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Dimethyl trisulfide (DMTS) is involved in the unpalatable aroma of stale Japanese sake, called “hineka”.
Recently, we isolated one of the precursor compounds of DMTS in sake and identified it as 1,2-
dihydroxy-5-(methylsulfinyl)pentan-3-one (DMTS-P1), a previously unknown compound. In this work,
the contribution of DMTS-P1 to the formation of DMTS was investigated. DMTS-P1 was chemically
synthesized from methional in three steps, consisting of the Grignard reaction, followed by oxidation by
MnO, and an immobilized osmium oxide catalyst. The formation of synthetic DMTS-P1 was confirmed
by a comparison of the liquid chromatography—mass spectrometry (LC—MS) and nuclear magnetic
resonance (NMR) data to that of natural DMTS-P1. Quantitative analysis of DMTS-P1 in sake was
developed using LC—MS/MS, and a positive correlation was observed between the concentration of
DMTS-P1 in sake and the production of DMTS during storage. These results indicate that DMTS-P1
contributes to the formation of DMTS in sake.

KEYWORDS: Dimethyl trisulfide; DMTS; 1,2-dihydroxy-5-(methylsulfinyl)pentan-3-one; DMTS-P1; sake;

hineka; LC—MS/MS

INTRODUCTION

Dimethyl trisulfide (DMTS) presents a sulfury, onion-like
odor with a very low odor threshold: 0.18 ug/L in sake (), 0.1
ug/Lin beer (2), and 4 ug/L in grain whiskey (3). DMTS is widely
distributed in vegetables and fermented foods, such as cooked
broccoli (4), cooked onion (5), milk (6), cheese (7), whiskey (3),
beer (8), wine (9), and sake (/0), among others. Its contribution to
flavor is important in some kinds of cheese (7) and a new-make
spirit (/7). However, excess amounts of the compound impart a
characteristic off odor to whiskey, pasteurized milk (6), aged beer
(8), and aged sake. The off odor resulting from the storage of sake
is called “hineka” in Japanese. We previously reported that 65%
of commercial sake in which “hineka” was perceived contained a
level of DMTS higher than its odor threshold (12).

Controlling the level of DMTS has been an important issue for
the producers of the above-mentioned beverages. The mechanism
of the formation of DMTS has been well-studied for beer and
whiskey. During the distillation of whiskey, methional in the
wash is converted to DMTS via methanethiol (/7). In the same
way, DMTS is formed from methional during the storage of
beer (/3). Heat processes, such as wort boiling, promote Strecker
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degradation of methionine, which results in the formation of
methional. S-methylcysteine sulfoxide derived from hops is an-
other precursor of DMTS in beer (2). The following reaction mec-
hanism has been postulated: S-elimination of S-methylcysteine
sulfoxide results in the formation of unstable methanesulfenic
acid, which forms DMTS.

The formation of DMTS is usually concomitant with the
formation of dimethyl disulfide (DMDS), although the sensory
contribution of DMDS to sake is not as significant as that of
DMTS because of its higher odor-threshold value (10). These
polysulfides are considered to have a common pathway of
formation (/7).

Sato et al. studied the mechanism of the formation of DMDS
in sake (/4). They separated the components of sake into acidic,
basic, and neutral fractions and found that DMDS was pro-
duced from each fraction. Furthermore, they found promoting
and inhibitory effects among all fractions. However, a precur-
sor compound other than methionine and cysteine was not
identified.

Recently, we demonstrated that Strecker degradation of met-
hionine played a minor role in the formation of DMTS through
the experiments using [methyl-ds]-methionine. Thus, we explored
precursor compounds of DMTS by fractionating sake and meas-
uring the DMTS-producing potential of the fractions. As a result,
we identified one of the precursors as 1,2-dihydroxy-5-(methy-
Isulfinyl)pentan-3-one (DMTS-P1)(15). It was estimated that the
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Figure 1. Proposed pathway of the formation of polysulfides from
DMTS-P1.

Table 1. Profiles of Samples

sample category®® alcohol® (%) polishing rate of rice° (%)
A junmai ginjo shu 15—16 50
B junmai ginjo shu 15—16 50
C junmai ginjo shu 15—16 50
D junmai shu 15—16 65
E junmai shu 15 65
F ginjo shu 15 55
G honjozo shu 15—16 70
H honjozo shu 15—16 65
| josen 15—16
J josen 13—14
K gousei shu 13—14
L gousei shu 15—16

2Values stated on the labels. ° The details of the category are as follows: “Junmai
shu” and “junmai ginjo shu” are only made from rice and koji. “Ginjo” means that sake
was brewed with highly polished rice and fermented at low temperature. In “ginjo
shu” and “honjozo shu”, a small amount of alcohol is added. More alcohol is added in
“josen”. “Gousei shu” is made by mixing alcohol, glucose, amino acids, and organic
acids, among others. °The polishing rate is the rate of the weight of polished rice/
brown rice. The polishing rate of the rice used for “ginjo shu” is lower than 60%.

methylsulfoxide moiety of DMTS-P1 was removed in the form
of methanesulfenic acid through f-elimination and is involved
in the formation of DMTS (Figure 1), as it is in S-methylcysteine
sulfoxide (2).

However, DMTS-P1 was not commercially available because
it was a previously unknown compound. We therefore devised a
synthetic route of DMTS-P1 to study the contribution of DMTS-
P1 to DMTS formation. Here, we report the preparation of syn-
thetic DMTS-PI and the development of a method for quantify-
ing DMTS-P1. Using this developed method, we have investi-
gated the contribution of DMTS-P1 to the formation of DMTS
during the storage of sake.

MATERIALS AND METHODS

Sake Samples. Commercial sake samples were purchased from a local
market. The profiles of the samples are listed in Table 1.

Chemicals. Osmium oxide immobilized catalyst I (Os IC-I), 4-methyl-
morpholine 4-oxide monohydrate (NMO), sodium sulfate, yttrium stan-
dard solution (1 mg/mL), 1,5-pentanediol, L-methionine, succinic acid,
ethanol, acetone, acetonitrile (CH;CN, HPLC grade), and D,O (NMR
grade) were purchased from Wako Pure Chemical Industries, Ltd. (Osaka,
Japan). Deuterated acetonitrile (CD;CN) was from Cambridge Isotope
Laboratories, Inc. (Andover, MA). Dowex 5S0W-X4 (200—400 mesh) was
purchased from Muromachi Technos Co. Ltd. (Tokyo, Japan). Ultrapure
water was obtained by a MilliQ water purification system (Millipore,
Bedford, MA). Natural DMTS-P1 was prepared from sake as previously
described (15).

Liquid Chromatography—Mass Spectrometry (LC—MS). A Sur-
veyor high-performance liquid chromatography (HPLC) system, coupled
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with a LCQ Advantage ion-trap mass spectrometer equipped with
electrospray ionization (ESI), was used (Thermo Fisher Scientific, Wal-
tham, MA). A total of 10 uL of the sample was injected onto a BDS
Hypersil C18 column (3.0 x 150 mm, Thermo Fisher Scientific). Ultrapure
water was used as the mobile phase at a flow rate of 0.3 mL/min. The eluent
was introduced to ESI (positive)-ion-trap mass spectrometry. lon spray
voltage was set to 5.0 kV. The sheath gas pressure was 30 arb (“arbitrary
units” according to the equipment procedure), and the capillary tempera-
ture was 250 °C. The mass spectrometer was operated in full-scan mode,
monitoring positive ions ranging from 100 to 500 amu.

Nuclear Magnetic Resonance (NMR) Spectroscopy. 'H NMR
spectra of 5-(methylsulfanyl)pent-1-en-3-ol and 5-(methylsulfanyl)pent-1-
en-3-one were recorded with a JEOL JMM-PM x 60 spectrometer, using
tetramethylsilane (TMS) as an internal standard. The solvent used was
CDCl;. One- and two-dimensional NMR experiments for DMTS-P1 were
performed on a JEOL ECP-500 spectrometer according to a procedure
described previously (/5). Both natural and synthetic DMTS-P1 were
dissolved in CD;CN/D,0 (80:20). The resonances of CD;CNat 9 1.93 and
1.28 ppm were used as internal standards for NMR spectra.

Gas Chromatography (GC). A shimadzu GC-17A gas chromato-
graph was used to check the purity of 5-(methylsulfanyl)pent-1-en-3-ol and
5-(methylsulfanyl)pent-1-en-3-one. A flame photometric detector (FID) or
a mass spectrometer QP-5000 was used as a detector. The conditions of
the analysis were as follows: column, DB-5MS (30 m x 0.25 mm inner
diameter, 0.25 um film thickness); oven, 50 °C for 3 min, raised at 10 °C/min
to 280 °C, followed by a 5 min isotherm; injector temperature, 270 °C; FID
temperature, 250 °C.

Synthesis of DMTS-P1. The synthesis pathway of DMTS-P1 from
methional is summarized in Figure 2. 5-(Methylsulfanyl)pent-1-en-3-one
was synthesized by Chemical Soft R&D, Inc. (Kyoto, Japan).

S-(Methylsulfanyl)pent-1-en-3-ol. To a stirred solution of methional
(6.04 g, 58.0 mmol) in tetrahydrofuran (THF) (80 mL), a solution of vinyl-
magnesium bromide (1 M, 69.6 mmol) was slowly added under cooling
from —5 to 0 °C. The solution was stirred for 2 h under argon at room
temperature. Saturated NH4CI (500 mL) was added to quench the
reaction, and the pH was adjusted to 3 with 0.1 N HCI (about 1 L). The
reaction mixture was extracted with ethyl acetate (3 L). The organic
portion was washed with brine (1.5 L), dried over anhydrous Na,SO,, and
filtrated. The solvent was concentrated to a residue, which was purified by
distillation (81 °C, 3—5 mmHg). 5-(Methylsulfanyl)pent-1-en-3-ol was
obtained as a colorless liquid. The purity of the compound obtained,
determined by GC—FID, was 98%. The amount of obtained counpound
was 3.73 g (yield 49%).

"H NMR 6: 1.53—1.90 (m, 2H, H-4), 2.06 (s, 3H, H-6), 2.40—2.60 (m,
2H, H-5), 3.30 (s, 1H, hydroxyl proton), 4.15 (dd, 1H, J = 6, 12 Hz, H-3),
496(dd, 1H,J=2,6Hz,H-1,),5.20 (dd, IH, /=2, 12Hz, H-14), 5.67 (dd,
1H, J = 6, 12 Hz, H-2).

S-(Methylsulfanyl)pent-1-en-3-one. To a solution of 5-(methylsulfanyl)-
pent-1-en-3-ol (7.23 g, 54.7 mmol) in methylene chloride, MnO, (102 g,
1.2 mol) was added. The mixture was stirred under argon at room tempera-
ture for 24 h. The precipitate was filtered, and the solvent was removed
to obtain a red liquid containing 5-(methylsulfanyl)pent-1-en-3-one. The
purity and amount of the compound obtained was 96% (GC—FID) and
5.10 g (yield 73%), respectively.

"H NMR 6: 2.13 (s, 3H, H-6), 2.60—3.10 (m, 4H, H-4, H-5), 5.66 (m,
IH, H-1,), 6.13—6.30 (m, 2H, H-14, H-2).

GC—MS (EI) m/z: 130 [M]", 115 [M — CH4]", 82 [M — CH;SH]*, 75
[M — CH,=CHC=0]".

DMTS-PI. Toasolution of 5-(methylsulfanyl)pent-1-en-3-one (429 mg,
3.3 mmol) and NMO (672 mg, 5.0 mmol) in acetone/water/acetonitrile
(40 mL, 1:1:1), Os IC-I (444 mg, 0.16 mmol) was added and the solution
was stirred for 24 h at room temperature. The catalyst was filtered with a
glass filter, and the filtrate was applied to 20 mL of Dowex S0W-X4 resin
packed in a plastic column to absorb NMO. The resin was washed with
ultrapure water. The eluate was combined, concentrated in vacuo, and
lyophilized to obtain a crude product. The crude product was dissolved in
5 mL of ultrapure water and analyzed by LC—MS. As shown in Figure 3,
the presence of DMTS-P1 and byproduct was observed. Thus, the crude
product was purified by column chromatography using a reversed-phase
column (TSK gel ODS-80Ts, 21.5 x 300 mm, TOSOH, Tokyo, Japan) and
an ion-exclusion column (IC-Pak Ion-Exclusion, 7.8 x 300 mm, Waters,
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Figure 2. Synthetic pathway from methional to DMTS-P1.
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Figure 3. Comparison of LC—MS data of (A) synthesized crude DMTS-P1 and (B) natural DMTS-P1. Mass spectral data represent the peak indicated by

arrows on the total ion chromatogram (TIC).

Milford, MA). The conditions of the chromatography have been reported
previously (15). The presence of DMTS-P1 in the fractions was monitored
by LC—MS following the procedure described above. After separation by
the ion-exclusion column, the fractions containing pure DMTS-P1 were
combined and lyophilized to give the title compound as a colorless
syrupy solid. The amount of DMTS-P1 obtained was determined to be
0.028 mmol (0.8% yield) by an inductively coupled plasma—atomic
emission spectrometer (ICP—AES) as described below. The spectral data
of synthetic DMTS-P1 were as follows. "HNMR 6:2.57 (s,3H, H-6),2.87
(m, 1H, H-54), 3.01 (m, 2H, H-4), 3.06 (m, 1H, H-54),3.70 (dd, IH, /= 3.1,
12.0 Hz, H-1,), 3.78 (dd, 1H, J = 3.1, 12.0 Hz, H-1p), 421 (t, IH, J =
3.8 Hz, H-2). "C NMR ¢: 31.0 (C-4, CH,), 37.0 (C-6, CH3), 46.1 (C-5,
CH,), 63.1 (C-1, CH,), 77.7 (C-2, CH), 210.3 (C-3, C=0). Correlation
spectroscopy (COSY) data: H-1 —H-2; H-2—H1; H-4 —HS5; H-5— H-4.
Heteronuclear multiple-quantum coherence (HMQC) data: H-1 — C-1;
H-2 — C-2; H-4 — C-4; H-5 — C-5; H-6 — C-6. Heteronuclear multiple-
bond correlation (HMBC) data: H-1 — C-3; H-2 — C-3; H-4 — C-3, 5;
H-5—C-3,4,6; H-6—C-5.LC—MS (ESI"") m/z: 181 [M + H]*, 203 [M +
NaJ*, 361 2 M + H]*, 383 [2 M + NaJ*, 117 [M — S(O)Me]".
Determination of the Concentration of Synthetic DMTS-P1 by
ICP. On the basis of its molecular formula containing one sulfur atom, the
amount of the synthetic DMTS-P1 was calculated by measuring sulfur
content using an ICPS 10001V instrument (Shimadzu, Kyoto, Japan).
Lyophilized DMTS-P1 was dissolved in ultrapure water and diluted.

Then, yttrium (1 mg/L) was added as an internal standard. The calibration
curve for sulfur was established with a standard solution containing
sodium sulfate (0.02—0.2 mM). The conditions of the analysis were as
follows: frequency, 27.12 MHz; forward power, 1.2 kW; reflected power,
0 kW; argon gas flow rate: coolant, 14.0 L/min; plasma, 1.2 L/min; car-
rier gas, 0.8 L/min; purge gas flow, 0.8 L/min; axial observation: height,
15 mm; analytical wavelength: S, 180.731 nm; Y, 371.029 nm.
Quantitative Analysis of DMTS-P1 by LC—MS/MS. A total of
1 mL of sake sample was diluted 2-fold with ultrapure water, and 50 uL of
a solution of 1000 mg/L 1,5-pentanediol was added as an internal
standard. The solution was applied to 1 mL of Dowex 50W-X4 resin
(H™ form) packed in a 3 mL plastic column. The resin was washed with
6 mL of ultrapure water. The eluate was combined, lyophilized, and
dissolved in 1 mL of ultrapure water. After filtration, 10 uL of the sample
was applied to the LC—MS system mentioned above. For the MS/MS
analysis, the collision energy was set to 30%. The ion transitions from mi/z
181 to 117 and m/z 105 to 87 were selected for monitoring DMTS-P1 and
1,5-pentanediol, respectively. The calibration curve was determined using
sake sample K (gousei shu) supplemented with DMTS-P1 ranging from
0 to 2.0 mg/L. Only a trace amount of DMTS-P1 was detected in sample
K. The quantification and detection limits of DMTS-P1 were 0.07 and
0.02 mg/L, respectively, which were determined from eight analyses of the
lowest calibration sample. The relative standard deviation (RSD) was
calculated to be 12% from five analyses of sake sample H. The recovery
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rate, determined by spiking the sake samples A—J with 1 mg/L of DM TS-
P1, ranged from 45 to 67%, and the recovery rate of sample L (gousei shu)
was 91%. The concentration calculated from the calibration curve was
corrected by the recovery rate of each sample. The amount of DMTS-P1 in
dried koji was determined as follows: 1 g of koji was extracted with 5 mL of
ultrapure water overnight; the extract was then lyophilized and diluted in
I mL of ultrapure water. The extract from dried koji was analyzed in the
same way as the sake sample.

Accelerated Aging of Sake or Buffer Solution Supplemented with
DMTS Precursors. The concentration of methionine, methional, and
DMTS-PI in sake sample A was measured. An equal concentration of
each compound was added to sake sample A and a buffer solution (10 mM
succinate buffer at pH 4.0 containing 16% ethanol) with a composition
similar to that of sake. As for DMTS-P1, both natural and synthetic com-
pounds were used. These samples contained no detectable amount of
DMTS before aging. To investigate the relationship between the added
DMTS-P1 and the production of DMTS during storage, different con-
centrations of DMTS-P1 were added to sake samples A, D, and G and to
the buffer solution. A total of 9 mL of each sample was putina 10 mL glass
vial and sealed with a PTFE/silicon septum. Accelerated aging was carried
out by incubating the vial at 70 °C for a week. DMTS was analyzed by
GC—MS as reported previously (/0), except that the injection was carried
out in splitless mode.

Accelerated Aging of Commercial Sake Samples. The samples
listed in Table 1 were placed in a vial as described above. Accelerated aging
was carried out by incubating the vial at 70 °C for a week or 45 °C for a
month.

Small-Scale Sake Brewing. Small-scale sake brewing was carried out
using 300 g of total rice, including dried rice and dried koji (Tokushima
Seikiku, Awa, Japan), and Saccharomyces cerevisiae K-901 yeast (Nippon
Jozokyokai, Tokyo, Japan) according to a method reported by Nanba
etal. (16). Yeast (9 x 10° cells) was added to a mixture of 15 g of dried koji,
86 mL of water, and 1.68 mL of 7% lactic acid at 15 °C (“mizu-koji” in
Japanese). The next day, 38 g of dried rice and 11 mL of water were added
(the first addition, “soe™). After 2 days, 83 g of dried rice, 15 g of dried koji,
and 140 mL of water were added and the mixture was fermented at 9 °C
(the second addition, “naka”). The following day, 120 g of dried rice, 30 g
of dried koji, and 237 mL of water were added and the mixture was
fermented at 7 °C (the third addition, “tome”). The fermentation tempera-
ture was increased by 1.0 °C/day to a maximum temperature of 15 °C. The
sake was separated from the solid by centrifugation (9040g for 20 min) on
day 23 after the third addition. After 4 weeks, the sake was filtered using a
membrane filter (0.45 um) and pasteurized at 63 °C for 5 min. Two batches
of mash were prepared: one for the measurement of weight loss as the
amount of carbon dioxide emission and the other for the measurement of
DMTS-PI. For the analysis of DMTS-P1, samples of mash were taken
every 4 days and centrifuged (9850g for 15 min). The supernatant was used
for DMTS-P1 measurement.

Other Chemical Analysis. The concentration of methionine was
measured using a JLC-500 amino acid analyzer (JEOL). Analysis of
methional was carried out as described (/0).

RESULTS AND DISCUSSION

Synthesis of DMTS-P1. DMTS-P1 contains diol, carbonyl, and
sulfinyl groups. Therefore, we designed a route for the synthesis of
DMTS-P1 from methional using the different oxidizing agents
shown in Figure 2. According to the synthesis of alkenyl alcohol
(17), the Grignard reaction of methional and vinylmagnesium
bromide produced 5-(methylsulfanyl)pent-1-en-3-ol in 49% yield.
Selective oxidation of the secondary alcohol of 5-(methylsulfanyl)-
pent-1-en-3-ol by manganese(IV) oxide yielded the corresponding
ketone. This ketone, 5-(methylsulfanyl)pent-1-en-3-one, was further
converted to the corresponding 1,2-diol by treatment with osmium-
(VIII) oxide (OsQ,), which is one of the most reliable and efficient
methods for the synthesis of 1,2-diols. Instead of highly volatile and
toxic OsOy4, we used immobilized OsO, on the polymer (Os IC-I)
(18). Fortunately, the use of Os IC-I as an oxidizing reagent in the
reaction of the ketone led directly to the formation of DMTS-P1, as
confirmed by LC—MS analysis of the crude products (Figure 3).
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Figure 4. Calibration curve for the analysis of DMTS-P1 in sake.

The reaction mixture was then purified by a cation-exchange
resin, a reversed-phase column, and an ion-exclusion column to
give DMTS-P1in 0.8% yield. NMR experiments were carried out
for the purified synthetic DMTS-PI, and the results were comp-
ared to those of natural DMTS-P1(/5). The '"H NMR, *C NMR,
"H-"H COSY, HMQC, and HMBC signals were consistent bet-
ween synthetic and natural DMTS-P1 (data not shown).

Development of a Quantification Method for DMTS-P1 by
LC—MS/MS. In the LC—MS analysis of DMTS-P1, a peak at
m/z 117 was observed (Figure 3); this peak was considered to be a
breakdown product, most likely corresponding to the loss of a
methylsulfoxide moiety [M — S(O)Me] " (/5). Thus, the ion trans-
ition from m/z 181 [M + H]' to 117 was monitored for the
detection of DMTS-P1. 1,5-Pentanediol was chosen as an internal
standard, showing an ion transition from m/z 105 [M + H]" to 87
[M — H,O]" in its mass spectra.

When a sake sample was pretreated with a cation-exchange
resin before LC—MS/MS analysis, the peak of DMTS-P1 was
about 2-fold higher as compared to a sample without the pre-
treatment with cation-exchange resin (data not shown). We
considered that some cation components inhibited ionization of
DMTS-P1 in the LC—MS/MS analysis. Thus, each sample was
passed through a cation-exchange resin (Dowex S0W-X4) before
being applied to LC—MS/MS analysis.

A calibration curve for DMTS-P1 was established by analyzing
six sample solutions of sake sample K spiked with a known
amount of DMTS-PI and the internal standard. The base sake
sample, sample K, contained only a trace amount of DMTS-P1.
A linear correlation was observed between the concentration of
DMTS-P1 and the ratio of the area of DMTS-P1/1,5-pentanediol
over the concentration range examined (Figure 4).

Contribution of DMTS-P1 to the Formation of DMTS. The
contribution of DMTS-P1 to the formation of DMTS was com-
pared to that of methionine and methional, which have been
reported as precursors of DMTS (13, 74). The concentration of
DMTS-P1, methionine, and methional in commercial sake A was
0.65 mg/L, 6 mg/L, and 4 ug/L, respectively. An equal concen-
tration of these compounds was separately added to the buffer
solution and sake A.

In the case of the buffer solution, the formation of DMTS after
accelerated aging was confirmed only in the samples spiked with
DMTS-P1 (Table 2). The amount of DMTS produced from
synthesized DMTS-P1 added to the buffer solution was 0.09 +
0.03 ug/L (mean £ SD), and this amount was almost the same as
that produced from natural DMTS-P1 (0.08 £+ 0.03 ug/L). No
detectable amount of DMTS was produced in buffer samples
spiked with methionine or methional.

When sake sample A was spiked with these compounds, the
production of DMTS by accelerated aging was approximately
2-fold higher in the sample spiked with DMTS-P1 (Table 2),
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Table 2. Production of DMTS by Accelerated Aging (70 °C for a Week) of the
Buffer Solution and Sake Sample A Supplemented with DMTS Precursors

DMTS production? (ug/L)
added compounds added amount (mg/L) buffer sake
none nd” 0.8 +0.06
methionine 6.0 nd 1.0+£0.11
methional 0.0042 nd 094+0.11
DMTS-P1 (natural) 0.65 0.08 £0.03 1.6+0.19
DMTS-P1 (synthesized) 0.65 0.09+0.03 1.5+ 0.12

@Values are means =& SD (n = 3). °Not detected.
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Figure 5. Production of DMTS by accelerated aging (70 °C for a week) of
(A) the buffer solution and (B) sake supplemented with various concen-
trations of DMTS-P1.

which indicated that DMTS production was doubled (0.8 —
1.6 ug/L) when the concentration of DMTS-P1 in sake sample
A was doubled (0.65 — 1.3 mg/L). The addition of methionine to
sake sample A slightly increased the production of DMTS. Met-
hional did not affect the formation of DMTS at the concentration
added to sake sample A.

Although the contribution of DMTS-P1 to DMTS production
was greater than that of methionine or methional contained in
sake sample A, only 0.2% (molar ratio) of the DMTS-P1 added
to sake sample A was converted to DMTS. When we analyzed the
sake sample after accelerated aging, only a trace amount of
DMTS-P1 was detected (data not shown). These results indicated
that DMTS-P1 was converted not only to DMTS but also to
other compounds. Such an observation has also been reported for
S-methylcysteine sulfoxide, a primary precursor of DMTS in
Brassica and Allium vegetables. The conversion ratio of this
compound into DMTS was below 2% when it was heated under
various conditions, and many kinds of volatile compounds were
generated (/9).

Difference in DMTS Production between Buffer Solution and
Sake. Next, we investigated DMTS production during storage by
spiking both sake and buffer solution with various concentrations
of DMTS-P1. As shown in Figure 5A, a quadratic relationship
was observed between the production of DMTS and the con-
centration of DMTS-PI in the buffer solution. Considering the
structure of DMTS, which contains three sulfur atoms, it seems
reasonable that more than one molecule of DMTS-P1 is respon-
sible for the formation of one molecule of DMTS. On the other
hand, DMTS production increased linearly with the concentra-
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Figure 6. Relationship between the DMTS-P1 concentration and DMTS
production by accelerated aging at (A) 70 °C for a week or (B) 45 °C for a
month.

tion of DMTS-P1 when DMTS-P1 was added to sake samples
A, D, and G (Figure 5B). In addition, the increment in DMTS
production that followed the increase in the concentration of
DMTS-P1 from 0.65 to 1.3 mg/L was compared between the
buffer solution and sake sample A. As shown in Figure 5, a greater
increment in DMTS production was observed in sake sample
A (0.77 ug/L) than in the buffer solution (0.34 ug/L). Further-
more, the increment in DMTS production following the addition
of DMTS-P1 to sake samples D and G was even greater than that
in sake sample A (Figure 5B). These results suggest the presence of
some components that promote the formation of DMTS from
DMTS-PI1 in sake. The elucidation of such components may
provide another tool to regulate DMTS formation.

Relationship between the Concentration of DMTS-P1 in Com-
mercial Sake and DMTS Production by Accelerated Aging. The
concentration of DMTS-PI1 in 12 commercial sake samples, as
listed in Table 1, ranged from trace (below 0.07 mg/L) to 1.0 mg/
L. These 12 samples were incubated under two conditions, 70 °C
for a week and 45 °C for a month, and the production of DMTS
was measured. As shown in Figure 6, the higher the concentration
of DMTS-PI in sake, the higher the production of DMTS by
accelerated aging. The correlation coefficient between the
DMTS-P1 concentration and DMTS production at 45 °C (r =
0.87) was higher than that at 70 °C (r = 0.75). We considered that
DMTS-P1 had more influence on the formation of DMTS under
conditions closer to those of the normal storage.

Recently, Okuda et al. reported that the total sulfur content in
rice grain correlated with the production of polysulfides during
the storage of sake (20). Rice with a lower polishing rate, that is,
highly polished rice, usually contains a lower amount of sulfur
because the protein content decreases with polishing. In this
study, however, sake sample C (junmai ginjo shu) showed the
highest level of both DMTS-P1 and DMTS production among
the samples investigated (Figure 6), although the polishing rate
was relatively low (Table 1). These results suggested the presence
of factors affecting the level of DMTS-P1 in addition to rice
components.

Formation of DMTS-P1 during the Sake-Brewing Process.
Although DMTS-P1 was barely detected in koji (steamed rice
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and CO, emission during sake fermentation.

inoculated with Aspergillus oryzae), its concentration gradually
increased during the fermentation period (Figure 7). Therefore, it
seems that DMTS-P1 is mainly produced during fermentation. This
may be why there was a low level of DMTS-P1 in gousei shu
(Figure 6), which is made by mixing alcohol, glucose, amino acids,
and organic acids, among others, and adding a little amount of sake
for flavoring. These data made us speculate about the involvement
of yeast in the formation of DMTS-P1. We previously pointed out
the structural similarity between DMTS-P1 and 1,2-dihydroxy-
5-(methylsulfanyl)pent-1-en-3-one, an intermediate compound of
the methionine salvage pathway (15). All of the genes encoding the
enzymes of this pathway have been identified in the S. cerevisiae
genome (27). Recently, Kanai et al. reported that the addition of
magnesium sulfate to a moromi mash reduced both the concentra-
tion of amino acids, especially methionine, and the production of
DMTS during the storage of sake (22). The correlation between the
production of DMTS and the content of sulfur-containing amino
acids in sake has also been reported by Okuda et al. (23). When
these findings are taken together, they suggest the involvement of
the metabolism of sulfur-containing amino acids in yeast in the
formation of DMTS precursors. Genetic strategies, such as gene
disruption and gene chip analysis, will be needed to confirm this
hypothesis. Elucidation of the mechanism of DMTS-P1 formation
will enable the control of “hineka” in sake.

ABBREVIATIONS USED

DMTS, dimethyl trisulfide; DMDS, dimethyl disulfide; Os IC-
I, osmium oxide immobilized catalyst I; NMO, 4-methylmorpho-
line 4-oxide; CH;CN, acetonitrile; CD;CN, deuterated acetoni-
trile; D,O, deuterium oxide; THF, tetrahydrofuran; ICP—AES,
inductively coupled plasma—atomic emission spectrometer; LC—
MS, liquid chromatography—mass spectrometry; ESI, electron
spray ionization; TIC, total ion chromatogram; NMR, nuclear
magnetic resonance; COSY, correlation spectroscopy; HMQC,
heteronuclear multiple-quantum coherence; HMBC, heteronuc-
lear multiple-bond correlation.
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