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Abstract The major selenium compound in an aqueous
extract of the most popular mushroom in Eastern Asian
countries, shiitake (Lentinula edodes), fortified with
selenium (Se) was identified by means of hyphenated
techniques, i.e. HPLC-inductively coupled argon plasma
mass spectrometry and HPLC-electrospray ionization
mass spectrometry (HPLC-ICP MS and HPLC-ESI
MS). Sixty-eight per cent of the total Se in the selenized
shiitake was extracted with water, and 49.8% of the
Se in the water extract was eluted in the high molecular
mass fraction (>40,000 kDa) before incubation at 37
°C. After incubation, 40.6% of the Se in the water ex-
tract was eluted in a lower molecular mass fraction and
the Se eluted in the high molecular mass fraction had
decreased to 14.0%, suggesting that the major selenium
compound in the water extract was initially in a form
bound to macromolecule(s) and was then enzymatically
liberated from the macromolecule(s). The retention time
of the liberated selenium compound in HPLC-ICP MS
matched that of selenomethionine (SeMet), and the
masses of molecular and fragment ions detected by
HPLC-ESI MS also suggested that the selenium com-
pound was SeMet. The selenized shiitake accumulated
Se as SeMet, and SeMet might be bound to the water
extractable high molecular mass protein(s).
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Introduction

Selenium (Se) is an ultra-trace essential element for
mammals, and at least 15 different selenoproteins and/or
selenoenzymes have been found [1]. Recently, various
foods, supplements, and cosmetics fortified with Se have
been available in the market. The chemical forms of Se
ingested are important factors determining their toxicity,
nutritional importance, and metabolic fate [2]. Whanger
reviewed the chemical forms of Se in fortified vegetables
and supplements [3]. According to this review, one group
of selenized vegetables, broccoli, tomato leaves, and
cucumbers, accumulate Se as selenate whereas another
group, wheat grain, corn, rice, soybeans, and yeast,
predominantly accumulate Se as selenomethionine
(SeMet) and the third group, garlic, onions, sprouts, and
leeks, accumulate Se as Se-methylselenocysteine (MeSe-
Cys) and y-glutamyl-Se-methylselenocysteine [4-6].

In addition to the vegetables mentioned above, some
edible mushrooms are also known to be Se-accumula-
tors. Agaricus bisporus is one edible mushroom that
accumulates Se [7, 8]. After sequential enzymatic diges-
tion the selenium compounds, i.e. selenite, selenocystin
and SeMet, in this selenized mushroom were detected by
means of the hyphenated technique HPLC—inductively
coupled argon plasma mass spectrometry (HPLC-ICP
MS) [9]. Another edible mushroom, shiitake (Lentinula
edodes), can also accumulate Se. Shiitake is the most
popular and widely used mushroom in eastern Asian
countries such as Japan, Korea, and China. Shiitake in
both fresh and dried forms, especially the dried form, is
used for Japanese soup stock because of its particular
flavor. It has been reported that the flavor components
of shiitake are sulfur-containing compounds such as
lenthionine and other members of its family [10]. Inter-
estingly, these compounds are biologically transformed
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from the sulfur-containing amino acid derivative, len-
thinic acid [11]. However, there have been no reports
addressing the chemical forms of selenium compounds
in selenized shiitake.

HPLC-ICP MS is most frequently used for elemental
speciation analysis [12—-15]. Although ICP MS enables
element-specific and highly sensitive detection, it cannot
provide molecular information about a sample. Identi-
fication by means of HPLC-ICP MS relies on compar-
ison of the retention times of a sample with those of
commercially available or chemically synthesized stan-
dards. However, identification by HPLC-ICP MS using
a size-exclusion column (SEC) is often unreliable, be-
cause of the lower theoretical plate number than other
types of column, for example reversed-phase and ion-
exchange. On the other hand, HPLC—electrospray ioni-
zation mass spectrometry (HPLC—ESI MS) can provide
molecular information on a sample even with an SEC
column, although a massive amount of sample is needed
because the sensitivity is approximately two or three
orders of magnitude less than that of ICP MS for
detection of selenium compounds [16, 17].

In this study, the selenium compounds in selenized
shiitake were extracted with water without enzymatic
digestion, simulating the conditions in soup stock; the
major selenium compound in the extract was then
identified by both HPLC-ICP MS and HPLC-ESI MS.

Experimental
Reagents

The selenium compounds sodium selenite, sodium sele-
nate, and L-selenomethionine (SeMet) were purchased
from Wako Pure Chemical Industries (Osaka, Japan);
Se-methyl-L-selenocysteine (MeSeCys) and trimethyl-
selenonium iodide (TMSe) were purchased from Acros
Organics (Geel, Belgium) and Trichemical Laboratories
(Yamanashi, Japan), respectively. Se-Methyl-N-acetyl-
selenogalactosamine (selenosugar) was synthesized
in-house [18]. Other reagents such as pronase and
2-amino-2-(hydroxymethyl)-1,3-propanediol ~ (Trizma
Base) were purchased from Sigma, St Louis, MO, USA.
Analytical grade nitric acid and ammonium acetate were
purchased from Wako Pure Chemical Industries.

Apparatus

An HP4500 inductively coupled argon plasma mass
spectrometer (ICP MS; Yokogawa Analytical Systems,
Hachiouji, Japan) and an API3000 triple quadrupole
mass spectrometer (ESI MS-MS; Applied Biosystems,
Tokyo) equipped with a turbo ion-spray ion source were
used. The instrumental conditions used for ICP MS
were: radio frequency (RF) forward power 1,250 W,
plasma flow-rate 15.0 L min~!, auxiliary flow-rate
1.15L min~', and Babintong nebulizer flow-rate

1.0 L min~". The ESI MS was operated in the positive-
ion mode under the conditions: spray voltage 4,200 V
and turbo-gas temperature 450 °C. The two mass spec-
trometers were coupled as detectors to HPLC. The
HPLC system consisted of an on-line degasser, an
HPLC pump (PU610; GL Science, Tokyo), a Rheodyne
six-port injector, an appropriate column, and a UV
detector (UV620; GL Science). The eluate was intro-
duced directly into the nebulizer of the ICP MS to detect
Se at m/z 77 and 82 (HPLC-ICP MS method), or was
introduced into the spray of the ESI MS to obtain a
molecular mass spectrum (HPLC-ESI MS method).

Sample preparation

Shiitake mushrooms, L. edodes, fortified with sodium
selenate were purchased from PhytoSelenium Research
Laboratories (Kumamoto, Japan). The caps of the
shiitake mushrooms were lyophilized, milled in a mor-
tar, and then sieved to obtain a particle fraction of less
than 0.5 mm. Deionized water (5 mL) was added to
200 mg selenized shiitake powder in a 15-mL polypro-
pylene tube, the tube was placed under nitrogen atmo-
sphere, and the sample was then vigorously stirred. The
well-soaked sample in the tube was placed in an ultra-
sonic bath for 30 min at room temperature. After ultr-
asonication, the sample was centrifuged at 12,000g for
15 min at 4 °C. The supernatant was filtered through a
0.22 um PVDF membrane filter (Millex-GV; Millipore,
Tokyo, Japan) and then quickly chilled to —20 °C.
Aliquots of the filtrate of the water extract (500 uL) were
incubated for 3 h at 37 or 95 °C.

Selenized shiitake powder (200 mg) was also ex-
tracted overnight, at 37 °C, with 15 mL 30 mmol L'
Tris-HCI, pH 7.2, containing 20 mg pronase.

The lyophilized shiitake (10 mg) and 200-uL portion
of the water extract were wet-ashed with 0.5 mL nitric
acid and the concentration of Se was then determined by
ICP MS at m/z=282 by a standard addition method.

Procedures
HPLC-ICP MS

Aliquots (200 pL) of a sample of the selenized shiitake and
a solution of SeMet were applied to SEC-HPLC coupled
with ICP MS. The experimental conditions are summa-
rized in Table 1. The eluate was introduced into the neb-
ulizer of the ICP MS to monitor Se at m/z 77 and 82.

Preparation of the major selenium compound
in the selenized shiitake for HPLC—ESI MS

Aliquots (200 uL) of the water extract of the selenized
shiitake incubated at 37 °C for 30 min were centrifuged
at 8,000g for 5 min and then applied to the GS-320 HQ
column. The elution conditions are summarized in
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Table 1 Experimental

conditions for HPLC SEC column Asahipak Asahipak Asahipak
GS-220 HQ* GS-320 HQ® GS-520 7G*

Exclusion size > 3,000 > 40,000 > 300,000
Size (mm) 7.6x300 7.6x300 7.6x500
Guard column GS-2B 7G* (7.6 mmx75 mm) P «—
Flow rate (mL min ") 0.5 0.5 1.0

a Injection volume (uL) 20 20 (analysis) / 200 20

These columns were manufac- (fractionation)

tured by Showa Denko, Tokyo,  gjyent 10 mmol L' ammonium “— “—

Japan
"The same

acetate, pH 6.5

Table 1. An aliquot of the eluate was collected every
30 s to monitor the absorbance at 254 nm, and the Se
concentration in each fraction was determined by ICP
MS. The Se-containing fractions were concentrated to
36 ug Se mL ' by lyophilization and 20-uL aliquots of
the concentrate were applied to the GS-220 HQ column
to determine the chemical species after the purification.

HPLC-ESI MS

The partially purified major selenium compound in the
selenized shiitake was subjected to HPLC-ESI MS to
determine its structure. Aliquots (10 uL) of the sample
were applied to the GS-220HQ column and the column
was then eluted with 10 mmol L' ammonium acetate,
pH 6.5, at a flow rate of 0.5 mL min~'. The eluate was
introduced into the turbo ion spray of the ESI MS
without splitting [19]. Introduction into the ESI MS was
time-separated for Se elution by means of a four-way
valve, i.e. the eluate was introduced from 22.6 to
23.0 min. The difference between retention times in
HPLC-ICP MS and HPLC-ESI MS was compensated
for by means of the retention time of 8.0 ug Se mL™'
Se-methyl-L-selenocysteine. Mass calibration and opti-
mization of conditions for both mass spectrometers were
performed daily before use.

Results

Effect of incubation conditions used for the water ex-
tract on production of the major selenium compound

The total selenium content of the lyophilized shiitake
mushrooms was 355.7+28.1 pg Se g ' dry weight. The
extraction efficiency for Se in the water extract was
68.0+3.3%. The Se present in the water extract, 49.8%,
was eluted at the void volume before incubation, 12.8
and 13.2% of the Se being eluted at retention times of
20.5 and 24.0 min, respectively (Fig. 1a). The exclusion
size of this column (GS-320 HQ) is more than
40,000 kDa. Therefore, before incubation most of the Se
in the water extract existed in forms bound to macro-
molecules such as proteins, glucans, and lignins. After
incubation at 37 °C for 3 h, 40.6% of the Se present in
the sample was eluted at a retention time of 24.0 min, Se
eluted at the void volume having decreased to 14.0%

(Fig. 1c). On the other hand, less Se was recovered from
the sample treated at 95 °C for 3 h, because of precipi-
tation with heat-unstable molecules (Fig. 1b). These re-
sults suggest that the major selenium compound in the
water extract is initially present in a form bound to
macromolecules and that the selenium compound is then
liberated from the macromolecules by endogenous en-
zyme(s). The peak material at the retention time of
24.0 min might, therefore, be the minimum unit of the
major selenium compound in the selenized shiitake.
Of the selenium in the selenized shiitake 77.5% was
extracted by pronase treatment.

Identification of the major selenium compound
in the selenized shiitake by SEC HPLC-ICP MS

The retention time of the major selenium compound in
the selenized shiitake was compared with those of
authentic selenium compounds, i.e. selenite, selenate,

g
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Fig. 1 Effect of incubation temperature on the distribution of
selenium in the selenized shiitake mushroom extract. Aliquots
(20 pL) of the extract without incubation (a) or with incubation for
3 h at 37 °C (¢) or 95 °C (b) were applied to the GS-320 HQ
column. The eluate was introduced into the nebulizer of the ICP
MS to monitor Se at m/z 77 and 82. The elution profile of **Se is
depicted. The arrow indicates the major selenium compound
appearing after incubation at 37 °C for 3 h
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Fig. 2 Co-elution of the selenium compound in the selenized
shiitake mushroom extract with selenomethionine on a GS-320 HQ
column. Aliquots (20 uL) of the extract (a) or 2.0 pg Se mL!
SeMet (b), or a mixture of both (¢) were applied to the GS-320 HQ
column. The eluate was monitored for Se at m/z 77 and 82. The
elution profile of ¥Se is depicted

TMSe, SeMet, MeSeCys, and selenosugar. SeMet and
MeSeCys were completely separated under the condi-
tions used (see supplemental data in the electronic sup-
plementary material). The retention time of the selenium
compound in the selenized shiitake matched that of

Fig. 3 Comparison of the elution profiles for absorbance at
254 nm and Se at m/z 82 among size exclusion columns. A 20-uL
aliquot of the water extract after incubation at 37 °C for 3 h was
applied to the SEC columns. The eluate was monitored for
absorbance at 254 nm and Se at m/z 77 and 82. The elution profiles
for absorbance at 254 nm and for 52Se are depicted. The elution
profiles for the GS-520 7G column are magnified twofold
compared with the others because of the double flow rate

(A) GS-220 HQ (B) GS-320 HQ

A254 A254

P R PP | | PP PP B

SeMet and it co-eluted with SeMet from the GS-320 HQ
column (Fig. 2). Because identification by SEC-HPLC—
ICP MS based on comparison of retention times was
unreliable, HPLC-ESI MS was also used for identifi-
cation of the selenium compound, as described below.

Purification of the major selenium compound in the
selenized shiitake subjected to HPLC—ESI MS analysis

The optimum eluent for SEC HPLC-ESI MS was found
to be 10 mmol L' ammonium acetate, pH 6.5, in our
previous experiments [19]. Although all materials in the
water extract were eluted within 40 min on the GS-320
HQ column, it took approximately 50 min to elute them
completely from the GS-220 HQ column (Fig. 3).
However, use of the GS-220 HQ column enabled better
separation at the retention time of the selenium com-
pound than use of GS-320 HQ. Therefore, GS-320 HQ
and GS-220 HQ were used for purification and analysis,
respectively, in HPLC-ESI MS. On the other hand, use
of the GS-520 7G column resulted in separation worse
than that from the other two SEC columns. In particu-
lar, the major selenium compound was not well sepa-
rated from the main matrix of the selenized shiitake
(Fig. 3). Thus, this column seemed to be inappropriate
for both purification and analysis.

The major selenium compound was eluted at 32.5-
33.0 min when a 200 uL portion of the water extract was
applied to the GS-320 HQ column (Fig. 4). The sele-
nium compound purified with GS-320 HQ was then
eluted from the GS-220 HQ column coupled to ICP MS
(Fig. 4, insert).

Identification of the major selenium compound in the
selenized shiitake by HPLC-ESI MS analysis

Se consists of six isotopes, "*Se (0.89%), "°Se (9.36%),
"1Se (7.63%), "®Se (23.78%), *°Se (49.61%), and ’Se
(8.73%). The largest signals in the isotope pattern of Se
were observed at approximately m/z 198, i.e. the most
intense peak at m/z 198 was the “’Se-containing peak

(C) GS-520 7G

A254
x2

Se
(x2)

0 10 20 30 40 50 0 10 20
Retention time (min)

Retention time (min)

30 40 50 0 10 20 30 40 50
Retention time (min)
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Fig. 4 Purification of the major selenium compound in selenized
shiitake mushroom. Aliquots (200 uL) of the water extract of
selenized shiitake mushroom were applied to the GS-320 HQ
column. An aliquot of the eluate was collected every 30s, to
monitor the absorbance at 254 nm, and the Se concentration in
each fraction was determined by ICP MS. The elution profile
obtained by monitoring absorbance at 254 nm is depicted. The
major selenium compound in the water extract was eluted in the
hatched area. The insert shows the elution profiles obtained by
monitoring absorbance at 254 nm and *2Se for 20 uL aliquots of
the purified selenium compound on the GS-220 HQ column

(Fig. 5). This ion corresponded to the molecular ion of
SeMet. Furthermore, groups of peaks comprising the Se
isotope pattern were also detected at approximately m/z
181, 122, 109, and 95 for %°Se. These peaks were also
assignable to fragments of SeMet depicted in Fig. 5.
Thus, it was concluded that the major selenium com-
pound in the selenized shiitake was SeMet.

Discussion

SeMet present as the major selenium compound in the
water extract of selenized shiitake seemed to be liberated
from heat-unstable macromolecules, e.g. proteins, by
endogenous enzyme(s). Selenized yeasts also contain
SeMet-containing medium and high molecular mass
biomolecules such as Se-adenosylselenomethionine
derivatives [20, 21], salt stress-induced protein 18
(SIP18), and heat-shock protein 12 (HSP12) [22, 23].
These SeMet-containing molecules might not easily
decompose on incubation, especially the last two with
SeMet in their primary structures, and thus SeMet-
containing peptides would appear on treatment with
protease. Almost all the selenized shiitake digests con-
tained SeMet rather than SeMet-containing peptides,
however, and SeMet seemed to be attached to high

Fig. 5 Electrospray positive-ion e 198.0
mass spectrum of the eluate at 1101 >
retention times from 22.6 to 100l 95, 1%y, 198
23.0 min for the partially ’
purified selenium compound 900 /’mse\/\ - NH,
in the selenized shiitake > ~. CH ™
mushroom. Aliquots (10 uL) of 2 800 e e
the sample were applied to the et 109 181
GS-220 HQ column. The eluate & 700 HO o
was introduced into the turbo '; 6.00 94.8 o
ion spray of the ESI MS el selenomethionine 196.2
without splitting. Introduction 5 5.00 | 180.9
into the ESI MS was time- S 195.5
separated for Se elution using a © 4.00f 109.0 1941
four-way valve, i.e. the eluate -
was introduced from 22.6 to 300 .4 121.8 151.9 167.4
23.0 min | 199.8
2001994 1913 11de 158.4 [ 16821791
- 1497 138 168.217%
1.00 ' 1ﬁ 1.1114 1233 ' 147;} 8_6] 1 F 1771 182.6 1512
| .“l lits ||| | , Il ,;‘ﬂ |l..||||lj il (NI | T
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molecular weight protein(s) by labile bonds. Moreover,
proteolytic digestion was effective for extracting sele-
nium compounds from selenized A. bisporus and yeasts
[9, 23]. For selenized A4. bisporus, pronase treatment in-
creased the efficiency of extraction twofold compared
with water extract (ca 42-78%) [9]. On the other hand,
for selenized shiitake in this study pronase treatment had
little effect compared with water extraction (68.0 +3.3 to
77.5%). Although pronase treatment might be effective
for extraction of SeMet, SeMet was almost completely
extracted by endogenous enzyme(s) under the conditions
adopted for the pronase treatment (37 °C, overnight).
Therefore, unlike for selenized A. bisporus and yeasts,
selenized shiitake was efficiently extracted with water
alone (68.0+3.3%). These results suggest that the shii-
take stores SeMet in different biological form(s) from
A. bisporus and yeast, i.e., it is speculated that the high
molecular weight protein(s) in the selenized shiitake are
not SeMet-containing proteins but SeMet-binding ones.
Consequently, SeMet can be extracted into the soup
stock of selenized shiitake with warm water, even though
the selenized shiitake contains SeMet in a form bound to
macromolecule(s). Thus, soup stock is a more effective
source of SeMet than the entire shiitake.

It is known that selenium compounds in selenized
garlic such as y-glutamyl-Se-methylselenocysteine and
Se-methylselenocysteine (MeSeCys) are potent anti-tu-
mor agents [5, 24]. The pharmacological mechanism of
selenium compounds involves reactive oxygen species
(ROS), i.e., MeSeCys is not incorporated into proteins
during protein synthesis but acts as a biological pre-
cursor of methylselenol (CH;SeH), owing to f-elimina-
tion of MeSeCys, and then the methylselenol generates
ROS in tumor cells resulting in the induction of apop-
tosis [25]. MeSeClys is twice as active as SeMet in anti-
tumorigenesis in rodents [26]. On the other hand, the
chemopreventive property of SeMet was reported re-
cently [27]. The pharmacological mechanism of SeMet
was quite different from that of MeSeCys, i.e. SeMet
activated the tumor suppressor protein p53 in human
lung cancer cells by transformation of the p53 from the
oxidized to the reduced form [27]. As a result, MeSeCys
induces oxidative stress and SeMet induces protein
reduction. There is currently no reasonable explanation
why these methylated selenoaminoacids have opposite
effects. Further studies are needed from the viewpoint of
biological transformation of selenium compounds to
reveal the anti-tumor effects of selenoaminoacids.
However, it is interesting to study whether the combi-
nation of SeMet and MeSeCys is synergistic or antago-
nistic in cancer chemoprevention.

In conclusion, the major selenium compound in a
water extract of selenized shiitake was identified as Se-
Met by HPLC-ICP MS and HPLC-ESI MS. SeMet in
the water extract might be bound to SeMet-binding
protein(s) and then liberated from them by endogenous

enzyme(s). The original cooking method for obtaining a
shiitake soup stock is a reasonable one for separating
SeMet from selenized shiitake. Selenized shiitake is a
bifunctional foodstuff fortified with Se, i.e. it might be
effective both nutritionally and chemotherapeutically in
cancer treatment.
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