- 
responding alkyl alkanethiosulfinates has already been disc~ssed.~’ 

Synge and Wood‘ also suggested that S-methylcysteine sulfoxide might act as a precur- 
sor of the thiomethyl group in plant constituents such as sulforaphene, and for the =C=S 
moiety of the isothiocyanate radical in mustard oils. Baur and Yang’” implicated S-methyl- 
cysteine as an obligatory intermediate in a methionine-sulfur cycle to account for the degra- 
dation of methionine to ethylene. However, more recent work on the biogenesis of ethyl- 
ene’” renders this idea unlikely. S-Methylcysteine has been suggested as an antimetabolite 
for cystine or methionine in legumes,”’ while Rinderknecht3’ postulated an oxido-reduc- 
tive function for the S-methylcysteine : S-methylcysteine sulfoxide system. 

Mae et aLZ6 have attributed a more general function to S-methylcysteine and its deriva- 
tives as providing a soluble pool of readily available sulfur for the plant, supporting an 
earlier suggestion of Wiebers and Garner. 13’ This would account for the relatively large 
amounts of these compounds in plants and for the rapid changes in their concentrations 
which are observed during plant growth and which accompany alterations in the nutri- 
tional supply of sulfur to the plant. These compounds have also been considered as stor- 
age forms of the methyl group. 

Thompson et al. 28J29 noted that y-glutamyl-S-methylcysteine on demethylation would 
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22 G. A. MAW 

yield y-glutamylcysteine, the immediate precursor of glutathione in animals223 and 
plants,224 and they suggested this as an important role for y-glutamyl-S-methylcysteine. 
In this connection, it is of interest that glutathione was found to be a major metabolite of 
S-methylcysteine in yeasts.25 
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