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IT IS significant from the points of view of both plant physiology and the nutrition of man and 
animah that vegetables and fodder plants contain in smaller amounts numerous organic 
compounds which give characteristic properties to the plants. Even thousands of years ago 
many vegetables had been found to possess peculiar effects. Plinius stated that onion cures 
twenty-eight different diseases and cabbage as many as eighty-seven.’ Garlic was considered 
as a holy plant in Egypt. Even today a great number of people daily use garlic in Western 
Europe in the belief that it keeps them well and enables them to live longer. In South-east 
Europe people consume plenty of onions in the belief that it has a favourable effect on health 
and prevents different diseases, e.g. tuberculosis. Beliefs play an important role in this, but 
the few scientific findings made so far indicate that certain physiological effects, e.g. anti- 
microbial activity, are due to many kinds of vegetables. The special flavour substances, and 
those irritating the mucous membrane act as stimulants and belong also to the important 
physiologically effective substances of vegetables. The effect of these kind of substances 
cannot be measured quantitatively and objectively like vitamins, which are essential nutri- 
tional factors. This is probably the reason why nutritional research has not paid more 
attention to such properties of vegetables. 

The importance of this type of substance to the plants themselves, e.g. as resistant factors, 
is probable although very little is known of its effects. Without adequate knowledge of the 
chemical nature of these substances it is impossible to investigate the effect of them in plant 
and animal organisms. Therefore, the lirst task in the development of this research field is, 
from both the nutrition researcher’s and plant physiologist’s point of view, to elucidate the 
chemical composition of vegetables more thoroughly than before. 

Physiological effects can be investigated systematically only with pure substances. In 
this paper I shall deal principally with organic sulphur compounds isolated in our institute in 
recent years from onion species (Allium), cresses (Lepidium and Tropaeolum), and cabbage 
(Bmmicu) and their enzymatic and chemical decomposition products. 

It has proved to be a general rule that there occur, in intact plants, physiologically inactive 
precursors from which active substances, e.g. different flavour substances, mucous membrane- 
and gland-stimulating compounds, antimicrobial and antithyroid substances etc. are formed 
through enzymatic reactions. The precursors and enzymes, through which they are de- 
composed, are separated from each other in plants so that the enzyme reactions can only 
take place when the plants are crushed, e.g. when vegetables are eaten. Proof has been 

1 E. F. KOHMAN. S&we 106,625 (1947). 
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presented of the fact that enzymes and substrates appear in different cells of plants.’ The 
question, however, demands a more critical examination. 

When enzymes in intact plants are destroyed in a suitable way it is possible to isolate the 
precursors which are present. The method of inactivation must be effective. but it is just a\ 
important to avoid chemical decomposition. It has become obvious. in connexion with our 
investigations, how important the right method of treatment is. when the isolation of primary 
plant substances is sought, and how easily one can obtain wrong results bccausc ofincom- 
plete or unsuitable methods of enzyme inactivation. Literature cont;uns much data conccrn- 
ing substances in plants which in reality are not present at all. 

I shall illustrate these difliculties with one example. When looking for the possible anti- 
fungal factor responsible for the resistance of young rye plants to Fumriutn hde we managed, 
in the middle 1950’s. to isolate an active substance from these plants which we found to bc 
Z(3)benzoxazolinone’ (111). From maize and wheat plants we isolated 6-methoxy-Z(3)- 
benzoxazolinone4 (VI). The structure was confirmed by synthesis.‘.” We considered 
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these to be the primary anti-fungal substances,’ until it became evident that, on the 
contrary, these benzoxazolinones were formed during isolation.” 

Glucoside I (in rye plants)v--l 1 and glucoside TV (in maize and wheat plants)‘?. l3 proved 
to be primary plant substances occurring in these plants which are split by glucosidascs to give 
glucose and 2.4-dihydroxy-l,4-benzoxazine-3-one (II) or 8-methoxy-2.4dihydroxy-1.4- 
benzoxazine-3-one (V) respectively. In the aglucones the benzene ring is condensed with ;I 
heterocyclic 6-membered ring, and in the corresponding benzosazolinones with a hctero- 

Z L. GUGhARD. Chmt. Rend. 111, 249 (1890). 
‘A. I. VIRTANEN and P. K. HILT,u_A.~~~u C/xm. Scurry 9. 1543 (1955). 
.I A. I. VIRTANEN, P. K. ~IIET+U_A and 6. WAHLROM. SUOJIWI Kcnrhlrkhti B29. 143 (1956). 
3 A. I. VlRTAhm. P. K. HILTNA and t). W*HLRO(~. Srromw Kctnisfikchtr B 29. 171 (1956). 
n P. K. HIETAW and 6. WAHLROOS..-ICYU C/wm. Scm/. 10. 1196 (1956). 
‘.4. I. VIRTANEN, P. K. HI~TALA and 6. W.UILROOS. .&C/J. Birwhmn &ophv.~ 69.186 (1957). 
’ A. 1. VIRTANCN ad 8. WAHI H(Y)\. S~wmvr Kek.~tiichti B 31. Jo2 (19%) 
v A. 1. \IKI JXLZI and P. K. HII I \L \. .Fmww~f KenG.\fi/&i R 32. 138. 252 (1959). 

IQ A. I. VIRTA~~FN and P. K. HI~I .\~\..-Icta Chem. Scrurd. 14.499 (1960). 
*I P. K. HILTALA, Am .Qcu/. SC/. fiwicue A II. 100,46 ( 1960). 
12 6. WAHLR~DS and A. I. VIKT.\VLN, Suotnetr Kenristilchti B 32. 139 (I 959). 
13 t). WAHLROOS and A. I. Vwr,wkN. .4cla Chem. SewId. 13, 1725 (1959). 
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cyclic Emembered ring. Now it proved that the 6membered ring undergoes an unusual 
decomposition to give a S-membered ring, Catom 2 being split off as formic acid (Fig. 1). 
When the aglucone II, in which the C-atom 2 was labelled with %I!, was synthe~ixed,~~ it 
could be proved that this C-atom was released as formic acid Is (Fig. 2). 

The formation of benxoxaxolinone takes place when an aqueous solution is heated. In 
kinetic stud&# it was shown that the reaction follows first order kinetics and is dependent 
on the concentration of the anion of the aglucone. Ethanol accelerates the reaction so much 
that, should the plant material contain free aglucone, it is difficult to prevent it partially 
reacting in this way during the extraction with ethanol and its evaporation. The free aglucone 
is either present to some extent in intact plants or it is rapidly formed enzymatically from the 
glucoside if the enzyme is not effectively inactivated before crushing. Ethanol, which is 
generally used for the inactivation of enzymes in plants, causes, in this case, the formation of a 
secondary reaction product which is not originally present. 
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Benzoxaxolinone is formed also from diketocompound VII. C-atom 2 is, in this case, 
split off as carbon dioxide. OH- at N- atom and OH- or O= at Gatom 2 are essential 
for the reaction. Compounds VIII and IX are not decomposed.15 The latter compound has 
the highest anti-fur@ activity of the 1,4&enxoxaxine derivatives synthesized.lQ 

The absence of methoxybenxoxazclinone has been proved in our laboratory in three 
varieties of maiz~+.*~* Is This matter became important practically after Beck’s research 
group in Wisconsin came to the conclusion that bmethoxy~nxoxaxolinone is a resistance 
factor which kills the larvae of a dangerous destructive insect of maixe, the European maixe 

14 E. HONKANEN and A. I. V~TANEN, Rcra Chem. Scud. 14,504,1214 (1960). 
fs E. HoNlcANBN and A. I. VXRTANIN, Aczu Ckm. Samif. l5,221(1961). 
‘6 J. B. BRXDEN=RQ, E. Ho~lwvw and A. I. VXRTANEN, AC&Z Chem. Scmui. 16,513 (1962). 
16~ E. Hn and A. I. VIRTANEN, Actu Cir.em. Sad. 141214 (1960). 
17 A. I. VIRThNEN and 0). WAI~ROO& i. P&am. &i. a713 (1963). 
I* c). W~Ixuwos and A. I. VI;RTANw, I. Phwm. sci. (h press). 
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borer (Pyruusra ~l~~i~~iis~. iy As this compound is not found or enzyl~~ati~ally formed in the 
maize plant it is more probable that the aglucone formed from the glucoside of maize is the 
true resistance factor.‘O The aglucone occurs in resistant maize species both in free form and 
bound to glucose.lY 

The gtucosides and aglucones described above also have other ~tnportant practical 
properties. They react with simazines. the synthetic phytotoxic compound:, used ah weed 
killers, as shown by Roth and Kniisli.” The relatively high content ofthe glucoside in young 
maize plants may partially explain the resistance of these plants to 4mazine. 

The enzymes are, of course. destroyed when tegctahles are cooked. On the other hand, 
different kinds of decomposition of the precursors can take place under the Inff uence of heat. 
Thus fresh and cooked vegetables differ from cnch other nutritionall>. although the ptr- 
cursors can be decomposed in man and animals so that actike substances are formed. 
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LACHRYHATORY FA(TOR. 

In recent years we have isolated I large number of new sulphur compounds from .I/lrunr 
species. These findings partly explain the different physiological effects attached to these 
plants. The iachrymatory effect which occurs when the onion (.~//~wIz te/Jul 1s cut or crushed 
has surely been observed ever since man started to use this pfnnt. Chemically this pheno- 
menon wxs first elucidated a couple of years ago when Sphre and Virtancn ‘:a ‘j isolated the 
lachrymntory precursor from the onion. Earhcr efforts tn determine the chemical nature ot 
the lachrymatory factor had only led to hypotheses about its structure. pnnclpally brc,tuse 
the substance could not be isolated due to its mstabilrty. Our studIrk on the precursor from 
undamaged onion. in which the cnzymep were Jestroycd. led to the l\olatmt1 ($3 cr)\tnIIillc 

compound of the formula C,H,, NSOI. The lachr~mutor~ ftictclr \\:I< t~rlned in :m ;1qwo11~ 

Ir) R. S Lmwtrs. S. D. Btctc and J b. St BUFFS, P/wit /-%I rrd. 32. 379 f lYP7). 
a A. 1. VIRTANEN. .‘Gwnerr hcrtri~ftlchrr B 34, 29 (I 961). 
21 W. Row and E. KNUSLI. Evpc’tictrtiu 17. 312 (IY61). 
‘2 A. I. VIKUNEN and C.-C. SP.&HE. Suvmr~~ Kcmistiirhtl B34, 72 (1961) 
‘3 T. MOISIO, C.-G. SPARF and A. I. VIRT~UEH, Scrortwt~ Ke~~~isrii~j~l~ 3 35. 29 f I%3 



Studies on organic sulphur compounds and other labile substances in plants 211 

solution of this substance a few seconds after addition of an enzyme preparation made from 
onion. Our procedure for the isolation of the precursor, in different phases of the work, 
depended on this property. 

The precursor proved to be (+)-!S-(proplenyl)+cysteine sulphoxide (X). Upon 
enzymatic cleavage pyruvic acid and ammonia were formed from the cyst&e part of the 
molecule, analogous to other cysteine sulphoxides, and the lachrymatory factor, propenyl- 
sulphenic acid (XI) from the propenyl part of the molecule (Fig. 3). 

Fro. 4. MA!+!3 SPJXXRA DBIERMMED IN THE SYSTEM: S+‘ROP-kiNYL)-WX=RlNE suLPHoxtDR (1 m&+ 
LYOPHILZRD OWN ENZYME PRRPARATION (4 m& PURIFlRD ON %PHADEX+ Hz0 OR D20 (4 DROP@. 

Above left: HzO, time of reaction 1 min; above right: D20,l min; below: HzO, 2 h. 

The lachrymatory factor decomposes quickly, propionaldehyde being formed and also 
smaller amounts of 2-methyl-2-pentenal (XII) by aldol condensation.r6 It could thus be 
assumed that the lachrymatory factor was propenyl sulphenic acid.22 This assumption was 
confirmed by a mass spectrometry study. 23s 24 Mass spectra of the volatile substances formed, 
when an enzyme preparation of onion was mixed with the precursor and a small quantity of 
water or deuterium oxide, are presented in Fig. 4. 

From a study of the mass spectra the following conclusions can be made. The molecular 

24 C.-G. SP~E and A. I. VlRTANRN, Acta Chm. Scud. 15,641 (1963). 
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weight of the Iachrymatory factor is 90. The small peaks at mass 91 and 92 originate from the 
same molecule and are normal peaks of isotopes (cf. molecules in which heavier isotopes 
occur in natural proportion). The relation between the peaks at mass 90.91 and 92 indicates 
that an S-atom is present in the molecule. The compound contains no nitrogen. since the 
mass number of the molecular ion is even. The shift of the peak at ma$s 90 to mass91 in Dl10 
proves the presence of an exchangeable hydrogen atom. The removal of the peak at mass 
73 (90- 17) in water to mass 74 (91-17) in D,O shows that in both casts an OH-fragment is 
set free. The molecule contains therefore no OH-group (the hydrogen of which would hi\ 
replaced by deuterium in D1O). The peak at mass 15 shows that the compound contains 11 
CH3-group. 

All these findings agree with the structural formula given to the lachrymatory factor. 
Since no aliphatic sulphenic acid was known earlier, the propenyl sulphenic acid identified 
as the lachrymatory factor is the first representative of this class of compounds. Even it is 
quite unstable, and therefore it is not easy to investigate what physiological effects other than 
the lac~mato~ action are due to the propenyl sulphenic acid. 

Carson and Wang’” have recently prepared cis-S-(prop-I-enyl)-r-cysteine. CHJ-- 
CH=CH-S-CH?---CH(NHZ&COOH, by a base isomerization of S-allyl-L-cysteine. 
CH2==CH--CH+%-CH2-CH(NH2)-COOH. Hydrogen peroxide converts the former 
amino acid into a sulphoxide mixture which in the presence of onion enzyme produces a 
fresh onion aroma with a definite lachrymatory effect. It is thus probable that the sulph- 
oxide preparation contains at least some of the natural lachrymatory precursor. 

The precursor of the lachrymatory factor is a rather central sulphur compound in onion. 
From it is formed, by cyclization in weak alkaline solution, a thiazane sulphoxide. 3-methyl- 
1,4-thiazane-5-carboxylic acid-l-oxide (XIII in Fig. 31, which was isolated by Matikkala and 
Virtanen’5-“8 some years ago from onion and named cycloalliin. At that tune nothing was 
known about the presence of S-(prop-l-enyl)-cysteine sulphoxide. Cycloalliin is the first 
naturally occurring compound containing the thiazane ring. This compound occurs in the 
onion in larger amounts than any other sulphur compound and indeed up to 2 per cent 
of the dry weight of the onion. It could be proved that cycloalliin is an original substanceZ9 
in onion, even if it also can be formed from S-(prop-I-enyl)-c~steine-~ulphoxide rrhen 
amino acids are eluted from exchange resin with ammonia.* 

When feeding rats with “‘S-labelled cycloalliin it was observed that the main part of it is 
excreted in the faeces partly unchanged, partly reduced, but a part is absorbed and is excreted 
in the urine in the same form as in the faeces. Its effect upon the normal metabolism of 
sulphur in man and animal is not known. It has no antibiotic activity. 

The assumption that the thiazane derivative obtained from the algae may have in analogy 
with cycloalliin, an aliphatic precursor. S-vinyl-cysteine-S-oxide (XIV in Fig. 5). was con- 

* It is Interesting that Kuriyama, Takagi and Murata 30 have later isolated from a red alga tC~nw&irc 
crassicaulis) and Tominaga and Oka from a brown alga (Undurru pint~~ifincr) a sulphoxide u hich II struc- 
turally “apocycloalliin” (cycloalliin minus the methyl group). 

14~ J. F. CARSON and F. F. WONG. C%enz. & It&. (Land.) 1764 (1963). 
ZJ A. I. VIRTANZN and E. J. M~TIXEALA, SuomeIj ~e~~t~ie~l~i E 29,134 (1956). 
20 E. J. bfAmKKALA and A. I. VIRTANM, S~ortrm Kemistilehti B 30, 219 (1957). 
27 A. I. VIRTANEN and E. J. ~UI~KL;ALA, Suunxw Kembtilehti B31,191(1958). 
28 A. 1. VIRTANEN and E. J. MATIUALA, Acta Gem. Scand. 13,623 (1959). 
29 A. I. VIRTAWEN and E. J. MATHXALA, Stwmen Kemistifehti B 34. 114 (1961). 
30 M. KURIYA~U. M. TAKAGX~~~ K. MURI\TA. Bulf. Fuc. Fikries H~~~a~i~~ Liriv. 11.58 t 1960). 
fl F. TOMIN~GA and K. OICA, /. Biuchem. (Tokyo) 54,222 11963). 
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firmed in our laboratory by synthesis of the precursor.32 A lachrymatory substance, which 
according to mass spectral determinations was vinylsulphenic acid (XV), was formed from 
this sulphoxide by the onion enzyme preparation. Apocycloalliin XVI, which had been 
isolated by the Japanese researchers from algae, was formed from S-vinylcysteine-S-oxide 
in ammonia solution32 (Fig. 5). When the synthesis of S-(2-bromoethyl)-cysteine was 
attempted a small amount of reduced apocycloalliin (XVII) was formed, the chief product 
being a new S-containing diaminodicarboxylic acid (XVIII) of djenkolic acid type. It will 
be interesting to lind out whether the algae contain S-vinyl-cysteine-S-oxide and the enxyme 
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which forms the lachrymatory factor. In this case the analogy between onion and the algae 
species would be astonishing. 

Two alkylsulphoxides, S-methylcysteine sulphoxide, and S-propylcysteine sulphoxide, 
isolated by Matikkala and Virtanen 33 from onion are of importance as precursors of anti- 
biotic substances. These sulphoxides decompose enzymatically so that methyl- and propyl- 
thiosulphinates are formed. Earlier Stoll and Seebeck had isolated from garlic allyl- 
cysteine sulphoxide (alliin) (XIX in Fig. 6), from which allylthiosulphinate 35 (a&in) (XX) 

32 E. DIieRITz and A. I. VIRTANLW, Acru Ckm. Scumi 18,837 (1964). 
33 A. I. VIRTANEN and E. J. IvUTIKKAU, Acta Ckm. sculld. w, 1898 (1959). 
3’ A. Srou and E. SWECK, Mwmc. ,?Gwnwl. 11,377 (1951). 
35 C. J. CAVALLKQ J. S. BUCK and C. M. SWER, J. Am. Ckm. Sot. 66,1952 (l!M4). 
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was formedenzymatically. These authors assumed that the reactton occurred in the following 
way (Fig. 6). 

CH C H H.o 
CH CH 

f H> :CH: CH: C‘HJ 

2s *I) -- fl s 0 () q- ..- , 

( 11, l.\\II lY\r(~‘,l\:lll11~~~‘I 

H?N- ( tl 

( ‘Ot )H ( ooti 

FIG, 6. ETWZYW,+TIC C‘LL~\ .WE OF .%I LYLCYSI-EI~E WI.PHOXID~ .w-CORDISCI TO SIOI.L ASD SEFBECK.-” 

Our mass spectral studies did not show any formation of a~iylsulphenic acid (XXI) or 
other volatile 3 C-compound during the enzymatic cleavage of S-allylcysteine sulphoxide.?” 
It is therefore more probable that allylsylphenic acid is not formed at all as an intermediary 
product. The formation ofallicin from two molecules of S-allylcysteine sulphoside through 

FIG. 7. MECHANISM PROPOSED FOR THE BIOSV~THESIS OF ALLYLTHICML’I PHIS~TL ~RIW .\LLYI ~‘YWEINE 
SIILPHOXIOE. 

two electronic shifts and associated ~-eIiminatiol1 is to be explained without the formation of 
two molecules of sulphenic acid (Fjg. 7). The different states ofthe double bonds in S-prop- 
enyl-cysteine-S-oxide and S-nllyl-cysteine-S-oxide affects obviously the inclination of the S- 
atoms to unite with each other. 

36 A. I. VIRTANEN, Suomcn Kemictilehti A 37. 108 (1964). 
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The antimicrobial effect of allicin is considerable. It has a growth inhibiting effect both 
on Gram-positive and Gram-negative bacteria (e.g. Staphylococci, Streptococci, EbertheZZu 
typhosa, B. dysmteriae, B. enteritidis and Vibrio cholerae) even in a dilution of about 
1: 100,00 (Small, Bailey and Cavallito 37>. 

The effect of S-methyl- and S-propyl-thiosulphinate is much weaker than that of allicin. 
The antimicrobial effect of the onion species depends on, besides the activity of the formed 
thiosulphinate, the quantities of the precursors occurring in the onions. Different kinds of the 
same onion species can also differ greatly from one other in this respect. Climatic factors and 
manural treatments effect also the composition of onions. The onion (cultivated in Finland) 
inhibits, as a homogenate in a lO-15-fold dilution, the growth of Staphylococcus for 24 hr. 
Homogenized garlic has an activity ten to twenty times higher. On the basis of experiments 
carried out in vitro the antibiotic effect of onion and garlic cannot, however, be determined 
in the animal or human organism, since: (1) the tissue of plants is not completely crushed 
when it is eaten; (2) no enzymatic reaction occurs at the pH of the stomach; (3) alkylcysteine 

TABUI 1. APPROXIMATE am CENTRATIONS OF Tlul SULPHUR COMPOUNDS so FAR 

ISOLATELl FROM TtUI ONION 

Compound mg/kg fresh wt. 

S-Propylcysteixw-S-oxide 
SMethylcysteiwSoxide 
S-Propenylcysteide 
Cyc1oalliin+ 
~~-Glutamyl-( + )-S-propenylsystei 
~L-Glut8mylSmethylcysteine 
~L-Glutamylmethioniae 
S-(2xarLwxyprop-l-yl)glutathione 

50 
200 

4 
1300 

; 
330 

* A part of the cycloalliin may be formed from S-propenylcysttina 
S-oxide duringelution of amino acids with ammonia from the Amberlite 
AUllXl. 

sulphoxides are oxidizing agents and are reduced themselves to the S-form from which no 
alkyl thiosulphinates can be formed and, finally S-alkylcysteine-S-oxides are reduced by 
CoZi-type intestinal bacteria to disulphides (Saarivirta and Virtanen). These have neverthe- 
less an antimicrobial effect against Staphylococcus but weaker than that of the alkyl thio- 
sulphinates. Quastel’s research group 3s has found out that e.g. ethylsulphide and diethyl- 
disulphide have a considerable antituberculous effect. It is possible that alkyl sulphides 
represent important antimicrobial factors in vivo. Cooked onions may thus also have a 
certain antimicrobial effect, even though their enzymes have been inactivated. 

The sulphoxides and sulphur-containing y-glutamylpeptides (see below) isolated in our 
laboratory from the onion bulb cultivated in Finland are shown in Table 1. About 90 per 
cent of the soluble organic-bound sulphur occurs in these compounds, so that there are no 
other larger quantities of unknown S-containing substances in the onion. Several unknown 
sulphur compounds present in smaller quantities can indeed be traced chromatographically 

37 L. V. SMALL, J. H. BAIUY and C. J. CAVAIUTO, J. Am. Chem. Sot. 6% 1710 (1947). 
3* H. D. BROWN, A. R. hlTZUK, H. J. BECKER, J. P. CoNewe. J. M. CONSTANTIN, M. ~I-OTOROVSKY. 

S. Wmsrw, E. hlONSON and J. H. QUASTI%., 1. Am. Chem. Sot. 7693860 (19%). 
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(Fig. 9). This appeared very clearly from the experiments performed by Ettala and Virtanen 39 
in which 3sS@4- was injected into onion bulbs. Two-dimensional paper chromatograms 
prepared 7 and 46 days after the injection arc shown in Fig. 8. Twenty-one radioactive 
spots appeared on the chromntogram after 7 days: after hydrolysis with 1 N-hydrochloric 
acid the number was reduced to 12. 

As mentioned above we have found in our laboratory besides sulphur-containing amino 
acids numerous y-glutnmylpeptides as typical components in different .-Mum species. In the 
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FIG. 8. TWQ-DIMENSIONAL CHROMATOGRAMS OF 3S%COh-TAIMNG AhUN ACIDS AWD y-GLUTAMYL 
PEPTIDES IN ONION. 

Onions were placed for 6 days m moist sand and then injected with labelled sulphate. The upper 
chromatograms were developed 7. and the lower ones 46. days after the injection of labelled sulphate. 
The chromatograms to the left were developed before. and those to the right after hydrolysis. The 
spots were drawn on the basrs of radiation measurements. and the numbers give the counts/ 
mm. Cyc = cycloalliin, P4 = y-L-glutamyI-( +)-S-(prop-l-enyl)-kcystcinc. 1111 = y+ghrtamyl-S- 
I H-carboxy-propyl )-L-cystcinyl-glycme, CPC = ( - t-S-(d-carbouy-propyl)-1 -cyst&x. 

investigations which have been in progress since the end of the 1950’s. Matikkala and Vir- 
tanen40e41 have isolated in pure form and characterized chemically 9 I#-glutamylprptides 
from onion bulbs. The isolatron of the peptides u’as performed on I Do\+eu-1 column using 
l-2 N-acetic acid and finally 1 N-hydrochloric acid as cluting solutions (Fig. 9). 

Peptides not separated from ant another by fractionation with acids \vrre separated on a 
cellulose column v\ ith butunol- acetic acid-water as solvent and isolated m pure form. The 

~~T.E~TALA ond A. I. VIRTMEN.~~U Chum Sccuuj. 16.2061 (1963). 
40 A. I. VIRTANEN and E. J. M~TIKEALA, Suornctr KemisGkh~i B 33.83 (1960). 
J* A. I. VIRTANEN and E. J. M.~TIKKALA, Swmoz Kemrsfilehti 834. 53. 84 (1961). 
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following peptides have been isolated in crystalline form and characterked chemically 
(Table 2). 

Fxo. 9. moTIoN OF y-GLUT- OF ONION BULBS FROM A D0WBX-l coLuMN WII’E 1 N- 
ACEIIC Km AND 1 NEYDRocHJaRK ACID. 

Peptide 9 is a derivative of glutathione and contains S-(2-carboxy-n-propyl)+cysteine 
instead of cysteine.41*42 This peptide is present also in garli~.‘~ It is interesting that later 

TABIA 2. y-G~ur_ So FAR cpowlBD FROM ONION BULB8 

:: yL-GlutamylwaliDe 
~L-Gl~yl-biSOI_ 

3. y-L-CilU~l-~8 

4. +&lutamyla-(prop-l-eny~~~xsnyl)crstninasoxide 
5. Ethyl ester of ~glutamylpeptide No. 9 

(possibly an artifact) 
6. ~L-Glutaalyl-L-lnEthio~ 
7. ~~lu~l~~~y~e 
8. +Asltnm~L-pheny~ 
9. ~tclu~l~2~~~l-yl~~yl-%lycint 

(S-(2-au~f3lu~~-~ 

. I&&uham and Oomori* independently found this amino acid in human urine in both free 
and bound forms. They state (private communication) that the occurrence of this amino 

42 L VIRTANBN and E. J. MA-, z. PhysiQl CheFal. 3zz,8 (1960). 
‘3T.~M.S~~dT.~, C7iea P/wnmed. Bull. (Tokyo) 9,77 (1961). 
*( S. ~&UHARA and S. OOMORI, Arch. &xknz. Biophys. 92,53 (1961). 
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acid in urine cannot be traced back to the consumption of onions. The same investigators 45 
have also isolated another closely related amino acid. S-( l-carboxy-I-methylpropyl)- 
cysteine (“isovalthine”) from the urine of patients suffering from arterlocclcrosis or my\;+ 

dema. 

Kuwaki et al.46 have shown that S-(l-carboxy-2- methylpropylj-cysteine is synthesized in 
liver homogenate, the precursor being S-(isopropylcarboxymethyl)glutathione. 

Some of the y-glutamylpeptides occurring in the onion are also present in garlic. few 
are found in one species only. y-L-glutamyl-S-ally]-r.-cysteine. which had not been found in 
onion, was isolated in our laboratory 47 from garlic and later independently by Suzuki 
et a/.48 As alreadv stated above the sulphoxide of S-allylcysteine is in the fret form charac- 
teristic of garlic. since the antibiotically active allicin is enzymatically formed from the free 
amino acid sulphoxide. On the other hand S-propyl-cystein sulphoxide ih so far found 
only in 0nlon.j’ y-glutamyl-S-propyl-cysteine only in garlicJy 

The S-atom of alkyl- and alkenylderivatives of cysteine is, in general. present in reduced 
form in the y-glutamylpeptides isolated by us. although the corresponding free amino acids 
occur as sulphoxides. The only exception to the rule is the above-mentioned peptide 4, 
y-glutamyl-S-(prop-I-enyl)-cysteine-sulphoxlde present in the on1on.40 In the correspond- 
ing y-glutamylpeptide isolated from the seeds of the chive (Allim sdtoenoprasun~) the sulphur 
atom also of this amino acid occurs in reduced form.50* L1 Sugii et u/.~’ have recently found 
this amino acid in the free form in garlic. Suzuki et u/.j-’ mention also y-glutamyl-S-methyl- 
cystein sulphoxide as a component of garlic but its presence in the undamaged bulb needs 
further studies. The sulphur-containing y-glutamylpeptidcs hitherto isolated from .-f/liutn 
species in our laboratory arc presented in Table 3. 

The addition of the SH-group on to the double bond would explain the formatlon of 
many S-carboxyalkylcystcincs. Schijberl and Wagner 54 have sknthetizcd S-(2-carbox>- 
propyl I-cysteine from cystrinc and methacrylic acid by heating their aqueous solution. 

COOH 
I 

( (‘H; HOOC 

I -c>\telne hlcthacryllc JCI~ b-(~-c~rho~~prop-I-\I) cy\tclnr 

G S. OOMORI and S. MIZUHAR.A. Bidrem. Buphyt Re\. Cur~r~~~cn. 3. 343 ( IV60). 
a T. Kuwnw S. &hlORl and S. MIZI~HAKA. Biochenr. Biuply~ Acfn 78. 553 (1962). 
J7 A. I. VIRTANCN and I. MATTILA. S~mmw Pvnrivfilehri BW. 44 (1961). 
1’ T. SLIZLJKI. hf. &lb11 md T. K.\hlutrIo. C/wm. f’/wnmv/. hi//. 10. 316 (lY6’). 
Au A. I. VIRTANI h. M. HATAUAFC \ mtl .%I. B~KLIN. .Sucmwr A’wnisfiMri B 35. 52 ( 1962). 
w A. 1. VIKTW~\: nnd E. J. MATlhh4Lx. Suomcn kvnidi/r/rli B35.245 (1962). 
JI E. J. MIII~~.\L.\ and A I. VIWIWEN, .4cln C/wm. Swu/. 16.2461 (1962). 
5’ M. Suw. S. N~ti~~wn nnd T. SuzLw. Chenr. Pharmacol. Bull. (Tokyo), In pros. 
5.~ E. J. MATI~XALA and A. 1 VIRTANEN. .4cla Chenr. Sca~~t/. 17. 1799 (1963). 
5 1 A. SCHOBERL md D. WAGUFR. ~1~Gmd Tcx~ilhrr . 41. 984 (1960). 
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Suzuki et uLss consider that glutatbione condenses with me&acrylic acid or the coenzyme A 
derivative to form !%(2_carboxypropyl)glutatbione in garlic. Me&acrylic acid was found to 
be formed from valine. 

TAIU 3. FORMLJLAK OF THE WLPHUR ~OIVLUNIN~ ~-C&UT UwLPwrmEs IsoUrED FROM 
BULBS OF ONION, GARLIC AND SEEDS Ol’ CHlVE 

_ 
COOH 0 
I 

wooc-~~H3_icrH~~-~~~~~~~~~~~ ?cxII 
y-~-Glu-(+ )_S-(prop-layl)+cyWine sulphoxide (onion) 

COOH 

HOOC-CH(NH~~CH3~-N~~H-~~H-C 
y-L-Glu-S-(propl-enyl)-wystein (seeds of chive) 

COOH 

Hooc_~~~C~~_N~IH~~~~H~H~ XXIV 
y4~Glu-( - )-!+aUyl-Lcyateine (garlic) 

COOH 

HooC-CH(NH2wH&-CO-NH-AH4.+S4H2-CHz-CH~ 
+.-Glu-Spropyl-cystei (garlic) 

COOH 

HooC-CHcNH,HcEi*)2-CO-NH-LCH+CH~ XXVI 
y-tilu-S-methylcysteine (onion and garlic) 

CQOH 
I 

HooC_CHCNH2t-(CHz)zH~H~~~~H~ XXVII 
y-L-Glu-L-methionine (onion and garIic) 

CO-NH-CHZ-COOH 

HooC-CH(NHzHCH~~*~N~~H~~~-(CH~~~H XXVIII 

~L~lu-s_(2~~xypropyl)-Lcysteinyl-glycine (onion and garlic) S-(2-auhoxypropyl)glueathionc 

COOH CQOH 
I I 

pglu-NH-CH-CHz-S-4-C H&H-NHy-glu XXIX 

N,N’-bis(y-glu)-cy-stine (seeds of chive) 

COOH CH3 COGH 
I I I 

~j&i-NH-CH-CHrs_CH~H-S-CH~-NH+u 
N,N’-hii~glu)-3,3’-(2-methylethylene-l,2-dithio)dhdanine (weds of chive) 

The b~osyntbesis of the complicated his~~u~myl~ptide, N,~-bis(~~ut~yl)- 
3,3’-(2-methylethylene-1,2dithio)dialanine isolated from the seeds of the chives3 takes 
place probably analogically from y-glu.-S-@roplenyl)-cysteine 5o and y-glu.-cysteine, both 
present in the seeds (Fig. 10). Peptide XXX could not be synthesized from XXIII and XXIX 

5s T. SUZUKI, M. SUG~I and T. EcAlotaro, Gem. Plwrmacol. Bull. 10,328 (lW2). 
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under the experimental conditions which prevailed when the peptide was isolated from the 
seeds. It is therefore obviously an original plant substance. 

The significance of the y-glutamylpeptides in the nitrogen metabolism of man and animals 
has not yet been elucidated. Tn tiliirrnr plants these peptides occur cspccially in the bulbs 
and seeds of the onion. We have been able to show experimentally that the peptides disappear 
when the green leaves grow from the onion bulb. The y-glutamylpcptidcs arc thuc primarily 
reserve substances which actively take part in nitrogen metabolism in the begmning of the 
growth. They are, after all, also derivatives of glutamine which again represents both a 
reserve and an active substance in nitrogen metabolism. We are not yet aware of the way in 
which the y-glutamylpeptides are used in the metabolic reactions in the onion bulbs, Enzy- 
matic hydrolysis would seem to be the simplest, but it has not been proved with onion bulbs. 
Hanes et uL,“~ Hird and Springell 5Q have observed that kidney preparation causes a reaction 

COOH <‘oOH 

;+I-NH -&I- .CH, 
I 

S CHz--CH--S- CH; (‘H--NH -:-$I 

(XXX) 

1 Hydrol>slr 
: kldncy P=P 

YH CH* COOH 

2 I -glut&cacid i HzN-CH- CHz--S-CH--iH 3. C H> C.H...UH: 

1..~‘-(~-m~th~Irthylcnc-l.2-dithio)-d~al;tnlne IXSYII 

FIG. 1% ~~&W.E BIOSYNTHESIS OF DtCiLUTAMYLPEt7IDE XXX AND FORMATION OF NEW DiAHI1SO 

DICARBOXYLIC ACID XXX1 OF DJENC-OLK- ACID TYPE BY HYDROLYSIS OF XXX. 

between glutathione and alanine as well as many other amino acids whereby the y-glutamyl 
group is transferred to the free amino acid and cysteinyl-glycinc is freed. 

y-r-glutamyl-r-cysteinyl-glycinc+ L-alanine 
4 ~glutamyl-transferase 

-/-L-glutamyl-L-alrine+cysteinyl-glycmc 

The experiments performed in our laboratory have shown that the same reaction takes 
place between the y-glutamylpeptides isolated from onion and alanine in the presence of 
kidney homogenate. At the same time also the hydrolytic decomposition of the y-glutamyl 
bond is completed without alanine. Onion leaves, dormant or sprouting bulbs, curiously, 
do not show any activity of y-glutamyl transpeptidase nor of ~-glutamylpeptida5e.~~.~~ 
Thompson et ~1,~’ have recently found y-glutamyl transpeptidase in many plants but con- 

56 C. S. HANES. F. J. WIRD and F. A. ISHERWOOD, Biochmr. J. 51.25 11952). 
The F.J. HIRD, and P. H.SPRINGELL,B~~~~~.J, 56.417(1954). 
57 J. F. TIIOMPSON, D. H. TURNER and R. K. GERIXG. Phwochem. 3.33 (1964). 
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firmed the absence of this enzyme in onion. It is therefore still unknown how the numerous 
y-glutamylpeptides present in onion bulbs are used in nitrogen metabolism of onion plant. 
On the other hand, a homogenate from germinating seeds of Allium species hydrolyses 
glutamylpeptides strongly. The y-peptidase can be readily concentrated using Sephadex 
filtration (Matikkala and Virtanen3G). 

Mustard oil glucosides from which isothiocynanic acid esters, the so-called mustard 
oils, are formed enzymatically, are characteristic of plants which belong to the family 
Cruciferae and some other families (e.g. Tropaeolaceae, Resedzceae). Many of these oils 

L- 22 23 

White area: Activity a@nst Staphylococcus aweus 209 Innsbruck. 

Black area: Activity @nst Pen&z/U& g&cum. 
ordinate: Minimum colx!ultration mquired for inhibition @g/ml). 
Isothiocyanates: 1. Methyl-, 2, Ethyl-, 3. Propyl-, 4. Isopropyl-, 5. AllyI-, 6. ml-, 7. Ben@-, 
8. Ethylphenyl-, 9. mMe&hoxybcn& 10. pMethoxybcnzyl-, 11. pHydroxybenzyl- (Sin&ii), 
12. Mothylthiopropyl-, 13. Metbylthiobutyl-, 14. Motbylthiopentyl-, 15. Mothylsu&ylpropyl- 

(Glucoiberin), 16. Methylsulfonyl-, 17. Mothylsulfonylbutyl-. 
Thiocyanates: 18. Isopropyl-, 19, Benzyl-, Etbylphenyl-. 
other sulphur compounds: 21. Dibenzylcarbothialdin, 22. Na-Bcnzylditbioaubamate, 23. Ben& 
ammoniumbenzylditbiocarbsmato. 

have a pungent odour, but at low concentrations a rather pleasant, appetite-stimulating 
flavour. Many mustard oils accelerate the blood circulation in the skin and irritate the 
mucous membranes. They also have an antimicrobial activity against moulds and some 
also against bacteria. The antimicrobial activity of some isothiocyanates according to the 
determinations in this laboratory (Saarivirta 5s) is shown in Fig. 11. 

Benxyl isothiocyanate (compound 7, Fig. 11) is the most active of all the investigated 
mustard oils when both antibacterial and antifungal activity are taken into consideration. 
It inhibits the growth of Staphylococcus and Penicillium glaucum in a dilution of from 
1: 500,ooO to 1: 1,OCQOOO. Its precursor-glucoside, glucotropaeolin is present in both garden 

s* A. I. VIRTANFN, h&3’. C%?m. (hf. Ed.) 1,303 (1962). 
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cress (Lepidium safivum) and Indian cress (Tropaeolum majus), both used as vegetables in 
Central Europe. According to the determinations of Winter.5” 20-30 g fresh leaves of 
Tropaeolum or Lepidium eaten at one time would cause a complete inhibition of the growth of 

Staphylococcus and some strains of Escherichia coli in the urine for many hours. 
After Ettlinger and Lundeen M’ had shown mustard oil glucosides to be hydroxylamtne 

derivatives, they corrected the old structural formula of these compounds gilen by Cadamer 
to the following (Fig. 19). 

FL 12. E~ZYMAFK CLEALAGE OF MUSTARD OIL Cill~(‘OSlDtS. 

The work of Ettlinger laid the basis for the understanding of the properties of mustard 

oil glucosides or, according to the new nomenclature of Ettlinger. O’ gluco9inolates. especially 

their enzymatic cleavage which leads through a Lossen rearrangement to the formatton of 
isothiocyanic acid esters. “mustard oils”. 

However, besides the characteristic isothiocyanates. organic cyanides or nitriles are 

formed in the cleavage when the pH of the medium is under 5. In some plants the nitrilc 
formation takes place also in neutral and alkaline media. The rcactton IS m these cases 

enzymatic. and the cleavage proceeds hereby without Lossen rearrangement (see below). 
Additionally, thiocyanic acid esters R-CH+S---C=.N also are formed in some ca\es by 
enzymatic cleavage of mustard oil glucosides (Gmclin and Virtanen a?). It was first hehe\cd 

that both isothiocyanate and thiocyanate are formed immediately after mprosinase had 
split off glucose from mustard oil glucosides. a special enzyme being needed for the formation 
of thiocyanate (Fig. 13). 

CH, -N C S 

I 

FIG. 13. THE FIRST HYPMHESIS or THE roRmTlON OF BENZYLISOTHIO(?ANATE (BITC) 4x11 
BEXZyLTHIOCYAV4TE (BTC) I-ROM BENZYL MUSIARD OIL GLL’COSIDF (~~LCKX3FROP4~0LI\ I\ 

M01\7FNED SEEDPOWDER OF Lepit/llll71 .\Nff 1’11/l?. 

59 A. G. WINIER. Hlppoktutes 28.645 (1957). 
60 M. G. ETTLINMK and A. J. LIJNDEEN. J. Am. C’hwr. Sue. 78,4171(1956). 
61 M. G. ETTLINGER, G. P. D~TIO. R. W. HARRISON. T. J. MABKY and C. P THOI~PSOY. Pmr. .lirr iccrtl. SU. 

U.S.47(1961). 
62 R. GMFUN and A. 1. VIRTANLY, .4cfa C/?em. SumI. 13, 1474 (1959). 
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Saarivirta and Virtanen 63s 64s 6s continued to investigate the formation of thiocyanates 
more closely especially in moistened seedpowder ofLepidium sativum and Tropaeolum majus, 
which contain the same mustard oil glucoside, glucotropaeolin (benzylthioglucoside). In 
the former benzylisothiocyanate, benzylthiocyanate and benzylcyanide are all formed, 
whereas in the latter only benzylisothiocyanate is produced. The reaction rate, even near 0”, 
is very high. After 30 set about 2/3 of the glucoside was already degradated. The ratio of 
benxylthiocyanate to benxylisothiocyanate was decreased when the temperature was in- 
creased from 2” to 37” (reaction time 5 min). Accordingly, a low temperature favours thio- 
cyanate and a higher temperature isothiocyanate formation (Fig. 14). 

When the rate of the formation of the different reaction products in moistened seed- 
pow&r of L.epidium sativum was studied results presented in Fig. 15 were obtained. 

From the curves in Fig. 15 it appears that in the moistened seedpowder of L.eptiium: 
1. benxylcyanide and benzylisothiocyanate are formed in the beginning roughly at the 
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FIO. 14. FORMATION OF BENZ~CYANIDE BCN. BENZYLBOTM ~CYANATJI BITC and BTC BENZYL- 
THNXYANATE AT DWFERENT TEMPEluTuREslNMO- SFEDFO~DER OF kpidium sotivum. 

same high rate; 2. benzylthiocyanate is formed at lower rate; 3. benzylisothiocyanate dis- 
appears at nearly the same rate as benxylthiocyanate is formed. 

The first hypothesis (Fig. 13) according to which isothiocyanate and thiocyanate are 
formed from the same intermediate after enzymatic splitting of the glucoside, was not in 
agreement with the tiding in point 3. The result is far more in favour of the i&a that benxyl- 
thiocyanate is formed from benxylisothiocyanate through rearrangement (Fig. 16). The 
latter is so stable at low temperatures that it cannot be spontaneously decomposed during 
some minutes so that the decrease of it after 30 set is strong evidence for this hypothesis. 
From added benzylisothiocyanate, it is true, no benxylthiocyanate is formed in moistened 
seedpowder, but it is possible that the practically insoluble isothiocyanate does not come into 
contact with the enzyme. Further experiments are still needed to clarify the mechanism of 
thiocyanate formation. 

63 A. I. VIRTANEN and M. SAARIV~RTA, Semen Kembtilehti B 35102,248 (1962). 
6.1 M. SAARIVIRTA and A. I. VIRTANFN, Acre Chem. Sd. (Suppl.) 17.74 (1963). 
65 A. I. VIRTANEN, Arch. Bkxhem. Bbphys. (Suppf.) 1,200 (1962). 
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Tlmr,sec 

FIG. 15. FORMATION OF BENZYLCYANILIE (BCN). BEYZYLISOTHIWYK~TF IBlTCf .WI) BENZYL- 
THIOCYANATE (BTC) IN MOISTENED SEEDPOWDEK OF Lepidiwn snfiwn. 

Reaction temperature about + 1 .C. 

As the formation of benzylthiocyanate does not occur m crushed seeds of Tropaeolum, 
and as also in the seedpowdcr of Lepihm inactivated by heating only bcnzylisothiocyanate 
is formed after addition of myrosinnse (a raw preparation from the seeds of Sinapis a/h). 
the formation of benzylthiocyanate is enzymatic. It has not been possible for the present to 

FIG. 16. ENZYMIC SPLITTING OF BENZYL M~SMRD OIL GLUCXBIDE IN MOISTWED SEEDPOWDER ok 
Lepidium sutivrtm. 
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extract the enzyme from crushed seeds of Leptium into solution. The nature of the enzyme 
is therefore still unknown. It is probably connected with an energy-giving system. No 
benzylthiocyanate is formed in the green leaves of Lepidium sativum although it is in those of 
Lepidium ruderale. 

On the basis of our present experimental evidence the formation of benzylcyanide in the 
moistened seedpowder of Lepidium must also be considered as enzymatic, for this reaction 
does not occur in crushed seeds of Tropaeolum in the wide pH-range 3&&6, in which the 
experiments have been performed, while benxylcyanide is formed in the seedpowder of 
Lepidium in the whole pH-range, i.e. also in an alkaline medium. The nonenzymatic mode 
of formation which takes place only in an acid medium from some glucosinolates, for instance 
glucobrassicin and sin&in, cannot, therefore account for the formation of BCN in Lepidium. 
Ettlinger et aL6’ have investigated more closely the nonenxymatic formation of ally1 cyanide 
from sinigrin. 

When eating garden cress as a salad, man receives nearly the same amount of benzyl- 
cyanide as benxylisothiocyanate, a fact which was not known earlier.“j The lethal dose of 
benzylcyanide for the mouse is 4-5 mg. Man consumes in 30 g garden cress about 10 mg 
benxylcyanide, an amount which has not yet any provable effect on him. 

Thiocyauic acid ester is formed in crushed, moistened seeds not only of Lepidkm (benzyl- 
thiocyanate) but according to Gmelin and Virtanen62 also of some other crucifers which 
contain sin&in ally1 glucosinolate. 

Cabbage species contain several different mustard oil glucosides. The antimicrobial 
effect of the cabbage is, however, weak and may be caused by many different substances which 
are formed enxymatically. Morris and Thompson,66 Synge and Wood6’ have isolated 
S-methyl cysteine sulphoxide from cabbage and the latter authors have shown its presence 
in many other species of crucifer. The content of this compound in cabbage is appreciable 67 
and, if methylthiosulphinate were formed from it, as in onion, one could expect a higher 
antimicrobial activity in crushed cabbage. In accordance with this low activity, the enzyme 
which splits alkyl cystein sulphoxides was not found in Crucifeue plants.67o Recently, 
however, Mazelis6* has demonstrated the reaction in acetone powder extracts of Brassica 
s@es but only in alkaline medium the optimum being at pH 10. At pH 7 the activity is 
negligible. Using gas chromatographical method many authors have found in crushed 
cabbage besides at least four mustard oils, different sulphides, disulphides and even di- 
methyltrisulphide. Dimethyl-, dipropyl- and diallyl-sulphide are the same substances which 
are also formed in crushed AZZium species as secondary products from thiosulphinates, and 
therefore it is possible that cabbage contains besides S-methyl sulphoxide also small amount8 
of S_propyl- and S-ally1 sulphoxide which, however, have not yet been isolated from cabbage. 
Kja&'* 6% and his collaborators have isolated and characterized a great number of new 
mustard oil glucosides from plants of different families and enlarged our insight into this 
group of plant substances tremendously. It seems that the radical in these glucosides can 
belong to very different chemical groups. 

In our laboratory a new type of mustard oil glucoside, glucobras8iciq which is the first 

66 c. J. MORRIS and J. F. THOMPSON, Chem. dr Znd. (Land.) 951(1955). 
67 R. L. SYNGE and J. C. WOOD, Btochem. J. 60, xv (1955); 64.252 (1956). 
67‘1 M. FUJIWAR& M. YCLSIU~ S. TSUNO and F. M-. J. Blockem., Tokyo 45,141(1958). 
68 M. MAZEL.& Phymchem. 2,15 (1963). 
69 A. KJAER, organic sulphur Compowub (Edited by N. KIWUSCH) Vol. I, p. 409, Pergamon Prca& oxford 

69~!?k~~, Pure Appl. Chem. 7,229 (1%3). 
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indole glucosinolate has drawn special attention because of Ifb Important chemical and 
physiological propertie>. Gmelin. Soarivirta and Virtanen TO reported the isolation of lhi\ 
compound as a crystalline tetramcthyl ammonium salt fol the first time four years ago. It\ 
Isolation resulted from our \carch for the prccurbor of thioc\anutc 1011 (SC& ). u hi& 13 
rapidly formed when Brussiccr plant, are crushed. Since SCN ha, ;I gtjltrogenlc effect the 
problem concerning the antith>mid substunceq in plant\ and IheIr txntual franhfer to mill, 
has been investigated intensi\rly. and from many side4 m our Irtborator\ ._I The formatIon 
of SCN- in Brmsicu plants ha5 aroused special interest. l-anger and %lichajlov\k.lJ “ found 
considerable amounts of SCN In cabbage and bclicvcd 11 to bc an c~rigm;~l c‘c~~~lponc~~t d 

cabbage. Glucobrasslcin, which C;LII bc ~13 much ah 3 per cent of the Jr\ matter of~hhagc 

( II. l\ s 
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FIG. 17. PROIJlK1S FORhltI) HY THF b.hZY\l\TK L)Ll~K.W.\IKIS OI (,LI c 01lK \S\IC I\ (~\YII). 

(Sakoy variety), proved to be the precursor of SCN . . anti himultoneousl~ also of\ome. other 
physiologically important \uhctances. The htructurc and decompcJ4on products of gluco- 
brassicin (Gmelin and Virtnncn)‘j arc shown in Fig. 17. SCN - i4 t’wned l’rotn glucobrassiciu 

not only enzymatically but ako in boiling \\ater: the yield. howc\cr. i\ ~WIY 50 per cent ofthal 
formed enzymatically. 

As is seen from Fig. 17. indolc compounds arc normal enr~matlc hplitling product5 of 
glucobras\icin. Besides 3.?‘-diindolymethanc, some other indolc compou~~I~. at present 

A collectwn of papers from Biochemical Institute. Helsinki (1963). 
72 P. L \hc;tK and N. MACH ULOVSLIJ, %. P/tp.viu/. C/WI. 312. 3 1 ( 19%). 
7) R. GVELIN and A. I. VIKTAWW, .-lm. Acud. Sci. fivuritw. 1 /I No. 107 (I961 ). 
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characterized, are formed in small amounts from 3-hydroxymethylindole. The formation 
of indolylacetonitrile @XXVI) in an acid medium (Fig. 17) explains the mystery of the so- 
called “bound growth substance” in cabbage. Because the nitrile is formed as a split 
product of glucobrassicin the strong auxin effect found in acid extracts of cabbage is not 
derived from “freed” growth hormons. The hypothesis that glucobrassicin functions in 
Brussica plants as “a growth factor-reserve-pool” will remain unproven until its enzymatic 
splitting in the growing, undamaged plant is verified. 

The “bound ascorbic acid” (ascorbigen) which Prochazka et aZ.74 isolated from cabbage 
and characterized as an indole compound was shown to be formed spontaneously from 
ascorbic acid and 3-hydroxymethylindole (XXXIV), the split product of glucobrassicin. 
The pH-optimum of the synthesis is about 4.‘” 

The glucobrassicin content in cabbage and in other Bramica plants can be calculated 
from the amounts of SCN- formed in the crushed plant. N1-Methoxy-glucobrassicin,75 
which was isolated from rutabaga and shown to be present in small amounts even in some 
other Brassica species, is also determined at the same time. 
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(XXXVIII) (XXXIX) 

FIG. 18. FORMATION OF ~~~oox.am~~m FROM MUSTARD OIL GLUCQSIDLS AND OF cmmm (xxx@ 
mob4 PRoGolTluN (xxxvlu) 

SCN- is transferred in such a small amount to cows milk that the amount of thiocyanate 
ingested from it has no significance in the formation of goitre.76 In any case cabbage goitre 
can be prevented by raising the iodine intake. 

This is, on the contrary, not the case with Cruciferue seed goitre which is caused by ~-5 

vinyl-2-thiooxazolidone, goitrin (Fig. 18). 
Astwood, Greer and Ettlinger” isolated this substance which prevents the biosynthesis 

of thyroid hormones, from crushed moistened Brassica seeds. The formation of this factor 
was not observed in cabbage. Since the development of a quantitative method for the deter- 
mination of goitrin by Kreula and Kiesvaara, 78 however, it was possible to detect the forma- 
tion of goitrin and to estimate it quantitatively in crushed cabbage also. In the autumn the 
amount of goitrin is significant, and can possibly be a factor in the formation of goitre in areas 

74 Z. PR-, V. ?hwu and F. &RM, CON. Czech. Comm. 22,654 (1957). 
76 E. P~RONEN and A. I. VIRTANEN, Acru Chem. Scud. 16,1286 (1962). 
75 R. GMEL.IN and A. I. VIRTANEN, Acru Chem. SC&. 16,1378 (1962). 
76 A. I. VIRTANEN and R. GMELXN, Acru Chem. Scami. 14,941(1960). 
77 E. B. ASWOOD, M. A. GREER and M. G. ETIUNC+ER, J. Biol. Chem. 181,121(19@). 
78 M. KREUIA and M. KIFWAMU, Acta Chem. Stand. W, 1375 (1959). 
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where several kilos of cabbage are consumed per person per day. Goitron is transferred in 
such small quantities to milk, at most 0.05 of the amount fed, that it has no significance as a 
goitrogenic factor in milk. It has not been possible in our experiments with cows to produce 
goitrogenic milk using any feeding stuff. These experiments were performed to test the claim 
of some workers of the goitrogenic properties of milk derived from the feeding of cruciferous 
plants. I refer in this conncxion to papers from our laboratory.” 

The precursor glucoside of goitrin has a hydroxyl group at C-atom 2. The cyclization of 
this type of mustard oils is a general reaction. The glucoside precursor of goitrin was isolated 
independently by several investigators (Greer,7v Kjaer ef al_80 Schultz and Wagners’). 

The examples of the occurrence of sulphur-containing amino acids, y-glutamylpeptides, 
thioglucosides and sulphur-free glucosides in some vegetables and fodder plants as precursors 
of physiologically effective substances presented in this review strongly emphasize how 
defective our knowledge of the chemical composition, even of common food plants, still is. 
Otherwise it is not understandable that, from such generally used vegetables as cabbage and 
onion, numbers of new substances. some of which are present in amounts as great as a few 
per cent of the dry matter, could be isolated. The finding that from the same substrate 
different products can be formed enzymatically in different plant species ulso demonstrates 
peculiar differences in enzyme systems. Plant chemistry has a tremendous task ahead to 
widen our knowledge of this field. 
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