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Mechanisms of Formation of Volatile Sulfur Compounds following the

Action of Cysteine Sulfoxide Lyases'

Hsi-Wen Chin and Robert C. Lindsay”

Department of Food Science, University of Wisconsin-—Madison, 1605 Linden Drive,
Madison, Wisconsin 53706

Mechanisms for the formation of methanethiol, dimethyl disulfide, and dimethyl trisulfide in disrupted
cabbage tissues were investigated. Dimethyl disulfide was produced in both air- and nitrogen-saturated
disrupted cabbage tissues without significant differences (p < 0.05), which indicated that air oxidation
of methanethiol is not the predominant mechanism for the formation of dimethyl disulfide. These
results favored the mechanism in which the formation of dimethyl disulfide occurs from chemical
disproportionation of methyl methanethiosulfinate. Methanethiol and dimethyl trisulfide were formed
rapidly inmodel systems containing either methyl methanethiosulfinate or methyl methanethiosulfonate
and hydrogensulfide. Thisindicated that the reactions of the thiosulfinate and thiosulfonate compounds
with hydrogen sulfide are prominent mechanisms for the formation of methanethiol and dimethyl
trisulfide following the action of cysteine sulfoxide lyases. Methyl methanethiosulfinate and methyl
methanethiosulfonates were found to possess characterizing sauerkraut aroma notes.

INTRODUCTION

Brassica (cabbage, Brussels sprouts, broccoli, and
cauliflower) vegetables possess S-methyl-L-cysteine sulf-
oxide (1 in Scheme I) that occurs as a nonprotein amino
acid (Maw, 1982). The characteristic flavors of these
vegetables arise in part from the degradation of this amino
acid following the action of cysteine sulfoxide lyases (C-S
lyases). C-S lyases were first described in Allium plants
(onion and garlic) by Stoll and Seebeck (1951) and later
were demonstrated in Brassica vegetables by Mazelis
(1963).

Dimethyl disulfide (4 in Scheme I) is a major volatile
sulfur compound in the headspace of freshly disrupted
tissues of cabbage (Bailey et al., 1961; Chin and Lindsay,
1993), broccoli (Forney et al., 1991; Hansen et al., 1992),
garlic (Oaks et al., 1964) and onion (Boelens et al., 1971)
and is considered a secondary product of the primary C-S
lyasesaction on S-methyl-L-cysteine sulfoxide (Whitaker,
1976). The primary reaction product, presumably meth-
anesulfenic acid (2 in Scheme I), has not been isolated
because of its high reactivity (Pennet al., 1978). Stolland
Seebeck (1951) and Penn et al. (1978) proposed that the
unstable sulfenic acid condenses and dehydrates to form
the more stable methyl methanethiosulfinate (3 in Scheme
I). The formation of dimethy! disulfide (4 in Scheme I)
can thus be rationalized by the subsequent chemical
disproportionation of the methyl methanethiosulfinate (3
in Scheme I; Ostermayer and Tarbell, 1960; Block and
O’Connor, 1974). However, this scheme (Scheme I) does
not account for the presence of methanethiol (CH3;SH)
that is observed in the headspace of freshly disrupted
tissues of cabbage (Chin and Lindsay, 1993), garlic (Oaks
et al., 1964), and broccoli florets (Forney et al., 1991;
Hansen et al., 1992).

In a survey of a large number of cabbage cultivars for
the production of volatile sulfur compounds (Chin and
Lindsay, 1993), methanethiol was observed to reach near
maximum concentrations in the headspace of most cabbage
samples soon after tissue disruption (<30 min at 30 °C),
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and then it slowly disappeared from the headspace. On
the other hand, dimethyl disulfide was produced continu-
ously in cabbage samples throughout the experimental
period (100 min at 30°C). Forney etal. (1991) alsoreported
that methanethiol was one of the first compounds that
appeared in the headspace of broccoli florets stored in
sealed jars, whereas the level of dimethyl disulfide
increased slowly in the headspace. Since methanethiol
has been shown to readily undergo oxidation to dimethyl
disulfide in the presence of air (Miller et al., 1973; Lindsay
et al., 1986), an alternative mechanism can be proposed
which involves atmospheric oxygen in the formation of
dimethyl disulfide (Scheme II), and this mechanism also
could accommodate the rapid formation of methanethiol
and its gradual disappearance in the headspace of dis-
rupted cabbage tissues.

Dimethyl trisulfide (8 in Scheme III) also occurs in the
headspace of freshly disrupted tissues of cabbage (Bailey
et al., 1961; Chin and Lindsay, 1993), broccoli (Hansen et
al., 1992), and garlic (Oaks et al., 1964; Pino, 1992). Two
mechanisms for the formation of trisulfides in Brassica
and Allium plants following the action of C-S lyases have
been proposed. Boelens et al. (1971) proposed that
trisulfides might arise from the reaction of disulfides with
elemental sulfur (Scheme III), whereas Maruyama (1970)
speculated that the formation of dimethyl trisulfide might
result from a reaction of the unstable methanesulfenic
acid with hydrogensulfide (Scheme IV). However, neither
of these mechanisms has been tested for validity.

Marks et al. (1992) recently reported results of studies
on the products of the C-S lyase system in Brassica
vegetables, and they found methyl methanethiosulfinate
(8 in Scheme I) in macerated Brussels sprouts after 24 h
at pH 8.0. They also detected methyl methanethiosulf-
inate, methyl methanethiosulfonate (5 in Scheme I), and
dimethyl trisulfide in a model system composed of
S-methyl-L-cysteine sulfoxide and partially purified cab-
bage C-S lyase. However, they did not report the
production of dimethyl disulfide from either the model
system or the Brussels sprouts homogenates.

Some organosulfur compounds formed in disrupted
tissues of Brassica vegetables possess anticarcinogenic
properties (Miller and Stoewsand, 1983; Wattenberg, 1987;
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Zhang et al., 1992; Bailey and Williams, 1993), and
unpleasant volatile sulfur compounds diminish consumer
acceptance of these foods. For example, Forney et al.
(1991) reported that methanethiol production limits the
use of modified-atmosphere storage technologies for
extending the shelf life of broccoli. Information about
the mechanisms of formation and regulation of production
of undesirable volatile sulfur compounds in Brassica
vegetablesisneeded. Therefore, the objective of thisstudy
was to further elucidate the mechanisms involved in the
formation of methanethiol, dimethyl disulfide, and dim-
ethyl trisulfide using disrupted cabbage tissues and
selected model systems.

MATERIALS AND METHODS

Materials. Variouscabbage (Brassicaoleraceavar. capitata)
cultivars were provided by Dr. Paul H. Williams of the Depart-
ment of Plant Pathology, University of Wisconsin—Madison.
Cabbage heads were promptly cooled and stored at 4 °C after
harvest and were used within 4 weeks. Quantification of each
volatile sulfur compound produced by cabbage was carried out
by preparing standard curves using authentic compounds (Chin
and Lindsay, 1993). Methanethiol and dimethyl trisulfide were
obtained from Eastman Fine Chemicals (Rochester, NY). Dim-
ethyl disulfide was purchased from Aldrich Chemical Co.
(Milwaukee, WI). Hydrogen sulfide (H;S) was prepared by
acidification of sodium sulfide (Whitten et al., 1988).

Volatile Sulfur Compounds Formed in Disrupted Cab-
bage Tissues under Aerobic and Anaerobic Conditions. For
the study on the anaerobic formation of volatile sulfur compounds,
cabbage samples were homogenized in specially prepared blender
jars to fully initiate C-S lyase activities under anaerobic condi-
tions. Glass blender jars (1 qt each; Waring Products, New
Hartford, CT) equipped with stainless steel blades were prepared
for use as follows. A one-piece Bakelite-type lid was used for
each blender jar. Three holes of about 4-mm diameter each had
previously been drilled in each lid. Tubing (Tygon, Norton
Performance Plastics, Akron, OH) was inserted into each of two
holes for use as the purging inlet and outlet ports. Silicone sealant
(Dow Corning Co., Midland, MI) was applied to the contact
surfaces of tubings and the lid. The tubing sections were closed
with clamps whenever gas purging was not applied. The third
hole was closed using silicone sealant and a disk (10-mm diameter)
of silicone material (Alltech Associates, Deerfield, IL) so that it
could be used as a sampling port for gastight syringes. Thesilicone
material did not absorb volatile sulfur compounds (<5%) during
1 h of contact.

Cabbage samples (140 g each) were cut as wedges from two
randomly selected heads. Samples were then coarsely chopped,
and each was transferred to a Waring blender jar that contained
570 mL of distilled water. The distilled water had previously
been boiled and cooled to remove dissolved gases. The blender
jars were then closed with lids prepared as described earlier and
sealed with silicone sealant. After the silicone sealant was cured
(about 1 h), cabbage samples in the blender jars were subjected
to nitrogen purging at room temperature for 1 h. Samples were
then blended at the highest speed for 30 s and held at 30 °C in
a water bath (Cambridge Instruments, Buffalo, NY).

Immediately after cabbage samples were placed in the water
bath (time zero) and 60 min after holding, headspace gases (4
mL) were withdrawn from each sample with a 5-mL gastight
syringe (Hamilton Co., Reno, NV). All samples were exposed to
the same holding conditions. The headspace samples were then
injected into a Varian (Palo Alto, CA) 3700 gas chromatograph
(GC) equipped with a flame photometric detector (FPD) and a
Varian 4200 integrator. A glass column of 6 ft X 2 mm i.d., packed
with 40/60 Carbopack B HT 100 (Supelco Co., Bellefonte, PA),
was used to separate the volatile sulfur compounds. GC
conditions were described in Chin and Lindsay (1993).

For the study of volatile sulfur compounds formed in disrupted
cabbage tissues under aerobic conditions, corresponding samples
from the same cabbage heads used in anaerobic studies were
employed. These aerobic samples were subjected to the same
treatments as the anaerobic samples except blender jars were
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purged with purified air for 1 h before blending. The GC analysis
of volatile sulfur compounds was the same as described earlier.

Factors Influencing Methanethiol Formation in Dis-
rupted Cabbage Tissues. S-Methyl-L-cysteine (Aldrich), L-
cysteine (Aldrich), and glutathione (Aldrich) were each added
separately to cabbage samples to determine the effects of these
compounds on methanethiol production in disrupted cabbage
tissues. Untreated cabbage samples were used as controlsamples.
One-hundred micromolar S-methyl-L-cysteine, L-cysteine, or
glutathione was added to cabbage samples before blending
(cabbage/distilled water = 1/4) in Waring blenders at the highest
speed for 30 s. Each cabbage homogenate was transferred to a
series of 140-mL flasks (100 g/flask) closed with silicone septa
that did not absorb volatile sulfur compounds (<6%) in 1 h.
Methanethiol production at various holding times (30 °C) was
analyzed by the headspace GC method described by Chin and
Lindsay (1993).

The relationship between initial ascorbic acid concentrations
and methanethiol production in disrupted cabbage tissues was
also investigated. Ten cabbage heads, each from a different
cultivar, were analyzed for ascorbic acid and ability to produce
methanethiol after tissue disruption. Ascorbic acid was deter-
mined by the 2,6-dichloroindophenol AOAC Method 43.051
(Horwitz et al., 1975), and determinations were carried out
concurrently with analyses for methanethiol.

Model Systems for Determination of Mechanisms for the
Formation of Dimethyl Trisulfide. Mechanisms for the
formation of dimethyl trisulfide were studied in model systems
prepared by placing various concentrations and combinations of
suspected precursors (see Table III) in 140-mL flasks described
earlier, and each flask contained 100 mL of 50 mM pyrophosphate
buffer (pH 6.3). Formation of dimethyl trisulfide at various
holding times at 30 °C was determined by headspace GC (Chin
and Lindsay, 1993).

Methyl methanethiosulfinate (3 in Scheme I) was synthesized
according to the method of Moore and O’Connor (1966). It was
purified by vacuum distillation at 2 mmHg, and a fraction boiling
at65-72 °C was collected. Gas chromatographic analysis (Block
and O'Connor, 1974) on a packed column containing 3% OV-101
on 100/120 Chromosorb W-HP (Alltech Associates) revealed that
about 96% purity was achieved.

Methyl methanethiosulfonate (5 in Scheme I) was synthesized
according to the method of Backer (1948). It was purified by
vacuum distillation at 3 mmHg to collect a fraction boiling at 105
°C, and analysis by gas chromatography (Block and O’Connor,
1974) revealed about 97 % purity was achieved for this compound.

RESULTS AND DISCUSSION

Importance of Air on the Formation of Volatile
Sulfur Compounds in Cabbage Tissues. Dimethy!
Disulfide Formation. The earlier proposed mechanism
for the formation of dimethyl disulfide (Scheme I; Stoll
and Seebeck, 1951; Ostermayer and Tarbell, 1960; Block
and O’Connor, 1974; Penn et al., 1978) does not require
oxygen, and the chemical reactions leading to dimethyl
disulfide (4 in Scheme I) from methanesulfenic acid (2 in
Scheme I) are dehydration and disproportionation. The
alternative mechanism for the formation of dimethyl
disulfide (Scheme II) requires oxygen for the oxidation of
methanethiol (6 in Scheme II). To test the validity of
both mechanisms, C-S lyase activity in cabbage was
initiated and continued under both aerobic and anaerobic
conditions. Headspace GC analyses of volatile sulfur
compounds were conducted immediately after blending
(time zero) as well as after 60 min of holding at 30 °C
(Table I).

Dimethyl disulfide was not detected in either air- or
nitrogen-saturated samples immediately after blending
(time zero), but after 60 min at 30 °C, both treatments
yielded dimethyl disulfide as a major volatile sulfur
compound (TableI). The mean concentration of dimethyl
disulfide in the anaerobic sample (0.38 ppm) was somewhat
lower than that in the aerobic sample (0.52 ppm), but
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Scheme I. Proposed Mechanism for the Formation of
Dimethyl Disulfide Involving Condensation and Dehy-
dration of Methanesulfenic Acid following the Action of
C-S Lyase on S-Methyl-L-cysteine Sulfoxide (Stoll and
Seebeck, 1951; Ostermayer and Tarbell, 1960; Block and

O’Connor, 1974; Penn et al., 1978)
ﬁ NH, C-S Lyase

s s H
Me” CO,H > Mo~ Yo~

1 2

— H,0 I

Me
> Me” s~

=0

2 Moo ~g Mo, ,\,“,/S\S/Me + Me% SMe
o
3 4 5
Scheme II. Proposed Mechanism for the Formation of
Dimethyl Disulfide Involving Oxidation of Methanethiol

following the Action of C-S Lyase on S-Methyl-L-cys-
teine Sulfoxide

T‘) NH, C-S Lyase
s _— s H
Me” COo,H Me” o~
1 2
o
s g H
2 Me” N0 T Me” DH * me” o~

2 8 7

S 0,

S Me
2 Mo~ NH — Me” g~

6 4

statistical analysis (t-test, df = 1, one-sided) indicated
that the samples were not significantly different (p < 0.05).
These data appear to favor the mechanism (Scheme I) in
which the formation of dimethyl disulfide occurs mainly
from chemical disproportionation of methyl methanethi-
osulfinate (3 in Scheme I). However, the slightly lower
concentration of methanethiol found in the air-saturated
samples compared to the nitrogen-saturated samples
(Table I) might indicate that some air oxidation of
methanethiol to dimethy! disulfide had occurred.
Dimethyl Trisulfide Formation. Dimethyl trisulfide
was not detected in the air-saturated samples (Table I),
but the nitrogen-saturated samples yielded a mean
concentration of 0.78 ppm of this compound after 60 min
holding at 30 °C. Hansen et al. (1992) also reported that
broccoli florets stored in the absence of oxygen produced
higher amounts of dimethyl trisulfide than those stored
in the presence of oxygen. The absence of dimethyl
trisulfide in the air-saturated cabbage samples was prob-
ably not caused by the oxidation of dimethyl trisulfide to
oxygen-bearing compounds analogous to sulfoxides or
sulfones because dimethyl disulfide should also have been
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Table I. Volatile Sulfur Compounds Formed in Disrupted
Tissues of Cabbage under Aerobic and Anaerobic
Conditions at 30 °C

concn® (ppm)

time hydrogen dimethyl  dimethyl

treatment (min) sulfide methanethiol disulfide trisulfide
air 0 0.28+£023 001+0.01 nd® nd
60 nd 0.20£0.03 0.52+0.19 nd
nitrogen 0 063+£035 002+002 nd nd

60 0.51+047 0.2620.08 0.38+£023 0.7820.13

% Values are means and standard deviations from two samples.
b nd, not detected.

Table II. Effects of S-Methyl-L-cysteine, L-Cysteine, and
Glutathione on the Formation of Methanethiol in
Disrupted Tissues of Cabbage at 30 °C

treatment ppb°

(100 uM) at 10 min at 40 min at 70 min
control 58+ 8.2 35.5 £ 25.5 31.7+ 23.4
S-MC? 58 £ 8.2 20.3+14.5 35.7 @ 25.3
L-cysteine 102+ 74 10.3 @ 14.6 29.3+22.9
glutathione 13.029.2 13.7+£9.7 16.7 + 11.8

8 Values are means and standard deviations from three samples.
b S-MC, S-methyl-L-cysteine.

oxidized to oxygen-bearing compounds (Murray and
Jindal, 1972) and removed from the headspace GC
patterns. Thus, these results (Table I) provide evidence
that the precursor(s) of dimethyl trisulfide in disrupted
cabbage tissues is (are) labile under oxidative conditions.

Hydrogen Sulfide Formation. Hydrogen sulfide was
present in both air- and nitrogen-saturated cabbage
samples immediately after blending (Table I). However,
it was completely depleted in the air-saturated samples
after 60 min of holding at 30 °C, whereas the nitrogen-
saturated samples retained a relatively high level of this
compound (Table I). Hydrogen sulfide has been reported
to be unstable in the presence of oxygen (Budavari et al.,
1989).

Methanethiol Formation in Disrupted Cabbage
Tissues. Role of S-Methyl-L-cysteine. Arnold and
Thompson (1962) showed that S-methyl-L-cysteine sul-
foxide (1 in Scheme I) is formed from the oxidation of
S-methyl-L-cysteine in tissues of Cruciferae, including
whole leaves of broccoli and disks of turnip leaves. The
action of C-S lyases on S-methyl-L-cysteine has been
reported to yield methanethiol directly as a primary
product (Nomura et al., 1963). Hall and Smith (1983)
showed that S-methyl-L-cysteine is a substrate in vitro for
a C-S lyase isolated from cabbage, and Hamamoto and
Mazelis (1986) showed a similar in vitro activity for a C-S
lyase isolated from broccoli. Thus, the level of free
S-methyl-L-cysteine in cabbage could determine the
concentration of methanethiol produced following tissue
disruption and the action of C-S lyases. This hypothesis
was tested by supplementing 100 uM (15 ppm) S-methyl-
L-cysteine into cabbage samples before tissue disruption
(Table II).

Methanethiol concentrations in the S-methyl-L-cys-
teine-supplemented samples of disrupted cabbage tissues
were similar to those in control samples following holding
for 10, 40, and 70 min at 30 °C (Table II). Statistical
analysis (t-test, df = 2) indicated that the differences in
methanethiol concentrations all were not significant at p
< 0.05. Therefore, these data indicate that S-methyl-L-
cysteine does not appear to contribute to the formation
of methanethiol in freshly disrupted cabbage tissues.

Role of Sulfhydry!l Reducing Agents. Since in cabbage
the action of C-S lyases on S-methyl-L-cysteine sulfoxide
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Figure 1. Relationship of initial ascorbic acid concentrations to
methanethiol production in 10 cabbage cultivars (a) 10 min after
blending and holding at 30 °C and (b) 40 min after blending and
holding at 30 °C.

after tissue disruption leads to the formation of dimethyl
disulfide (Scheme I), methanethiol might be formed by
the reduction of dimethyl disulfide in the presence of
reducing agents. Therefore, 100 uM L-cysteine or glu-
tathione (reduced form) was added to cabbage samples
before blending to determine whether this mechanism was
operative. Both treatments gave somewhat lower meth-
anethiol concentrations at 40 and 70 min (30 °C) compared
to control samples (Table II), but none of the differences
were significant at p < 0.05. Thus, these results indicate
that the reduction of dimethyl disulfide by L-cysteine and
glutathione does not occur in freshly disrupted cabbage
tissues.

Roleof Ascorbic Acid. Therelationship between initial
ascorbic acid concentrations and methanethiol production
in disrupted cabbage tissues was investigated by deter-
mining ascorbic acid concentrations in cabbage samples
and correlating the ascorbic acid contents with meth-
anethiol concentrations (Figure 1). Datain Figure 1, parts
a and b, show the relationships following holding for 10
and 40 min at 30 °C, respectively. Pearson correlation
coefficients of -0.617 and —0.388 were obtained for 10 and
40min, respectively. Only a weakly statistically significant
negative correlation (p < 0.10) was found between ascorbic
acid and methanethiol after 10 min. In this case, lower
concentrations of methanethiol were produced in the
presence of higher initial concentrations of ascorbic acid.
Foyer and Halliwell (1976) demonstrated that glutathione
can nonenzymatically reduce dehydroascorbic acid and
then suggested that sulfhydryl-containing compounds
might be involved in ascorbic acid retention mechanisms.

Chin and Lindsay

Thus, the negative correlation (Figure 1a) between meth-
anethiol concentrations at 10 min and the initial ascorbic
acid contents might have resulted from the oxidation of
methanethiol and regeneration of ascorbic acid from
dehydroascorbic acid. On the other hand, other research-
ers (Kanner et al., 1977; Mahoney and Graf, 1986) have
demonstrated that ascorbic acid in the presence of
transition metals may act as a prooxidant. Such a system
might also have been responsible for the diminished
concentrations of methanethiol observed at 10 min (30
°C) with higher levels of initial ascorbic acid.

Role of Methyl Methanethiosulfinate, Methyl Meth-
anethiosulfonate, and Hydrogen Sulfide. In detailed
studies on the mechanisms of formation of dimethyl
trisulfide, we found that when 1 ppm of hydrogen sulfide
was added to a buffered solution (pH 6.3) of either 1 ppm
of methyl methanethiosulfinate (3 in Scheme I) or 1 ppm
of methyl methanethiosulfonate (5 in Scheme I), trace
amounts of methanethiol were detected in the headspace
of the solution immediately after the reactants were
combined. After 20 min at 30 °C, 12 and 15 ppb of
methanethiol were found in the samples of methyl
methanethiosulfinate and methyl methanethiosulfonate,
respectively. These concentrations were similar to those
detected in the headspace of freshly disrupted cabbage
tissues which had been held at 30 °C for 10 min (Chin and
Lindsay, 1993). Because hydrogen sulfide has been
identified as a volatile sulfur component in freshly
disrupted cabbage tissues (Bailey et al., 1961; Chin and
Lindsay, 1993) and broccoli florets (Forney et al., 1991),
we therefore have concluded that the reaction of hydrogen
sulfide with methyl methanethiosulfinate or methyl
methanethiosulfonate is a major pathway leading to the
formation of methanethiol in freshly disrupted cabbage
tissues (Scheme V). Because methanesulfenic acid is
unavailable for use in model systems owing to its instability,
the contribution of Scheme II to the formation of meth-
anethiol in cabbage cannot be determined. Thus, that
pathway might also be a significant contributor of meth-
anethiol to freshly disrupted cabbage tissues.

Furthermore, the lower methanethiol production ob-
served when either L-cysteine or glutathione was added to
cabbage samples (Table II) was probably caused by
diminished concentrations of methyl methanethiosulfinate
and methyl methanethiosuifonate that resulted from the
presence of cysteine or glutathione. Indeed, Small et al.
(1947, 1949) and Ostermayer and Tarbell (1960) have
shown that cysteine reacts with the thiosulfinate and
thiosulfonate compounds to form mixed disulfides.

Mechanisms for the Formation of Dimethyl Trisul-
fide. Role of Dimethyl Disulfide and Elemental Sulfur.
Chin and Lindsay (1993) observed that dimethyl disulfide
and dimethyl trisulfide shared similar production patterns
in disrupted cabbage tissues and suggested that these two
compounds might have a common precursor. Earlier,
however, Boelens et al. (1971) had proposed that disulfides
might serve as a precursor for trisulfides (Scheme III), but
presented no experimental evidence to support the
hypothesis. Therefore, an experiment was carried out
(entry 1, Table III) to test the validity of Scheme III for
cabbage by placing 1 ppm of dimethyl disulfide and 1
ppm of elemental sulfur in a series of 100-mL (pH 6.3) 50
mM pyrophosphate buffers and holding these solutions
at 30°C. Thesulfur powder (sublimed) either was directly
dispersed in the aqueous buffer solutions or was dissolved
in olive oil first and then was added to the buffer solutions.
In both cases, headspace GC analyses at various holding
times showed no formation of dimethyl trisulfide even
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Scheme III. Proposed Mechanism for the Formation of
Dimethyl Trisulfide Involving Elemental Sulfur and
Dimethyl Disulfide following the Action of C-S Lyase
on S-Methyl-L-cysteine Sulfoxide (Boelens et al., 1971)

O NH,
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Table III. Formation of Dimethyl Trisulfide in Model
Solutions for the C-S Lyase-Catalyzed Degradation of
S-Methyl-L-cysteine Sulfoxide in Cabbage

ppm®
reaction mixture at at at at at at
concn O 20 60 240 600 1200
entry precursor (ppm) min min min min min min

1 DMDs? 1 nd® nd nd nd nd nd
sulfur 1

2 CH;SH 1
H;0, 10

HsS 1
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1

1

nd nd nd nd 013 0.15

3 MTSH
H.S

4 MTSO/
H:S 1

¢ Values are averages of duplicate determinations. * DMDS, dim-
ethyl disulfide. ¢ nd, not detected. ¢ MTSI, methyl methanethiosul-
finate. ¢ -, not determined. f MTSOQ, methyl methanethiosulfonate.
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after 20 h (1200 min) of holding at 30 °C (entry 1, Table
IITI). Therefore, Scheme III can be ruled out as a major
pathway leading to dimethyl trisulfide production in
freshly disrupted cabbage tissues.

However, the pathway (Scheme III) may have signifi-
cance in processed cruciferous foods. Westlakeetal. (1950)
and Carson and Wong (1959) have reported the synthesis
of alk(en)yl trisulfides by reacting disulfides with elemental
sulfur in the presence of amines at elevated temperatures.
Ammonia results as a product of the action of C-S lyases
on S-alk(en)yl-L-cysteine sulfoxides (Stoll and Seebeck,
1951; Mazelis, 1963) and it also results from acid- or base-
catalyzed hydrolysis of these amino acids at elevated
temperatures (Ostermayer and Tarbell, 1960). Therefore,
the reaction of dimethyl disulfide with elemental sulfur
in the presence of amines at elevated temperatures could
contribute appreciably to the production of dimethyl
trisulfide in cooked Brassica vegetables.

Role of Methanesulfenic Acid and Hydrogen Sulfide.
The mechanism (Scheme IV) proposed by Maruyama
(1970) is difficult to prove because the reaction leading
to the formation of dimethyl trisulfide involves elusive
methanesulfenic acid (2 in Scheme IV). Except for a few
unusual sulfenic acids (Pal et al., 1969; Chou et al., 1974),
the simple alkanesulfenic acids have not been isolated in
pure forms. Furthermore, although simple alkanesulfenic
acids can be generated by thermolysis or pyrolysis of
appropriate sulfoxides (Shelton and Davis, 1973; Penn et
al., 1978), such high-temperature generation of sulfenic
acids is not appropriate for the study of C-S lyase-catalyzed
generation of sulfenic acids under mild conditions.

However, several researchers (Barton et al., 1973;
Gilbert et al., 1975; Armstrong and Buchanan, 1978) have
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Scheme IV. Proposed Mechanism for the Formation of
Dimethyl Trisulfide Involving Methanesulfenic Acid
and Hydrogen Sulfide following the Action of C-S Lyase
on S-Methyl-L-cysteine Sulfoxide (Maruyama, 1970)
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Scheme V. Most Probable Mechanism for the For-
mation of Methanethiol from the Reactions of Methyl
Methanethiosulfinate and Methyl Methanethiosulfon-
ate with Hydrogen Sulfide following the Action of C-S
Lyase on S-Methyl-L-cysteine Sulfoxide
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indicated that sulfenic acids can be formed as transient
intermediates from the reactions of thiols with hydrogen
peroxide at room temperatures. Therefore, we employed
amixture of methanethiol (1 ppm) and hydrogen peroxide
(10 ppm) as the source for methanesulfenic acid (CHs-
SOH) and added to this mixture 1 ppm of hydrogen sulfide
(entry 2, Table III) to test the mechanism (Scheme IV)
proposed by Maruyama (1970). Methanesulfenic acid, if
produced from methanethiol and hydrogen peroxide,
would be trapped by hydrogen sulfide to produce dimethyl
trisulfide according to Scheme IV.

Headspace GC analysis showed that up to 0.15 ppm
(15% yield) of dimethyl trisulfide was slowly produced in
this reaction mixture (entry 2, Table III). However, the
time required for dimethyl trisulfide to appear in the
headspace of this mixture wasabout 8 h. Chinand Lindsay
(1993) showed that dimethyl trisulfide was one of the major
volatile sulfur compounds in the headspace of freshly
disrupted cabbage tissues after only 100 min holding at
30 °C. Similarly, Marks et al. (1992) reported rapid
production of dimethyl trisulfide in a model system
composed of S-methyl-L-cysteine sulfoxide and partially
purified cabbage C-S lyase. Thus, the results of Table ITI
(entry 2) do not strongly support the mechanism for the
formation of dimethyl trisulfide (Scheme IV) proposed
by Maruyama (1970).

On the other hand, Barton et al. (1973) have found that
the reaction rates for the oxidation of low molecular weight
sulfhydryl compounds by hydrogen peroxide increased as
the pH was elevated and proposed a mechanism for the
formation of sulfenic acids which involved a nucleophilic
attack of the thiolate ion (RS-) on the oxygen of the
peroxide. Armstrong and Buchanan (1978) have noted
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that the effective second-order rate constants for the
oxidation of sulfhydryl compounds by hydrogen peroxide
at neutral pH were about 0.1-1 M-!s-1, and thus the rates
of oxidation were relatively low. The pH of the model
solutions employed in the present study was adjusted to
6.3, which is similar to that of the cabbage homogenate.
Thus, the slow appearance of dimethyl trisulfide in the
model solutions (entry 2, Table III) was probably caused
by the slow formation of methanesulfenic acid at near
neutrality, which would be the rate-limiting step, from
the reaction of methanethiol with hydrogen peroxide.
Therefore, participation of methanesulfenic acid in the
formation of dimethyl trisulfide (Scheme IV) in disrupted
cabbage tissues cannot be completely ruled out.

Role of Methyl Methanethiosulfinate, Methyl Meth-
anethiosulfonate, and Hydrogen Sulfide. Brodnitz et al.
(1971) reported that a sample of synthetic allyl thiosulf-
inate (allicin) held at 20 °C for 20 h decomposed to a
variety of volatile sulfur compounds including diallyl
trisulfide. We carried out a similar experiment by
dissolving 1.5 ppm of methyl methanethiosulfinate (3 in
SchemeI) ina pH 6.3 buffer solution and found that methyl
methanethiosulfinate was completely depleted after 20 h
at 30 °C. Dimethyl sulfide (23%), dimethyl disulfide
(44%), and dimethyl trisulfide (9%) were the major
decomposition products of methyl methanethiosulfinate
in the buffer solution. This result suggested that spon-
taneous decomposition of methyl methanethiosulfinate,
albeit slow at mild temperatures, might contribute to the
production of dimethyl trisulfide in disrupted cabbage
tissues. On the other hand, because dimethyl trisulfide
develops quite rapidly in freshly disrupted cabbage tissues
(Chin and Lindsay, 1993) and C-S lyase model systems
(Marks et al., 1992), alternate pathways are probably
responsible for the production of dimethyl trisulfide in
these cases.

When 1 ppm each of methyl methanethiosulfinate (3 in
Scheme I) and hydrogen sulfide was mixed into a pH 6.3
buffer solution, dimethyl trisulfide was produced im-
mediately after mixing (entry 3, Table III), and after 20
min at 30 °C, a 24% yield was obtained. Furthermore,
when 1 ppm of hydrogen sulfide was added to a buffered
solution of 1 ppm of methyl methanethiosulfonate (5 in
Scheme I), even more dimethyl trisulfide was rapidly
produced (entry 4, Table III). On the basis of these
findings we have proposed mechanisms shown in Scheme
VIfor the formation of dimethyl trisulfide involving methyl
methanethiosulfinate and methyl methanethiosulfonate.
The slower reaction of methyl methanethiosulfinate with
hydrogen sulfide compared to methyl methanethiosulf-
onate was probably the result of the presence of two
competing sites that are subject to attack by nucleophiles
(Kiceand Liu, 1979). These are the sulfinyl sulfur (>S=0)
and the sulfenyl sulfur (-S-) sites in methyl methane-
thiosulfinate. Nucleophilic attack occurs only at the
sulfenyl sulfur for the thiosulfonate compounds (Kice et
al., 1974), and only nucleophilic attack at the sulfenyl sulfur
can lead to the formation of dimethy] trisulfide (Scheme
VI). Kice et al. (1974) and Kice and Liu (1979) also have
reported that the reactivity of various nucleophiles toward
thiosulfonates is higher than that for thiosulfinates.
Furthermore, Wijers et al. (1969) reported that RSO»-
(from thiosulfonates) is a good leaving group, and this
property has been utilized for the synthesis of a variety
of mixed disulfides.

In studies by Marks et al. (1992), dimethyl trisulfide
was reported to be produced from the action of C-S lyase
upon S-methyl-L-cysteine sulfoxide, and dimethyl disulfide

Chin and Lindsay

Scheme VI. Proposed Mechanisms for the Formation
of Dimethyl Trisulfide from the Reactions of (a) Methyl
Methanethiosulfinate with Hydrogen Sulfide and (b)
Methyl Methanethiosulfonate with Hydrogen Sulfide
following the Action of C-S Lyase on S-Methyl-L-cys-
teine Sulfoxide
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which has been widely found in other studies (Bailey et
al., 1961; Oaks et al., 1964; Boelens et al., 1971; Forney et
al., 1991; Hansen et al., 1992; Chin and Lindsay, 1993) was
not reported. Marks et al. (1992) did not comment on the
final steps of the mechanism of formation of dimethyl
trisulfide, and they did not comment about the absence
of dimethyl disulfide in the C-S lyase model systems.
Hydrogen sulfide did not appear to have been present in
their model systems, and therefore, another mechanism
would be required to explain the results for the model
enzymic system.

However, on the basis of our findings that hydrogen
sulfide readily reacts with methyl methanethiosulfinate
and methyl methanethiosulfonate, we have concluded that
this mechanism (Scheme VI) is a major pathway leading
tothe formation of dimethyl trisulfide in freshly disrupted
Brassica vegetables.

AromaProperties of Methyl Methanethiosulfinate
and Methyl Methanethiosulfonate. Following the
synthesis of methyl methanethiosulfinate and methyl
methanethiosulfonate, an aroma highly suggestive of
sauerkraut was apparent in the laboratory. Aroma eval-
uations of dilutions of the two compounds (Stone and Sidel,
1985) revealed an estimated detection threshold of 550
ppb for methyl methanethiosulfinate and 5 ppm for methyl
methanethiosulfonate. Descriptive sensory analysis (Stone
and Sidel, 1985) using a sourness scale and a similarity to
sauerkraut aroma scale revealed that the aroma of methyl
methanethiosulfonate was more sour and typical of
sauerkraut than methyl methanethiosulfinate, but the
latter compound also possessed the same type of char-
acterizing sauerkraut aroma notes. These observations
suggest that although methanethiol, dimethyl disulfide,
and dimethyl trisulfide contribute to sauerkraut flavor
and aromas (Lee et al., 1974; Dahlson, 1986), some of the
characteristic aroma of sauerkraut is provided by the
thiosulfinate and thiosulfonate compounds. The concen-
trations of these compounds in sauerkraut should reflect
the extent of C-S lyase activity (Scheme I) that occurs as
a result of decompartmentalization of the enzyme and
substrate during the cutting of cabbage and the early stages
of fermentation.

Conclusions. Schemes I, V, and VI depict that
methanethiol, dimethyl disulfide, and dimethy] trisulfide
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all are derived from the common precursor methyl
methanethiosulfinate. Since methyl methanethiosulfinate
is a product of the C-S lyase-catalyzed degradation of
S-methyl-L-cysteine sulfoxide, it follows that selection of
plant cultivars that are low in S-methyl-L-cysteine sulf-
oxide or C-S lyase activity should afford a meansto provide
Brassica vegetables with less malodorous volatile sulfur
compounds, which should enhance consumer acceptance
of these vegetable foods.

Additionally, certain chemical modifications of the
thiosulfinate compound should also aid in lowering
concentrations of malodorous volatile sulfur compounds.
In this regard, Fujiwara et al. (1954b, 1955) have shown
that thiaminthiol can react with allicin (allyl thiosulfinate)
to form allithiamine through nucleophilic substitution,
and allithiamine retains the vitamin B, activity (Fujiwara
et al., 1954a). Therefore, novel means for controlling
objectionable volatile sulfur compounds in Brassia veg-
etable foods should result from an understanding of their
mechanisms of formation, and additional research should
be directed toward this goal.
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