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Abstract

Selenoglutathione (GSeH) is a water-soluble tripeptide, in which the sulfur atom of biologically important
reductant glutathione (GSH) is replaced by a selenium atom, and exhibits a higher reducing activity than GSH. In
this review, we overview the research on this selenium analogue of glutathione and look ahead to future research
directions. Both solid-phase and liquid-phase methods can be used to chemically synthesize selenoglutathione
diselenide (GSeSeG), the oxidized form of GSeH. Lesser amounts of GSeH are also found in the metabolic
products of yeast and certain plants (garlic, sunflower sprouts, etc.) grown in a high-selenium medium. In
the meantime, a biological method for the synthesis of GSeH using mutated yeast has recently been reported.
Various applications of selenoglutathione in the field of biochemistry have already been explored. It has been
reported that GSeSeG is an efficient catalyst for the oxidative folding of proteins. GSeSeG is also an excellent
radical scavenger and potential detoxifier of intracellular xenobiotics. Recently, it has also been reported that
GSeSeG has stress-reducing and antibacterial properties. Because GSeSeG has low toxicity, its unique reactivity

is expected to be widely applied in the fields of applied biology and medicine.

Keywords: selenoglutathione, peptide synthesis, selenium metabolism, protein folding, radical scavenger,
anti-stress agent

Statements about COI: There is no conflict of interest to declare.

1. Introduction

Selenium is an essential micronutrient, usually present as selenocysteine (Sec) in the body and contained in the
reaction center of various enzymes [1,2]. Sec is a natural amino acid, in which the sulfur atom of cysteine (Cys) is
replaced by a selenium atom, and is known as the 21st proteinogenic amino acid [3]. Research on the synthesis and
function of peptides containing Sec is being actively conducted [4]. The chemical synthesis of artificial proteins, in

which Cys has been mutated to Sec, and their unique

biological functions are also attracting large interest
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o of researchers [5-8]. In recent decades, the biological
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Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan found in nucleic acids, have also been actively studied

Tel : +81-463-58-1211 [9,10]. The progress of these research reveals the

E-mail ; miwaoka@tokai.ac.jp potential of these selenium analogs of biomolecules

as possible candidates of drug discovery [8].
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A selenium analog of glutathione

maintaining redox homeostasis in the body and relieving stress through various redox reactions, such as decomposing
free radicals and reactive oxygen species (ROS) like peroxides, decomposing methylglyoxal (MG), which causes
fatal glycative stress, and reacting with and eliminating harmful intracellular xenobiotics [11,12]. Since selenium
atoms have a higher polarizability and higher redox reactivity than sulfur atoms [13], selenoglutathione (GSeH,
1), a selenium analogue of GSH, which has Sec instead of Cys in GSH, is expected to have physiological functions
far superior to those of GSH. The selenol group (-SeH) of 1 is easily oxidized by oxygen dissolved in the solvent to
form a diselenide (-SeSe-) due to its high reactivity. The resulting selenoglutathione diselenide (GSeSeG, 2) is a
stable compound, and the diselenide (SeSe) bond of 2 does not decompose even when left at room temperature
for more than a month. This reflects the other side of the high reactivity (reducibility) of the reduced form GSeH
(1) and means that selenoglutathione usually exists as the oxidized form GSeSeG (2). To bring out the unique
reactivity of GSeH (1), it is necessary to activate the diselenide 2 to the selenol 1 by reduction.

Hilvert and coworkers previously reported that diselenide 2 is reduced by the enzyme glutathione reductase
(GR) in the presence of NADPH to produce selenol 1 (Eq. 1) [14]. Diselenide 2 is structurally almost equivalent to
GSSG, so GR recognizes 2 as a substrate. It has been reported that the substrate affinity of 2 for GR is approximately
one-tenth that of GSSG [14]. On the other hand, it has recently been shown that selenol 1 can also be produced by
the reaction of diselenide 2 with excess GSH (Eq. 2) [15]. These results indicate that 2 can be activated to produce
1 in cells by both enzymatic (Eq. 1) and nonenzymatic (Eq. 2) reactions.

GR
GSeSeG (2) + NADPH + H* —> 2GSeH (1) + NADP*  (Eq. 1)

GSeSeG (2) +2GSH —— 2GSeH (1) + GSSG (Eq. 2)

In this review, we provide an overview of the research results on selenoglutathione reported in the literature and
prospects for future research. In particular, we focus on the development of synthetic methods for selenoglutathione
and the applications of the unique reactivity to biochemical reactions (Fig. 1). Section 2 describes the chemical
synthesis of selenoglutathione, and Section 3 describes its formation and metabolism in vivo. Section 4 details
recent research results on the applications of selenoglutathione (4.1 Protein folding, 4.2 Radical scavenging, 4.3
Detoxification of intracellular xenobiotics, 4.4 Stress reduction, and 4.5 Antibacterial activity). Section 5 briefly
discusses future applications of selenoglutathione in the fields of applied biology and medicinal research based
on the recent achievements.

2. Chemical synthesis
3. Biosynthesis

Selenoglutathione 2=
é "stable" A

" H H "
highly reactive CoOH 4 O
Sei HN SN NN con
0 ox o L H
HaN N N_COH —> Se
COQH H O red Se
H
GSeH (1) HZNY\)LN N._CO,H
co,H H 0O
\_ GSeSeG (2) ),

4.1. Protein folding

4.2. Radical scavenging
Versatile applications { 4.3. Detoxification

4.4. Anti-stress agent

4.5. Antibacterial activity

Fig. 1. | Synthesis and applications of selenoglutathione.
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A selenium analog of glutathione

2. Chemical synthesis of GSeSeG

The chemical synthesis of selenoglutathione was reported as early as the 1960s [16,17]. In the early studies, a
liquid-phase method was used as the synthesis method. In 1993, Tamura [18] also used a liquid-phase method
to synthesize 0.13 g of GSeSeG (2) as an ammonium salt from N-Fmoc-Se-(p-methoxybenzyl)-L-selenocysteine
(Fmoc-Sec(PMB)-0H, 3) as a starting material, and succeeded in characterizing selenoglutathione by various spectra
for the first time. However, the overall yield of diselenide 2 was low at 9 %, so the liquid-phase synthesis method
was not used in subsequent studies for a while. In the 2000s, Beld [14] reported the chemical synthesis of 2 by a
solid-phase method, which is easier to carry out experimentally (Scheme 1). They reacted activated selenocysteine
(Fmoc-Sec(PMB)-0Pfp) and y-glutamic acid (Boc-Glu(OPfp)-0tBu) sequentially with Fmoc-Gly-loaded WANG resin
using an automated peptide synthesizer. The tripeptide was then removed from the resin and deprotected using
a trifluoroacetic acid (TFA):trimethylsilane bromide (TMSBr):thioanisole:m-cresol (750:132:120:50) cocktail to
obtain diselenide 2 in an overall yield of 33 %.

Wang resin

o)
o (1) Piperidine FmocHN._JL O_O
FmocHN" O > Y N
T H/\n/

(2) Fmoc-Sec(PMB)-OPfp B

\SePMB
(1) Piperidine 2By H o _O TFAITMSBY/
R GSeSeG
BocHN N
(2) Boc-Glu(OPfp)-OtBu /\/\[r /\ﬂ/ thioanisole/ 2
m-cresol .
SePMB (an overall yield: 33 %)

Scheme 1.|Solid-phase synthesis of GSeSeG (2) by Beld et al. [14].

Yoshida [19] used a manual solid-phase method to synthesize 2 in 9 % overall yield by sequentially reacting
HOBt/DCC-activated selenocysteine (Fmoc-Sec(PMB)-0Bt) and glutamic acid (Boc-Glu(OBt)-0tBu) with Fmoc-
Gly-loaded Alko-PEG resin, cleaving the peptide form the resin with a TFA:H,0:phenol:thioanisole:ethanedithiol
(825:50:50:50:25) cocktail, and then deprotecting the PMB group on the selenium atom of the Sec residue with
TFA and 2,2'-dithiobis(5-nitropyridine) (DTNP). However, the solid-phase methods require the addition of excess
amino acid reagents during amino acid coupling. In addition, the efficiency of peptide cleavage from the resin was
poor, and diselenide 2 was only obtained in low yields.

Considering that selenoglutathione is a short peptide and that the synthetic raw material, a selenocysteine
derivative, is expensive (see below), it seems that the liquid-phase method is more suitable for large-scale synthesis
than the solid-phase method. Therefore, Shimodaira [20] reconsidered Tamura’s liquid-phase synthesis method
of GSeSeG (2). As a result, they succeeded in obtaining the target product 2 from the starting material 3 in an
overall yield of 90 % by the synthetic route shown in Scheme 2. First, 3 was activated with HOBt/EDCI and reacted
with glycine (H-Gly-OtBu) to afford dipeptide 4 in 98 % yield. Next, the Fmoc group of 4 was deprotected with
diethylamine, and then glutamic acid (Boc-Glu-OtBu), activated with HOBt/EDCI, was reacted with it to yield
tripeptide 5 quantitatively. After removing the PMB group on the selenium atom with iodine, the resulting 6 was
purified, and finally the other protecting groups were deprotected with 5 % H,0-TFA to afford the target compound
2. Further investigations revealed that 2 could be quantitatively obtained without going through 6 by treating
tripeptide 5 with 20 % thioanisole-TFA. These synthetic methods are the most efficient of the previously reported
synthetic methods for GSeSeG (2), allowing a gram sclae synthesis of 2. However, in the latter shortcut route, the

H-Gly-OtBu CO,tBu o
1) Et,NH, 20% DCM/DMF s H
FmocHN EDCI, HOBt ( =
moc \E)LO _— FmocHN\)I\ /\COZtBu _ > BocHN/\/\n/N Y N">CO,tBu
:\s DMF (2) Boc-Glu-OtBu oS H
ek SEPMB EDCI, HOBt, DMF SePMB
3 4 5
2 2280 H o 5% H,0/TFA
BocHN/\/\“/ v "N"co,eu — >  GSeSeG
MeOH/H,0/ACOH (8:1:1) & _H 2
Se+-
6 2 (an overall yield: 90 %)

Scheme 2. |Highly efficient liquid-phase synthesis of GSeSeG (2) by Shimodaira et al. [20].
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A selenium analog of glutathione

deprotecting agent thioanisole may remain as an impurity even after purification and lyophilization. Therefore,
the route of Scheme 2 is a steady method to obtain the target compound, although the yield is somewhat reduced.

The synthesis of selenoglutathione requires a selenocysteine derivative with appropriate protecting groups on the
amino and selenol groups. The Sec derivative 3 is often used to synthesize Sec-containing peptides (selenopeptides)
using the routine Fmoc method. Compound 3 is commercially available, but is expensive. It can also be synthesized
from inexpensive L-serine or L-cysteine through several reaction steps and purification [21,22]. However, care must
be taken as racemization may occur when selenium is introduced into the amino acid sidechain by substitution
reaction [22]. It is also possible to synthesize 3 from commercially available L-selenocystine (the oxidized dimer
of Sec) [23], but L-selenocystine is also expensive. In any case, an appropriate route for obtaining 3 should be
selected in light of the research aims.

The synthesis of GSeH derivatives has also been reported (Fig. 2). Yonezawa [24] reported the synthesis of GSe-
Me (7) and GSe-Bn (8), in which the selenium atom is protected with a Me or Bn group. Lapcinska [25] reported the
synthesis of selenoglutathione derivatives 9, in which the amino group is protected with a Boc group, the carboxyl
group with a tBu or Bn ester, and various coumarins are bound to the selenium atom. These derivatives are also
interesting from the perspective of applying selenoglutathione in the field of biochemistry.

COzH H\)OL CO,tBu H\)OJ\
3 N ~ A N OBn
-HoN Y N™ "CO.H BocHN N
HOWN >y o Y H“lf
o\ \
SeR
GSe-Me (7) R=Me O o \
GSe-Bn (8) R=Bn Z s‘
@(t etc.
X= O NMe X o NH

Fig. 2. | Synthesized derivatives of GSeH (1).

3. GSeH derivatives found in metabolites
Previously, GSeH (1) was thought not to exist in nature [26,27], but as research progressed, it became increasingly
clear that 1 does exist in nature in very small amounts.

Van Dorst [28] grew Lolium perenne plants in soil containing "°Se0s*” and analyzed the selenium content in the
soil and plants by radiometric analysis. As a result, it was confirmed that 1 was formed in the soil. Lobinski and
coworkers [29,30] suggested the presence of GSe-Me (7) and its oxidized seleninyl derivative GSeO,-Me in the
metabolites of selenium-rich yeast by LC-ICP-MS analysis. Although the selenium atom is methylated, these results
suggest that 1 is generated during metabolism. Rao [31] fed yeast with selenomethionine (Sem) and treated the
metabolites with iodoacetic acid (IAA) or p-(hydroxymercuric)benzoic acid sodium salt (PHMB), and analyzed
the products by HPLC and MS analysis. As a result, GSe-CH,CO,H and GSe-Hg(CsH4)CO.H were formed within 2
hours, indicating the production of GSeH (1). Lobinski and coworkers [32] identified 64 selenium compounds
in the metabolic products of selenium-enriched yeast using reversed-phase/hydrophilic ion interaction (HILIC)
liquid chromatography-electrospray hybrid quadrupole trap/Orbitrap mass spectrometry, and showed that 1 was

COH
COH

OH

_ Import CHOLH

¢ A~ 2

D HANTN"SeH == HN S /\l/ e HzN\:)LOH selenocysteine (Sec)
2 H

selenohomocysteine selenocystathlcnlne -7 TseH v-Glu
.-Gy

COozH

o . 0
Efflux L =
MeSeH — HzN\E)J\OH - HzN\é)Lu/\COQH HQN/\/\H/N\_/U\OH

N S 0o
SeMe SeH
Sec-Gl:
Sec-Me Y y-Glu-Sec

AL A,

GSeSeG (2) =-------nn--- GSeH (1)

Fig. 3. Proposed metabolic formation and degradation of GSeH (1) in selenium yeast.
This figure was drawn using the data reported by Lobinski and coworkers [32].
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A selenium analog of glutathione

among them. Furthermore, they estimated that the metabolic process of selenoglutathione by selenium-enriched
yeast is similar to that of natural glutathione, as illustrated in Fig. 3.

Ruszczynska [33] found GSe-Me (7) and methylthio-selenoglutathione (GSe-SMe) in garlic, sunflower sprouts
and radish sprouts grown in a high-selenium medium using HPLC-ICP-MS and HPLC-ESI Orbitrap-MS/MS analysis.
Similarly, the presence of GSe-SMe in the metabolites of the feed yeast Candida utilis ATCC 9950 has been reported
[34]. As mentioned above, it has been revealed that selenoglutathione or its derivatives exist in the metabolites of
yeast and certain plants. However, the amount of GSeH (1) is small and was observed when the organisms were
grown in a medium containing a high concentration of selenium compounds. Therefore, it is more appropriate
to consider it as a passive metabolic product rather than an active synthesis of GSeH (1) by the organism for
particular purposes.

Recently, Gao [35] obtained a strain that synthesizes substantial amounts of GSH by mutating the yeast
Saccharomyces boulardii with atmospheric and room temperature plasma (ARTP) mutagenesis, and succeeded
in synthesizing a freeze-dried powder of GSeH (1), containing GSH (18 %) as an impurity, by culturing the strain
in a medium containing sodium selenite (Na,SOs). The obtained powder was slightly yellow, and the structure of
1 was characterized by LC-MS analysis. This in vivo method of the synthesis is interesting as a new approach to
selenoglutathione in addition to the chemical synthesis of 2 described in Section 2.

4. Applications of selenoglutathione to biochemical reactions

With the availability of GSeH (1) and GSeSeG (2), research on the reactivity of selenoglutathione and its applications
in various biochemical reactions have been promoted in recent years. These pioneering studies have gradually
unveiled the unique reactivity of selenoglutathione. Representative applications are described in detail below.

4.1. Protein folding

The first substantial application of selenoglutathione to biochemical reactions was in the oxidative folding of
proteins. The research on this subject has been actively conducted by Hilvert and coworkers since the late 2000s
[14,36-38]. Proteins that have disulfide bonds (SS bonds) in their molecules lose their three-dimensional structure
and become denatured when the SS bonds are reduced. However, when an appropriate small molecule oxidant, such
as GSSG and oxidized dithiothreitol (DTT™), is added to this denatured state (R), the protein gradually retrieves
its native folded structure (N) through the formation and rearrangement of SS bonds [39]. The process from R to
N is oxidative folding of proteins. The oxidant used in this process is the disulfide reagent RSSR, which has a redox
potential close to that of the SS bonds of proteins. These reagents cooperatively promote the SS bond formation
and SS bond rearrangement reactions at a moderate velocity, ultimately inducing the native protein (N) [40-43].
On the other hand, selenoxide reagents (>Se=0), which have strong oxidizing power, are also known to be useful
for oxidative folding of proteins [44]. When selenoxide is used, the SS bond formation reaction takes precedence,
followed by a slow SS bond exchange reaction, and the protein gradually folds during this latter process. A use of
this reagent makes it possible to clearly determine the protein folding pathways [45].

Conversely, the diselenide reagent (RSeSeR) is much less effective as an oxidizing agent than RSSR, so it is expected
that RSeSeR will not promote the formation of SS bonds in proteins and will not be useful for oxidative folding.
However, when GSeSeG (2) was actually applied, it was found that the folding of bovine pancreatic ribonuclease A
(RNase A) and trypsin inhibitor (BPTI) proceeded faster than when GSSG was used (Fig. 4a) [14,38]. The reasons
for this unexpected result would be several folds, such as because the gain in energy obtained by the formation of
the three-dimensional structure of the protein exceeds the energy deficit when the R state is oxidized by GSeSeG
(2). In addition, since GSeH (1) generated by the reaction between R and 2 has strong nucleophilicity, it is also
assumable that 1 effectively accelerate the rearrangement of SS bonds in the folding intermediates. It was also
found that GSeSeG (2) catalytically folds proteins because GSeH (1) is easily oxidized by dissolved oxygen [36].
These factors likely accelerate oxidative folding cooperatively.

GSeSeG (2) was found to be useful for the oxidative folding of various SS-containing proteins, such as hirudin,

Metallomics Research 2024; 4 (3) #MR202404 rev0S
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lysozyme, human epidermal growth factor, and interferon a-2a [37]. However, in the case of bovine serum albumin
(BSA), which has 17 SS bonds, and antibody Fab fragments, which are considered difficult to fold, it was necessary
to use high concentrations (~mM) of GSeSeG (2) [37]. In addition to 2, various small molecule diselenide reagents
have been developed as useful folding reagents [46-48]. Some of them have been shown to have even better
catalytic activity than 2 [46].

Unique applications that take advantage of the reaction (Eq. 1), in which GSeSeG (2) is reduced by GR to generate
active GSeH (1), have also been reported. Shimodaira [20] showed in vitro that when misfolded RNase A with
random SS bonds was treated with 2 in the presence of NADPH and GR, the SS bonds of the misfolded protein
were reduced by the generated 1, and the rearrangement of the SS bonds proceeded to efficiently generate the N
state (Fig. 4b). Thus, GSeSeG (2) would be useful for refolding of misfolded proteins.

SH
a
(a) SH cat GSeSeG (2)
SH ;
sH SH - SH air (Oy)
SH
Unfolded protein (R)
(b) ss
SS
GSeSeG (2)
> SS
SS GR, NADPH
Misfolded protein Folded protein (N)

Fig. 4. Applications of GSeSeG (2) in protein folding.
(a) Catalytic folding of proteins. (b) Refolding of misfolded proteins.

Hilvert and coworkers [49] applied GSeSeG (2) to the in vivo oxidative folding of 3-galactosidase using a DsbA-
deficient E. Coli strain. As a result, the production of the native state of 3-galactosidase was confirmed using 1.0
UM of 2. Thus, 2 would mediate protein folding in vivo as well as in vitro, but the effect was significantly worse
than that of GSSG. Special ingenuity may be required to apply GSeSeG (2) to in vivo protein folding.

4.2. Radical scavenging

GSeH (1) is also useful as a radical scavenger. Radical species can cause lipid peroxidation and other oxidative
stress. Koppenol and coworkers [50] used pulse radiolysis to monitor the reaction of N-acetyl-tyrosyine radical
(free Tyr+) with Sec, GSeH (1), or GSH and estimated the reaction rate constants (k’s). The reaction of free Tyr-
with Sec is shown in Eq. 3. The rate constant for the reaction of 1 with free Tyr is kesen = 5 X 10° M™" s, which is
slightly smaller than that of Sec (ks.c = 8 x 10° M s™), but it is 10° larger than that of GSH (kesu = 2.4 X 10° M
s™) [50]. The Sec radical generated by the reaction interacts with another Sec molecule to form a dimer radical
anion with a two-center-three-electron bond (Eq. 4), which should then decompose. Interestingly, the reaction
rate constant of 1 with the tyrosine radical in insulin (insulin-Tyr) was found to be 10° smaller than that with
free Tyr- [50]. This is likely due to steric hindrance caused by the folded structure of insulin. The ability of GSeH
(1) as aradical scavenger is comparable to that of ascorbic acid [51].

- kSec —
Tyr-+Sec ——> Tyr +Sec- (Eq. 3)
Sec-+Sec —> (Sec..Sec)  (Eq.4)

Metallomics Research 2024; 4 (3) #MR202404 rev06
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4.3. Detoxification of xenobiotics
Glutathione transferases (GSTs) are enzymes that catalyze the reaction of intracellular xenobiotics (X) with GSH
to form glutathione conjugates (GS-X) [52]. It has been demonstrated that GSeH (1) exerts GST-like detoxifying
effects against organic mercury and allergenic aromatic chloride compounds.

Khan [53] followed the reaction of methylmercury (CHsHgOH) with 1 by real-time 'H and
and confirmed the formation of (CH;Hg).Se and a black precipitate of HgSe(s). Similar reactions were also observed

199

Hg NMR spectroscopy

with selenomethionine (Sem) and selenocysteine (Sec). From the analysis of the reaction products, Khan speculated
that the reaction proceeded as follows (Fig. 5): Selenoglutathione (GSe") reacts with CH;Hg" to form GSe-HgCHs,
which further reacts with GSe™ to produce (CHsHg)Se, GSeSeG (2), and G . (CH;Hg).Se disproportionates to form
(CH3),Hg and HgSe(s). This study indicates that GSeH (1) may contribute to the detoxification of organic mercury.

CHzHg" + GSe (1) GSe-HgCHj,

2 GSe-HgCH; + GSe (1) (CH3Hg),Se + GSeSeG (2) + G

(CH3Hg),Se ————— (CHjs)oHg + HgSe(s)

(CH3)2Hg +HY ———— CH3Hg+ + CH4

Fig. 5. | Detoxification of methyl mercury by GSeH (1) [53].

Recently, Kanamori [15] investigated the GST-like activity of GSeSeG (2) using 1-chloro-2,4-dinitrobenzene
(CDNB) as a model substance for allergenic aromatic compounds. CDNB (1 mM) and GSH (2 mM) were reacted
in the presence of 2, and the amount of the resulting conjugate (GS-DNB) was determined by the change in
absorbance at 340 nm (Fig. 6). The results showed that although the activity of 2 was lower than that of the GST
enzyme (0.15 unit/mL), 2 exhibited significant GST-like activity in a concentration-dependent manner in the range
0f 0.05 to 0.5 mM.

Relative GST-like activity

P
P

NI

N
3 05

AN

o
-
o
(N
o

Control 0.15 0.05

GST
wemyy  GSeSeG (2) (mM)

Fig. 6. Relative GST-like activity of GSeSeG (2) against CDNB.
This figure was drawn using the data reported by Kanamori et al. [15].

When the reaction products were analyzed by HPLC, only one peak was observed in the presence of GST, which
was identified to be GS-DNB by mass spectrometry. The same product peak was also observed in the control,
indicating that the reaction between GSH and CDNB proceeded slightly even in the absence of the GST enzyme

(Scheme 3). On the other hand, in the presence of 2, two peaks were observed by HPLC, and mass spectrometry
confirmed that these were GS-DNB and GSe-DNB, a conjugate of selenoglutathione and CDNB. Since 2 did not react

cl SG
o R o g
O,N NO, O,N NO,

CDNB GS-DNB
(UV at 340 nm)

Scheme 3. |Reaction of GSH with CDNB.
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directly with CDNB, it was assumed that 2 reacted with GSH, which was present in the reaction solution, to produce
1, which was subsequently reacted with CDNB to generate GSe-DNB (Scheme 4). Thus, it was demonstrated that 1
can be generated by a nonenzymatic process between 2 and GSH (Eg. 2). This suggests that under the conditions
of high GSH concentration like within cells, GSeH (1) is produced from GSeSeG (2). This is an important finding
in light of biochemical applications of selenoglutathione.

cl SeG
O,N NO, O,N NO,

1

CDNB GSe-DNB
(UV at 340 nm)

Scheme 4. |Reaction of GSeH (1) with CDNB.

4.4. Mitigation of oxidative and glycative stresses

Hydrogen peroxides (H,0,) and hypochlorous acid (HOCI) cause oxidative stress in cells. Similarly, methylglyoxal
(MQG) induces fatal glycative stress in cells. Recent experiments in cell-free and cell-based systems have demonstrated
that selenoglutathione effectively alleviates these stresses. This section summarizes the interactions of GSeH (1)
and GSeSeG(2) with H,0,, HOCI, and MG.

Glutathione peroxidase (GPx) is an antioxidant enzyme that has Sec at its active center [11,54]. This selenoenzyme
uses GSH to degrade H,0; or hydroperoxides (ROOH) generated in the body into harmless water or alcohol,
respectively. Singh [55] previously reported in detail on the GPx-like antioxidant activity of Sec. In the active center
of GPx, it is known that Sec does not exist alone but form a catalytic triad (or plausible tetrad) with proximate
polar amino acids, such as Gln and Trp [56,57]. The interactions between these polar amino acid sidechains and
the selenium atom of Sec are studied extensively, but the details of their role remain controversial [58-62].

Yoshida [19] reported that GSeSeG (2) exhibits high GPx-like antioxidant activity against H,0, in the presence of
GR and NADPH in a cell-free system. GSeH (1), which is generated from 2 by the reaction of Eq. 1, reacts rapidly with
H,0, to produce selenenic acid GSeOH and H,0. GSeOH can be further oxidaized to seleninic acid GSeO.H, but in the
presence of an enough concentration of GSH, GSeOH reacts rapidly with GSH to produce selenenyl sulfide GSeSgG,
which is a fairly stable intermediate. As far as the reaction was traced by NMR, it could not be reduced to GSeH
even when excess GSH was added [20]. However, GSeSG is structurally equivalent to GSSG, just like 2. Therefore, it
would be reduced to 1 in the presence of GR and NADPH (Eq. 5). The reason why 2 exhibits high GPx-like activity
is probably because the stable GSeSG intermediate is reduced by the action of GR. The updated GPx-like catalytic
cycle of 2 is illustrated in Fig. 7. Shimodaira [20] used the synthesized 2 to follow a series of reactions using ”’Se
NMR and succeeded in characterizing some of the reaction intermediates.

GR
GSeSG + NADPH + H* —> GSeH (1) + GSH + NADP*  (Eq. 5)

NADP* NADPH + H*

GSH + NADP*

excess GSH

GR GSSG  GgeH ,MO: GSeSeG (2)

Bypass ' (1 ) Bypass
cycle j cycle
j ne; H,0
GSH “"f Main GPx cycle H,0
GSeSG GSeOH

GSeH
>‘(208N\202
H,0 GSH

( GSeO,H )
Fig. 7. | GPx-like catalytic cycle of GSeSeG (2) updated.

NADPH
+ H*
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Recently, Kanamori [15] attempted to quantify the remaining H,0; in the reaction of 1 (1 mM), which was
generated by the method of Eq. 1, with H,0, (0.1 mM) by FOX assay. The FOX assay is a common method to quantify
the concentration of H,0; in a sample solution by utilizing the reaction, in which Fe*" is oxidized to Fe** [63].
The reaction was performed under conditions, in which GPx (0.014 units/mL) and/or GSH (2 mM) were added
to the assay solution to mimic the intracellular environment. The remaining rate of H,0, under various reaction
conditions is shown in Fig. 8.

120

— GPx
100 A

r N

80 +GSH -GSH
+GPx

+GSH -GSH

Residual rates of H,0, (%)

Control 1 GSH 1 GSH 1 GSH 1 GSH

Fig. 8. Residual rates of H,0, 30 min after the reaction with GSeH (1) or GSH in the presence or absence of GPx
(0.014 units/mL) and/or additional GSH (2 mM).
[H202]o = 0.1 mM, [GSeH]o = [GSH]o = T mM. This figure was drawn using the data reported by Kanamori et al. [15].

GSeH (1) always showed a low H,0; residual rate (<20%) regardless of the addition of GPx or GSH (2 mM).
This indicates that 1 reacts directly with H,0, through a nonenzymatic process. In contrast, the reduction of H,0-
concentration by GSH depended on the presence of both GPx and GSH (2 mM) in the assay solution. In the presence
of GPx, the reduction of H,0, by GSH is also catalyzed by the enzyme. In fact, the residual H;0- increased in the
absence of GPx. Looking at the residual H,0; in the absence of both GPx and GSH (2 mM), it was obvious that GSH
can also react directly with H,0,, but its reducing ability is significantly lower than that of GSeH (1). This reflects
the fact that the selenol group (-SeH) has a stronger reducing ability than the thiol group (-SH).

Carrol [64] reported the reaction rate constants (k’s) of GSeH (1) and GSeSeG (2) with various reactive oxygen
species by precise reaction kinetic analysis. The reaction rate constants of 1 and 2 with HOCI were k = 3.2 x 10°
and 1.9-2.59 x 10" M s™, respectively, showing that selenoglutathione is an excellent antioxidant against HOCI.
This is presumably due to the fact that selenium has a higher polarizability than sulfur.

Glyoxalase I (GLO1) is an enzyme that uses GSH to degrade methylglyoxal (MG), which causes glycative stress
(Scheme 5) [65,66]. GSH reacts with MG to generate a hemithioacetal intermediate, which is then isomerized
to S-lactoylglutathione by the action of GLO1. Kanamori [15] reacted GSeH (1) or GSH, which was generated
from GSeSeG or GSSG, respectively, using GR and NADPH, with an equivalent amount of MG and measured the
proportion of unreacted MG in the reaction solution by reacting MG with 1,2-diamino-4,5-methylenedioxybenzene
dihydrochloride (MDB). The amount of the MG-MDB adduct formed was determined by measuring the fluorescence
of the solution at 393 nm (Scheme 6) [67]. The results are shown in Fig. 9. It was observed that MG was rapidly
consumed in the presence of 1 (approximately 50% in 30 min), whereas the reaction between GSH and MG was
slow. Although this experiment did not allow the identification of the reaction product between 1 and MG, it was
confirmed that 2 exhibited GLO1-like anti-glycative stress activity in the presence of GR and NADPH.

COH y O COH y O
S N \)J\ A~ A N\)L A~
H HZN/\/\H/ < "N CO,H HZN/\/\H’ v "N CO,H
GSH S GLO1 LA
CHj o X o X
o e S =iy S
o Ho)ﬁ(CH3 O)\(cm
MG o] OH

S-lactoylglutathione

Scheme 5.| Reaction between methylglyoxal (MG) and GSH in the presence of GLO1.
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Scheme 6. |Reaction between methylglyoxal (MG) and MDB.
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Fig. 9. Anti-glycative stress activity of GSeH (1) determined by the
reaction with MG in comparison with GSH.
This figure was drawn using the data reported by Kanamori et al. [15].

The results of the cell-free assays shown in Figs. 8 and 9 revealed that 2 can exert anti-stress activity through
GPx-like and GLO1-like mechanisms in the coexistence of GR and NADPH, thus indicating that 2 is an effective
enzyme mimic of GPx and GLO1 and may be applied as a precatalyst to suppress oxidative and glycative stress in cells.

It was also revealed that 2 exhibits significant antioxidative and anti-glycative stress activities in cell culture
systems. Kanamori [15] pretreated HeLa cells with 2 and then MG (4 mM), exposed the cells to oxidative stress
by adding H,0; (1.2 mM), and investigated the cell viability. The results are shown in Fig. 10.

When cells were not treated with MG nor H,0, the cell viability remained constant (about 100%) even when
treated with 50 uM of 2. This indicates that 2 is non-toxic at concentrations up to at least 50 uM. This property of
2 was in significant contrast to a high toxicity of selenite (Na,SeO3) to HeLa cells (LDso = 1.2 uM) [68]. On the other
hand, when H;0, (1.2 mM) was added to the cells, a decrease in the viability was observed for cells not pretreated
with 2. This evidenced that 2 exhibits antioxidative stress activity in HeLa cells. Furthermore, when cells were
pretreated with MG, the cell viability was significantly reduced due to glycative stress caused by MG. However,
the cell viability was improved when the cells were pretreated with 2. Thus, 2 exhibited antioxidative and anti-
glycative stress activities in the cell culture system as well as in the cell-free system, suggesting the possibility of
applying 2 as an anti-stress agent.
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Fig. 10. | Viabilities of HelLa cells in the presence of 1.2 mM H,0,. The cells
were pretreated with GSeSeG (2) (3.0 puM) and then MG (4 mM).
This figure was drawn using the data reported by Kanamori et al. [15].
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4.5. Antibacterial activity

As mentioned in Section 3, Gao [35] recently reported the preparation of antibacterial hydrogels using
selenoglutathione. By doping GSeH (1), which was synthesized using mutant yeast, into cellulose nanocrystals
together with glutathione (GSH) and biosynthesized selenium nanoparticles, an elastic hydrogel with antibacterial
properties against E. coli and S. aureus was obtained. This gel also exhibited significant antioxidant and radical-
scavenging capacities. The authors expected to apply the hydrogels to strain sensors. Antibacterial activities of
selenoglutathione have been only little explored to date.

5. Future perspective

Selenoglutathione, a selenium analog of glutathione, was once difficult to obtain. Therefore, it was only limitedly
applied to the biological research in the past. However, in recent years, chemical synthesis protocols for GSeSeG (2)
using not only solid-phase [14] but also liquid-phase methods [20] have been established, and various derivatives
of selenoglutathione are now available. Furthermore, GSeH (1) can be obtained by culturing mutated yeast [35]. In
the future, applied research of selenoglutathione (1 and 2) thus obtained will be actively conducted. In this review,
we introduced its recent applications as a protein folding agent, a radical scavenger, a detoxifier for intracellular
xenobiotics, an anti-stress agent, and an antibacterial agent as the examples that have already been reported.
In the application to oxidative folding of proteins, 2 is an efficient catalyst (Section 4.1). 2 is also excellent as a
radical scavenger (Section 4.2) and a detoxifier for intracellular xenobiotics (Section 4.3). It has also been reported
recently that 2 has stress-reducing effects (Section 4.4) and antibacterial effects (Section 4.5). Although most of
these applications are basic research in cell-free systems, some have already been performed using cell systems.
These pioneering studies have revealed that selenoglutathione has a much higher biological activity than the
corresponding glutathione. The enhanced activity is mainly due to the fact that the selenol group of GSeH (1) is
more reactive (reducible) than the thiol group.

The unique reactivity of selenoglutathione is expected to be widely applied in the fields of applied biology and
medicine in the future. When applying selenium compounds to living organisms, it is necessary to evaluate their
toxicity. Since GSeSeG (2) is highly water-soluble like GSSG, the toxicity of this small tripeptide dimer in vivo is
expected to be low [68]. In fact, 2 showed no toxicity to HeLa cells at concentrations up to at least 50 uM [15]. The
low toxicity of 2 will be a great advantage in the development of new biological functions of selenoglutathione
and its application to medicines.
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Abstract

Selenoproteins, the functional form of the essential trace element selenium, play a vital role in maintaining redox

homeostasis in humans. Selenocysteine (Sec), which constitutes the active center of many selenoproteins, is

introduced to the polypeptide chain by a unique biosynthetic insertion mechanism, making the expression of

selenoproteins through biological means challenging. Compared to its analogue cysteine (Cys), Sec exhibits a

lower redox potential, facilitating the oxidation of selenol groups to form diselenide bonds. These diselenide

bonds are more resistant to reduction than disulfide bonds, providing an enhanced stability to peptides under

reducing conditions. On the other hand, due to the larger atomic radius of selenium, the dissociation energy of

the diselenide bond is lower than that of the disulfide bond, rendering them more prone to diselenide metathesis.

This mini-review summarizes the use of Sec for the chemical synthesis of proteins, Sec-containing peptides and

the selenoproteins. The diselenide metathesis reaction of Sec-containing peptides is also reviewed.

Keywords: chemical synthesis, diselenide metathesis, selenocysteine, Sec-substituted peptide, selenoprotein
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1. Introduction
1.1 Selenium and selenoproteins

Selenoproteins are the primary form of selenium, an essential trace element, that functions in our body. The

selenium atom in selenoproteins exists as Sec, the 21° genetically encoded amino acid, which usually constitutes

the active center of selenoproteins and has garnered significant attention in biochemistry and biology.

The Swedish chemist Jons Jacob Berzelius first discovered selenium while re-examining a red sediment found
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in a sulfuric acid plantin 1818 [1]. Initially, selenium was
considered as a toxic element, largely due to reports by
Kurt Franke and others linking it to a series of livestock
diseases [2]. However, in 1973, Rotruck made a pivotal
discovery by identifying selenium as a crucial component
of erythrocyte glutathione peroxidase (RBC-GPx) [3].
Subsequently, in 1976, Stadtman’s group demonstrated
the presence of selenium, in the form of Sec, as the active
center of clostridial glycine reductase selenoprotein in
Clostridium sticklandii [4].In 1978, Tappel’s group further
identified Sec as an essential component of the catalytic
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Chemical Synthesis of Sec-peptides

site of glutathione peroxidase (GPx) in rat liver [5]. These findings demonstrated the biological significance of
selenium. With the advancement of molecular biology, 25 selenoproteins have been identified in humans [6], in
which Sec constitutes the active center, playing a critical role in maintaining redox homeostasis. These proteins
are related to human diseases such as diabetes, cancer and immune diseases [7].

1.2 The comparison of selenocysteine and cysteine

Sec is an analogue of Cys, in which the sulfur atom is replaced by selenium (Fig. 1). Both selenium and sulfur
belong to the chalcogen family and share similar chemical properties. However, compared to sulfur, selenium has
a higher polarizability due to its larger atomic radius, which makes it more nucleophilic.

HS HSe
HZNJYOH HZNJ\"/OH
0 0

Cysteine Selenocysteine
(Cys) (Sec)
pK, 8.3 5.2
E, -180 mV -381mV
Fig. 1. | Structure, pK., and redox potential of Cys and Sec.

On the other hand, compared to Cys, Sec has a lower pK, (pK. of Sec selenol = 5.2, pK, of Cys thiol = 8.3), which
means that the selenol group in Sec more readily liberates a proton to form selenolate, whereas the thiol group in
Cys remains as the protonated thiol form at physiological pH [8]. As a result, under physiological conditions, Sec
exhibits a higher nucleophilicity. In addition, the diselenide bond (E; = —381 mV) in Sec has a lower reduction
potential than the disulfide bond (E, = —180 mV) in Cys, meaning Sec is more easily oxidized to form diselenide
dimers, which are less prone to be reduced compared to disulfides [9].

Given these chemical properties, Sec has broad applications in biochemistry. Its higher nucleophilicity can
enhance reaction rates and improve enzyme catalytic activity. The lower redox potential of the diselenide bond
realizes the preferential formation of the diselenide bond to the disulfide bond, which makes it useful in studying
the oxidative protein folding pathway of the disulfide-rich peptide by substiuting a part of the disulfide to diselenide
bond. The difference in the pK, between selenol and thiol also provides a detection method for Sec. For example,
as shown in Fig. 2, BESThio (3'-(2,4-dinitrobenzenesulfonyl)-2',7'-dimethylfluorescein) is a fluorescent probe for
selenols, which only reacts with Sec at pH 5.8, while keeping thiols intact [10].

R-SeH
NO,
pH 5.8
S It
~—-

BESThio R-SH

Fig. 2. | Detection of Sec based on the different pK, of Sec and Cys.
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1.3 Biosynthesis of selenoproteins
Sec is a genetically-encoded amino acid. As the stop codon, UGA is used for its incorporation in the growing
polypeptide chain, a noncanonical insertion mechanism has been developed to direct the selenoprotein synthesis. The
Secinsertion sequence (SECIS) element guides the translation of the stop codon UGA into Sec [11]. In prokaryotes,
the SECIS element is located downstream of the UGA codon encoding Sec, whereas in eukaryotes, the SECIS element

resides in the 3" untranslated region (3'UTR) of the mRNA.
As shown in Fig. 3, the first step in Sec biosynthesis involves the aminoacylation of tRNA** with serine (Ser),
Sec Sec

catalyzed by seryl-tRNA synthetase (SerRS), to form Ser-tRNA™". In prokaryotes, Ser in Ser-tRNA
to Sec by selenocysteine synthase (SelA). The structure of SelA contains pyridoxal 5'-phosphate (PLP). PLP forms

is converted

a Schiff base with the amino group of Ser-tRNA, leading to the 2,3-elimination of H,0, resulting in the formation

of an aminoacrylyl-tRNA intermediate. This intermediate then reacts with a selenium donor (selenophosphate),

Sec

yielding Sec, which is subsequently released from SelA [12]. In eukaryotes, after the formation of Ser-tRNA>™, O-
phosphoseryl-tRNA* kinase (PSTK) phosphorylates Ser-tRNA** to generate O-phosphoseryl-tRNA** (Sep-tRNA™).
Subsequently, Sec-tRNA*“ is formed from Sep-tRNA**

In prokaryotes, the insertion of Sec requires the Sec-specific elongation factor SelB, which recognizes the SECIS

through selenocysteinyl-tRNA synthase (SepSecS) [13].

element and facilitates the incorporation of Sec into the polypeptide chain [14]. The insertion of Sec in eukaryotes
involves the SECIS binding protein 2 (SBP2) and Sec-specific elongation factor (eEFSec) to recognize the SECIS

Sec

element and to recruit Sec-tRNA™ to the ribosome [15]. However, other components involved in this process, as
well as their specific roles, remain poorly understood.
Since the biosynthesis of the selenoprotein is regulated by both cis-acting elements and trans-acting factors,

the recombinant expression of selenoproteins is highly complex and challenging.

(o) ’

RNASee Ser Ser Sec ".Sec sEFSec

PSTK SepSecS

CO cio d{? — 3 Gdb p

SerRS O . SECIS
ACU ACU ACU ACU ACU @
5 UGA 3
.“ PY (Eukaryotes)
Sec ~ T Sec  selB
SelA
GR G SECIS
A(gu A(C)U STOP
5 UGA 3
(Prokaryotes)
Fig. 3. | Biosynthesis of Sec in prokaryotes and in eukaryotes.

1.4 Glutathione Peroxidases (GPxs)

Glutathione peroxidases (GPxs) are a well-characterized family of antioxidant enzymes in the human body that
play a critical role in maintaining the cellular redox balance by reducing reactive oxygen species (ROS), by-products
of cellular oxidative respiration. GPxs reduce hydrogen peroxide (H,0,) to water and organic hydroperoxides
(ROOH) to alcohol (ROH), thereby preventing oxidative damage of biomolecules like DNA, proteins and lipids. In
humans, there are eight types of GPx, five of which (GPx-1, GPx-2, GPx-3, GPx-4, and GPx-6) contain Sec at their
active centers, while the other three (GPx-5, GPx-7, GPx-8) use Cys as their active site residue [16]. The active center
of GPx consists of four amino acids: Gln, Asn, Trp, and either Sec or Cys [17]. Studies have shown that mutating
Sec to Cys in murine GPx results in a 1000-fold decrease in enzymatic activity [18].

GPx-1 is one of the most abundantly expressed selenoproteins in humans. It presents in all cells and is known
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as cytosolic GPx or classic GPx [16, 19]. As shown in Fig. 4, the catalytic mechanism of GPx-1 is as follows: upon
interaction with peroxides, the selenol group in the active center of GPx-1 is oxidized to the selenenic acid (GPx-
SeOH) intermediate, while the peroxide is reduced. GPx-SeOH then reacts with one reduced glutathione (GSH)
molecule to form the selenosulfide intermediate (GPx-SeSG). A second molecule of GSH subsequently reduces GPx-
SeSG back to the original selenol group (GPx-SeH) restoring its activity, and generates one molecule of oxidized
glutathione (GSSG) at the same time [20]. GPx-1 is closely linked to human health and is associated with several

cancers, including breast, lung, and prostate cancers, as well as diabetes and cardiovascular diseases [19].

ROOH ROH

GPx-SeH GPx-SeOH

GSSG GSH
GPx-5eSG

GSH H,0

Fig. 4. | Catalytic cycle of GPx.

In conclusion, although selenium is the only trace element whose incorporation as Sec is genetically regulated
and is closely linked to human health, the functions of all the selenoproteins have not yet been fully elucidated.
However, the biosynthesis of selenoproteins is complicated due to the unique mechanism of Sec incorporation
regulated by both the cis- and trans-acting factors.

In this mini-review, we focus on the chemical synthesis of selenopeptides (Sec-peptides) and selenoproteins by
solid-phase peptide synthesis (SPPS), Sec-mediated native chemical ligation (NCL), and the recently discovered

but still enigmatic diselenide metathesis found in diselenide bond-containing peptides.

2. Chemical synthesis of Sec-containing peptides
2.1 Solid-phase peptide synthesis (SPPS)

Solid-phase peptide synthesis, which is routinely used for the synthesis of peptides, was invented by Merrifield
in 1963 [21]. The significant contribution of this method to this field also earned him the Nobel Prize in Chemistry
in 1984. The main concept of the method is to couple the N-protected amino acid to a solid support, followed by
deprotection of the amino group and subsequent amide bond formation with the next N-protected amino acid,
allowing stepwise peptide elongation. Compared to solution-phase synthesis, SPPS is simpler to operate, because
the synthesis can be simply realized by the addition of an activated amino acid and removal of the deprotection
reagent. However, a major limitation is that the polypeptides exceeding 50 amino acids are usually obtained with
a significantly lower purity and yield by this method.

In SPPS, the N-terminal protection of amino acids is typically achieved using either the 9-fluorenylmethoxycarbonyl
(Fmoc) or tert-butoxycarbonyl (Boc) group, which are removed under basic or acidic conditions, respectively. Due
to the high reactivity, protection of the -SeH group of Sec is required during the chain elongation. The most common
and commercially-available protecting group is the 4-methoxyphenylmethyl (PMB) group. PMB deprotection is
achieved under various conditions, such as HF, Lewis acids, or oxidative methods like iodine or dimethyl sulfoxide
(DMSO) in TFA [22]. Inspired by the work of Tung about sulfur-based linkages on resin [23], Hondal developed a
milder deprotection method using 2,2’-dithiobis(5-nitropyridine) (DTNP), an electrophilic disulfide, in TFA [24].
The method was further improved into the two-step procedure combining the ascorbolysis [25].

Another recently developed commercially-available Fmoc building block has the xanthenyl (Xan) protecting
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group [26], which can be removed using the TFA cocktail (TFA/TIS/H20). Flemer successfully used Fmoc-Sec(Xan)-
OH to synthesize the Sec-substituted analogue of the Stromelysin 1 matrix metalloproteinase inhibitor (MMP3-I)
and the Sec-containing glutaredoxin analogue fragment, Lys'®-Grx(10-17) designed by Moroder [27], observing
minor by-products containing such as dehydroalanine (dHA) and selenenic acid derivative [26].

2.2 Sec-substituted peptide analogue

Due to the chemical similarity between selenium and sulfur, as well as the lower redox potential of Sec compared
to Cys, the diselenide bond is more stable than the disulfide bond in the presence of reducing agents. The approach
of replacing Cys with Sec in peptides was first used by Moroder to study the oxidative folding of the reduced Sec-
analogue of human endothelin-1 (ET-1) which contains two disulfide bridges [28]. By replacing Cys® and Cys""
with Sec, Moroder and colleagues synthesized [Sec’, Sec', Nle’]-ET-1. Air oxidation achieved the target peptide
with the diselenide bond between Sec® and Sec' and the disulfide bond between Cys' and Cysls. No mixed Se-S
bond isomer by the thiol/diselenide exchange reaction was observed. The results also confirmed that the Sec-
analogue retained the same structure and receptor-binding properties as the native ET-1. The results showed
that by replacing one of the Cys pairs in the Cys-rich peptides by Sec residues, the oxidative folding can be steered
so that the diselenide bond is preferentially formed. This method has been successfully used for analysis of the
folding pathway and accelerating folding reaction [29, 30]. Similar Sec-analogues have also been investigated, such
as the bee venom apamin, a peptide highly resistant to isomer formation due to its stable disulfide bonds [31,
32], conotoxins, neurotoxic peptides from marine cone snail venom [33-37], interleukin-8 [38], and the Ecballium
elaterium trypsin inhibitor II (EETI-II) [39].

Notably, Prof. Iwaoka, Inaba and our group also replaced the A-chain Cys’ and B-chain Cys’ residues in bovine
pancreatic insulin (BPIns) to synthesize the [C7U* C7U"]-BPIns, and through biological assays, we found that this
analogue exhibited an increased resistance to degradation by the insulin-degrading enzyme (IDE) and had an
extended half-life [40]. This enhanced activity was attributed to the higher propensity of oligomer formation of
the diselenide-substituted BPIns compared to BPIns, due to the stronger interaction between the diselenide bonds
than the disulfide bonds [41]. Similarly, Metanis’ group designed a Sec-analogue of human insulin by replacing
Cys® and Cys'' in the A-chain with Sec while retaining the two interchain disulfide bonds, demonstrating that
[C6U", C11U*]-insulin also retained biological activity with an enhanced thermodynamic stability and increased
resistance to reduction and enzymatic digestion [42]. The similar internal diselenide bond replacement applied
to the insulin prescription drug, glargine, also enhanced its thermodynamic stability [43].

In 2022, our laboratory replaced all six Cys in the human epidermal growth factor (EGF) with Sec, successfully
synthesizing Se-EGF with a comparable biological activity, structure and enhanced stability under reducing
conditions in the presence of reduced glutathione [44]. Despite the presence of three diselenide bonds, the folding
of Se-EGF was efficient and obtained isomorphous products.

These studies highlight the possibility and potential of Sec-substitution to achieve directional folding and
increased stability of Cys-rich peptides in therapeutic use.

3. Synthesis of Sec-containing proteins by the ligation method
3.1 Native chemical ligation (NCL) and thioester method
The SPPS is a well-established and widely used method for chemical peptide synthesis. However, it is not suitable
for the synthesis of peptides containing more than 50 amino acid residues due to several challenges that arise as
the peptide chain lengthens. These challenges include peptide aggregation and accumulation of missing amino acid
by-products, all of which lead to a reduced purity and yield. To overcome the limitation of SPPS, various chemical
ligation methods have been developed to synthesize longer polypeptides by assembling shorter peptide segments.
The most commonly used method is the native chemical ligation (NCL, Fig. 5. (A)) method, developed by Kent
and colleagues in 1994 [45]. NCL is an efficient and chemoselective ligation method performed in an aqueous
environment at neutral pH without protection of the side-chain functional groups. NCL enables the ligation of
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the peptide segments with a C-terminal thioester and an N-terminal Cys. The thiol group of the N-terminal Cys
attacks the carbonyl carbon of the C-terminal thioester of the other segment, forming a thioester bond, which then
undergoes an intramolecular S-N acyl shift to form the native amide bond. They successfully synthesized human
interleukin-8 (IL-8), a 72-residue protein by NCL (Fig. 6). The basics of this reaction was already developed by

Wieland and coworkers in 1953 [46] by achieving ligation between the valine thioester and Cys.

NCL represents a milestone in protein chemical synthesis. However, its application is limited by the low
abundance of Cys in proteins (1.9%). To expand the applicability of this method, Dawson introduced a metal-

based desulfurization reaction in 2001 [47].
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(A) Native chemical ligation (NCL) and desulfurization of Cys. (B) Sec-mediated NCL and
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(D) Thioester method and deprotection of amino and thiol protecting groups (PG).
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Fig. 6. | Synthesis of [A33]IL-8 by the NCL.
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This approach realizes the ligation at the abundant (7.8%) alanine (Ala) site by ligation at the Cys site, followed
by the Raney nickel or Pd/Al,0; mediated desulfurization reaction to convert Cys to Ala. In 2007, Danishefsky,
inspired by Hoffmann’s report on the desulfurization reaction between mercaptans and trialkylphosphine in 1956
[48], introduced a mild, radical-mediated desulfurization reaction [49]. The desulfurization conditions involved
the use of a water-soluble radical initiator, 2,2'-azobis[2-(2-imidazolin-2-yl)propane] dihydrochloride (VA-044),
a thiol to provide a hydrogen atom, and TCEP for the phosphoranyl radical. These mild conditions are compatible
with the synthesis of various peptides and glycopeptides. Subsequent studies combined desulfurization with the
design of thiolated amino acids to expand the NCL-desulfurization chemistry’s scope [50-57]. However, the lack
of selectivity in desulfurization has limited its use in biologically-expressed proteins.

Before the development of NCL, our laboratory developed the thioester method shown in Fig. 5. (D) for chemical
protein synthesis in 1991 [58] inspired by Blake’s work about the Ag*-activated condensation of a peptide bearing
a thiocarboxy group at its C-terminus with another peptide segment [59]. In the thioester method, the C-terminal
thioester group is activated by a silver ion, converting the segment into the corresponding active ester, which is
then attacked by the amino group of the N-terminal segment, forming an amide bond. To realize the chemoselective
reaction, the side chain amino and thiol groups requires protection. Instead, in principle, there is no limitation in the
selection of the ligation site. We also discovered that aryl thioesters can undergo aminolysis without Ag" activation
[60]. By exploiting the difference in the reactivity of the aryl and alkyl thioesters, it is possible to assemble three
peptide fragments in a one-pot reaction [61-65]. Additionally, our laboratory utilized selenoester chemistry to
develop a one-pot four-segment coupling strategy by the thioester method, which was successfully applied to the
synthesis of superoxide dismutase (SOD) [66].

In 2020, we successfully synthesized Se-ferredoxin (Se-Fd), in which the four Cys residues coordinating the
[2Fe-2S] cluster were replaced with Sec using a one-pot three-segment coupling by the thioester method as shown
in Fig. 7 [67]. The 97-residue ferredoxin (Fd) was divided into three peptide segments. These included the side
chain amino and selenol group protected Fd (1-33) with a C-terminal aryl thioester, Fd (34-73) with a C-terminal
alkyl thioester, and Fd (74-97). To prepare the thioesters, we introduced N-alkylcysteine at the C-terminus of
the peptide chains. This allowed for an intramolecular N-to-S acyl shift, followed by an intermolecular thioester
exchange reaction to obtain the Fd (1-33) and Fd (34-73) thioesters. This approach, developed by our laboratory,
has proven effective for generating peptide thioester by the Fmoc method [68]. The first ligation step, achieved
using a Ag'-free thioester method, involved coupling of the Fd (1-33) aryl thioester with the Fd (34-73) alkyl
thioester to produce Fd (1-73) alkyl thioester. Subsequently, Fd (74-97) was added together with Ag" to promote
the second ligation via a Ag*-activated thioester method, producing the full-length Fd (1-97) in one-pot. After

NH-iNoc o) /@\
| /u\
iNoc-NH—{ Se-Fd(1-33) S OH

(NH-Noc), o 1)
jg-ree HN— SeI-Fd(34-73) s OH, DIEA, HOOBY/DMSO
thioester method 2 | , ,
(SePMB),
lilH-lNoc 0
Ag*-activated
thioester method l HoN— lSe-Fd(74—97))l\ OH, AgCl
SePMB SPMB

IilH-lNoc 0 (lilH-lNoc)z 0 IilH-lNoc 0
iNoc-NH—{ Se-Fd(1-33) H_ Se-Fd(34-73) H— Se-Fd(74-97) )LoH (56%)

|
i (SePMB)3 SePMB SPMB
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Fig. 7. | One-pot ligation of Se-ferredoxin (Se-Fd) by thioester method.
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deprotection and [2Fe-2S] cluster incorporation, Se-Fd was successfully synthesized. Circular dichroism (CD) and
biochemical assays indicated that Se-Fd retained a structure similar to the wild-type Fd, though its catalytic activity
was slightly decreased. This decrease in activity is likely due to the lower redox potential of selenium, which may
impact the efficiency of electron transfer in the Fe cluster.

3.2 Sec-mediated NCL

To overcome the inherent limitations of the NCL-desulfurization strategy, a method using the N-terminal Sec
instead of Cys for site-specific ligation was developed (Fig. 5. (B)). The mechanism of the Sec-mediated NCL is
similar to traditional NCL. The selenol group attacks the acyl carbon, forming a selenoester, followed by a Se-N
acyl shift to form a native peptide bond. This approach was independently proposed by three different groups in
2001 [69-71].

Due to the higher nucleophilicity of selenol compared to thiol, Sec-mediated NCL proceeds faster than the
conventional NCL. Because of Sec's lower pK,, selenol is more readily deprotonated, allowing the reaction to occur
at a lower pH, which helps to avoid potential side reactions such as thioester hydrolysis. Another advantage of
Sec is its selective deselenization even in the presence of Cys. In 2005, Metanis and Payne reported methods to
convert Sec to Ala or Ser via deselenization [72, 73]. Compared to desulfurization, the deselenization conditions
are milder and do not require the use of radical initiators. In 2010, Dawson demonstrated the deselenization of a
10-residue peptide containing a Se-S bond using excess TCEP and DTT, achieving Sec-to-Ala conversion without
affecting Cys [74]. They also applied this method to 38 residues of glutaredoxin 3 (Grx3(1-38)), where Cys"" and
Cys"* were mutated to Sec, and Ala* was mutated to Cys. Sec'' and Sec' were successfully converted to Ala with
only minimal desulfurization observed at Cys™ by their method [74].

Due to the lower redox potential of Sec, the segment with the N-terminal Sec often forms the diselenide dimer
or Se-S bond with other compounds [75]. Therefore, the use of a reducing agent is essential in Sec-NCL. Thiol-
based reducing agents are preferable in Sec-NCL since commonly used reducing agents like TCEP can cause
deselenization [76].

In recent years, there have been several examples of proteins synthesized using Sec-NCL. The bovine pancreatic
trypsin inhibitor (C38U-BPTI), whose Cys® was substituted with Sec, was synthesized, followed by oxidative
folding of two disulfide bonds and one Se-S bond (Fig. 8). Cyclization of a peptide containing an N-terminal Sec
and a C-terminal thioester can also be achieved by Sec-NCL [69, 77]. Additionally, Sec-NCL has been applied in
semi-synthetic strategies, such as the synthesis of C110U-RNase A and C112U-azurin [70, 78].

§———=Se
't Se—S$ $H  y)secNCL | 0
BPTI (1-37))1\3/\ + ,E( BPTI (39-58) 2) Oxidation BPTI (1 ‘37)/LN BPTI (39-58) (67%)
' el — LR
(SH)s S s

o

Fig. 8. | Synthesis of C38U-BPTI by the Sec-mediated NCL.

3.3 Diselenide-selenoester ligation (DSL) and reductive DSL (rDSL)

Due to the low redox potential of Sec, selenopeptides tend to exist as diselenide dimers. Therefore, as already
described, a reducing agent is needed to reduce diselenide or Se-S bonds into reactive selenolates during the Sec-
NCL process. The choice of the reducing agent is critical as it directly affects the rate and the yield of Sec-NCL.
Overly strong reducing agents may induce deselenization, while weak reducing agents may not fully reduce the
diselenide or Se-S bonds, leading to a decreased ligation efficiency.

To address this issue, Payne’s group introduced a method called diselenide-selenoester ligation (DSL), shown
in Fig. 5 (C), in 2015, which does not require reducing agents [79]. This reaction occurs between a C-terminal aryl
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selenoester and an N-terminal diselenide dimer. Compared to NCL, DSL proceeds extremely fast, completing in just
a few minutes, and it resolves the challenge of the ligation at sterically-hindered sites. The proposed mechanism
involves the release of phenylselenoate from the C-terminal aryl selenoester through hydrolysis, aminolysis or acyl
substitution. This phenylselenoate then attacks the diselenide bond, generating selenolate, which forms a native
peptide bond through a mechanism similar to NCL.

In 2020, the same group developed a refined approach, known as reductive DSL (rDSL), by employing TCEP as a
reducing agent to generate selenolate and diphenyl diselenide (DPDS) as a radical scavenger to avoid deselenization
while accelerating the formation of selenolate [80]. This method realized the ligation at a concentration as low as
50 nM. Additionally, after extracting DPDS by ether, they succeeded in a viable and efficient photodeselenization
reaction in the presence of TCEP and GSH under light irradiation (254 nm) for 30 seconds.

The possibility of ligation at a low concentration by rDSL allows it to be used for synthesizing hydrophobic
proteins without the need for hydrophilic tags, and subsequent one-pot photodeselenization further improved
both the yield and efficiency of the synthesis. For example, the synthesis of various therapeutic tesamorelins, the
palmitoylated variants of the transmembrane lipoprotein phospholemman (FXYD1, Fig.9), adiponectin (19-107),
haemathrin 1, haemathrin 2, and peptide-oligonucleotide conjugates [80-82].

SePh
se SCHa(CH)1.CHs  1GEP, DPDS o 2o " ~SCHy(CHy)1iCHs
2

0 GdnHCI, Bis-Tris
EXVOEE)scn + S Exvis9) oy
HaN X rDSL H
240 uM 60 uM
. 1. Etz0 extraction
1. Et,0 extraction 2 P
2. DTT, 1-bromohexadecane / j 2. gdsft‘_nggf;Sm Tris, TCEP,

CH3(CH,)14CH3
e SCH,(CHz)14CHz

|
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Fig. 9. | The synthesis of palmitoylated FXYD1 by one-pot rDSL-alkylation and rDSL-photodeselenization.

3.4 Chemical synthesis of selenoproteins

The functions of many selenoproteins remain unclear, due to the complexity involved in their biosynthetic
pathway as already described. However, the application of the aforementioned chemical synthetic methods has
enabled the synthesis of several human selenoproteins.

In 2016, Metanis and colleagues successfully synthesized human selenoprotein M (SelM) and W (SelW) [83].
Mature human SelM (24-145) consists of 122 amino acids and is widely expressed in mammalian tissues, particularly
in the brain, implying that it is closely associated with brain function [84]. SeIM contains a CXXU redox motif which
is similar to the CXXC active site in thioredoxins (Trx), conferring antioxidant properties [83, 85]. The protein was
divided into four segments with ligation sites at Gly*’-Sec*®, Gly’’-Ala’®, and Asn'**-Ala'”. Ala’® and Ala'” were
mutated to Sec to facilitate Sec-NCL, followed by deselenization to convert them to Ala. The introduction of the
C-terminal thioester employed the Dawson linker [86, 87]. The four peptide segments were: SelM (24-47) with
a C-terminal thioester, SelM (48-77) and SelM (78-106) with N-terminal selenazolidine (Sez) and C-terminal
thioesters, and SelM (107-145). Sez*®”® were used to protect the N-terminal Sec and prevent deselenization.
Methionine (Met) was replaced with the norleucine (Nle) to prevent oxidation. The first Sec-NCL ligated SelM
(78-106) and SelM (107-145), and subsequent MeONH, treatment converted Sez’® to Sec, forming SelM (78-
145) with unprotected Sec’® and Sec'”’. The second Sec-NCL ligated SelM (48-77) to SelM (78-145) followed by

deselenization of Sec’® and Sec'”” under anaerobic conditions using DTT and TCEP to form Ala’® and Alam, then
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followed by the conversion of Sez*® to Sec. During deselenization, partial Sez deprotection led to the observation
of minor three deselenized products. The final Sec-NCL yielded full-length SelM with a Se-S bond. The folding of
the final protein was confirmed by CD comparison with structurally similar Trx proteins.

Selenoprotein W (SelW), which contains 86 residues, is expressed in muscle, brain, and spleen tissues [88]. It
also features a CXXU motif and is associated with intracellular redox processes, bone remodeling, and diseases
such as non-alcoholic fatty liver disease (NAFLD), although its functions are not fully understood [89, 90]. SelW
was divided into two segments with a ligation site between Ile*® and Sec”’. Met was similarly replaced with Nle.
The C-terminal thioester of SelW (2-36) was prepared using the Dawson linker. The two segments SelW (2-36) and
SelW (37-87) were successfully ligated via Sec-NCL, forming a SelW with a Se-S bond and a free Cys. The folding
of the final protein was verified by CD analysis [83].

In 2017, Payne et al. synthesized a homodimeric Selenoprotein K (SelK) via one-pot DSL-deselenization [91].
SelK consists of 93 amino acids. SelK was divided into two segments: SelK (2-60) with a selenoester and SelK
(61-94) with an N-terminal ($-Se)-Asp. Met was replaced with Nle. DSL gave the full-length SelK (2-94) forming
a diselenide bond between Sec”" and Sec’ with part of the product retaining the extra SelK (2-60) linked to the
side chain selenol group. Hydrazinolytic removal of the extra SelK (2-60), followed by selective deselenization of
(B-Se)-Asp using TCEP gave the desired SelK dimer.

In 2022, He and colleagues achieved the semi-synthesis of selenoprotein F (SelF) (Fig. 10), [92]. Mature SelF
consists of 134 amino acids, including one Sec and seven Cys, and its function remains unclear. SelF was synthesized
in three segments, ligated by two NCL at Gly*'-Cys** and GIn’*-Ala”’. To stabilize the peptide hydrazide precursor,
GIn”* was mutated to Ala, and Ala” was mutated to Cys to afford NCL. The three segments were SelF (1-41) with
a C-terminal thioester, Cys- and Sec-protected SelF (42-74) with a C-terminal thioester, and SelF (75-134). SelF
(75-134) was biologically expressed due to aspartimide formation. SelF (42-134) was synthesized by the first NCL
followed by desulfurization under mild condition by reducing the amount of radical initiator VA044 and reaction
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Fig. 10. | Semi-synthesis of selenoprotein F.
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time. The deprotection of acetamidomethyl (Acm) and also PMB group was achieved by Pd** followed by DTT
treatment. The reduction of diselenide dimer was then performed with TCEP and ascorbate. Finally, the second
NCLyielded the full-length SelF (1-134). One Se-S bond and three disulfide bonds were formed by oxidative folding.
Other selenoproteins, such as selenoprotein H and S, were also synthesized via semi-synthetic methods [93, 94].

4. Diselenide metathesis of Sec-containing peptides

Although the isomorphic substitution of disulfide bonds with diselenide bonds is commonly used to enhance
protein stability under reducing conditions, the larger atomic radius of selenium leads to a lower bond dissociation
energy for diselenide bonds compared to disulfide bonds (Se-Se bond: 172 k] /mol, S-S bond: 240 k] /mol), making
diselenide bonds more prone to be broken under external influences [95]. Diselenide bonds function as dynamic
covalent bonds (DCBs) and can undergo metathesis reactions under defined conditions, such as light irradiation
or heat. This property has garnered significant attention in recent years for application in self-healing materials,
fluorescent probes, organic synthesis, selective surface modification, and drug delivery systems [96-101].

In 2019, Stefanowicz discovered that the diselenide bond metathesis also occurs in short peptides containing
Sec (Fig. 11). They dissolved two selenopeptide dimers in methanol and observed the formation of heterodimers
after 30 minutes of light irradiation (400-700 nm wavelength) [102].

AAUKK  AAUKK QNUSR QNUSR MeOH AAUKK (QNUSR
| |
Se S'e * Se Sla 400-700 nm Sle Sle

Fig. 11. | Diselenide metathesis of model peptide in methanol by light irradiation.

Following this, our group found that the metathesis reaction can even occur in neutral aqueous buffer solutions
without reducing agents in the dark and exhibits a pH dependency. This suggests that diselenide bonds may be
inherently unstable [103]. To find the conditions that can keep the diselenide bonds stable and to further investigate
the reaction mechanism for broader applications, we studied the inter- and intramolecular metathesis reactions of
three bioactive peptides (both the wild type and Sec-substituted analogues) under physiological conditions in the
dark; i.e., oxytocin, a-conotoxin Iml, and apamin. Oxytocin has one intramolecular disulfide bond, while conotoxin and
apamin have two intramolecular disulfide bonds. We found that Se-oxytocin was stable under a low-concentration
(10 uM) in the dark. However, the intermolecular diselenide metathesis happened at higher concentrations, leading
to polymerization. Se-a-conotoxin Iml showed similar results to Se-oxytocin. Additionally, it formed isomers via
intramolecular diselenide metathesis, regardless of the concentration (Fig. 12). Interestingly, the ratio of the
diselenide isomer to Se-conotoxin matched that observed during oxidative folding of Se-conotoxin. In contrast,
Se-apamin exhibited no metathesis which might be due to the inherent stability of its tertiary structure, as the wild-
type apamin explicitly forms the product with native disulfide bond pairing in the oxidative folding reaction [31].

(A)
Se Se Se—Se Se—— Se
| | Phosphate buffer, pH 7.4
Se Se Ourk, 10,41 Se—Se Se—Se
(B) -
Sle S|e Phosphate bufter, pH 7.4 _ v
Dark, 2mMm

Fig. 12. | Diselenide metathesis of Sec-peptides.
(A) Intramolecular metathesis under diluted conditions, (B) Intermolecular metathesis under higher concentration.
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This indicates that selenopeptides with stable tertiary structures are resistant to diselenide metathesis reactions.
We observed a similar behavior when synthesizing the Sec-substituted epidermal growth factor (Se-EGF) [44].

The mechanism behind diselenide metathesis remains debated. In 2014, Xu proposed that the light-driven
diselenide metathesis is facilitated by light-induced selenium radicals, a hypothesis supported by the inhibition of
the reaction upon adding the radical scavenger (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) [104]. However,
the diselenide isomerization observed by us occurs under dark conditions, which excludes the proposed reaction
mechanism by Xu in our case. We found that the production of diselenide isomers was accelerated under reducing
conditions in the presence of GSH, suggesting that the selenol group generated by reducing agents can promote
isomer formation. Therefore, our isomerization reaction is not selenol mediated. In 2022, Zhu suggested a mechanism
of metathesis in the absence of light driven by the ease of polarization of the diselenide bond, which is accelerated
in polar solvents [105]. This mechanism agrees with our group’s observations.

5. Conclusion and outlook

Selenopeptides and selenoproteins remain an important topic of research in molecular biology, biochemistry,
and medicinal chemistry. However, the unique biosynthetic insertion mechanism of Sec into proteins makes the
biological expression of selenoproteins challenging. To address this, chemical synthesis methods for selenopeptide
and selenoprotein have been developed, such as NCL, Sec-NCL, DSL, and rDSL. Moreover, deselenization reactions
allow for selective conversion of Sec to Ala or Ser in the presence of the unprotected Cys, broadening the scope of
NCL. Due to the higher nucleophilicity of the selenol group compared to the thiol group, these methods offer faster
reaction rates and extend the reaction concentration down to 50 nM, making the synthesis of highly-hydrophobic
proteins feasible. Selenoproteins can also be synthesized by the thioester method.

Sec also has a significant potential for various applications. With a lower redox potential than thiol, selenol can
form diselenide bonds more rapidly in the presence of Cys and is more resistant to reduction than disulfide bonds,
which can be exploited in protein folding studies. Additionally, given the similar chemical properties of Se and S,
Sec-substituted peptide analogues generally retain a very similar biological activity with the native Cys peptides
while being more stable under reducing conditions.

On the other hand, diselenide bonds, as dynamic covalent bonds, can undergo diselenide metathesis under
certain conditions, making them suitable for applications in self-healing materials, drug delivery systems, and
fluorescent probes. This diselenide metathesis reaction has also been observed in proteins, and although the exact
mechanism remains unclear, it is believed to hold a significant potential for further applications.
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Abstract

Selenoprotein P (SeP) is the major selenium transport protein in the blood and plays a central role in selenium
metabolism by being involved in selenoprotein synthesis via selenium supply in various tissues. On the other
hand, excess selenoprotein P, which is increased in patients with diabetes and other diseases, can be a malignant
protein that causes metabolic disorders in various tissues through disruption of redox homeostasis. Therefore,
developing methods to control selenium metabolism in physiological and pathological conditions are significant.
In this study, we focused on epigallocatechin gallate (EGCg), an electrophilic plant component, and newly found
that modification of the cysteine residue in SeP by this molecule inhibits its cellular uptake in SH-SY5Ycells. SeP-
EGCg adduct failed to induce the expression of glutathione peroxidase, which is synthesized in cells by selenium
supply through SeP. These results suggest that EGCg can be a candidate molecule to induce negative remodeling

of selenium metabolism by inhibiting SeP incorporation into the cells.
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Introduction

Selenium is an essential trace element and is incorporated into our bodies through a variety of dietary sources,

including grains and seafood. The incorporated selenium
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selenoprotein P (SeP) in the liver. SeP, a secreted protein,
is released into the plasma and transports selenium to
organs throughout the body[1]. It has been reported
that approximately 53% of total plasma selenium is
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metabolism by selenocysteine lyase (Scly) to produce inorganic selenide and alanine[4]. This inorganic selenide

sec

is used for the synthesis of selenocysteine-tRNA™" and translation of selenoproteins (glutathione peroxidase,
etc.), which are important for redox homeostasis[5]. SeP is particularly important for selenium transport to the
central nervous system[6]. It is known that radioisotope-labeled SeP is rapidly translocated to the brain when
administered to selenium-deficient rat[6]. In addition, the selenium levels and selenoprotein expression in the
brain are reduced in SeP KO mice [7, 8]. When SeP KO mice are fed with low-selenium diet, severe neurological
deficits are observed[9]. On the other hand, we have found that SeP production is increased in type 2 diabetes
patients and have found that inhibition of SeP by neutralizing antibodies improves diabetic pathology in mice[10].
Epidemiological studies revealed that plasma SeP levels increased in type 2 diabetes, and this increase has a
significant correlation with insulin resistance[11]. Excess SeP is also related to the decrease in insulin secretion
of pancreatic 8 cells[12]. Furthermore, recent evidence demonstrated the role of SeP expression in ferroptosis
sensitivity using patient-derived primary glioblastoma cells[13]. Therefore, excess SeP may have adverse health
effects, and it is important to suppress SeP in excessive conditions.

Metabolic remodeling is well understood, especially in the context of cancer studies, by examining metabolomic
changes at the level of altered expression of metabolic enzymes. In contrast, its variation in selenium metabolism
from selenium uptake to translation to selenoproteins, i.e., metabolic remodeling of selenium, is not well understood.
We have recently found that sulforaphane, a phytochemical of broccoli sprouts, suppresses the expression of SeP by
promoting its degradation in lysosomes[14]. We also reported that epigallocatechin gallate (EGCg) in tea suppresses
its translation via induction of a long noncoding RNA CCDC152, which is located in the antisense region of the SeP
gene, in the liver[15]. Therefore, such factors may contribute to the improvement of metabolic pathologies such
as diabetes via inhibition of SeP, and in fact, the consumption of sulforaphane and tea has been reported to reduce
the risk of type 2 diabetes[16, 17]. However, the details of the mechanism are unknown.

A common chemical property found in sulforaphane and EGCg is electrophilicity. Sulforaphane is covalently
bound to cysteine residues in proteins via isothiocyanate groups. Epigallocatechin gallate, on the other hand, has
an unsaturated carbonyl group and is known to covalently bind to cysteine and lysine residues in proteins in the
same as sulforaphane[18, 19]. Since SeP has 16 cysteine and 10 selenocysteine residues in its polypeptide, the
electrophilic molecule may target these residues. Therefore, we considered the possibility that these molecules
could functionally inhibit SeP by forming adducts against SeP, thereby inhibiting not only its expression but also
its selenium transport function. In this study, we applied the biotin-PEACs maleimide labeling (BPML) assay to
verify the formation of EGCg adducts on SeP and to elucidate their effects on selenium utilization[20].

Materials and methods

Chemicals

Biotin-PEAC5 maleimide (BPM) was obtained from Dojindo (Kumamoto, Japan) and EGCg was from BioVerde
(E5737, Kyoto, Japan). All other chemicals used were of the highest quality commercially available.

SDS-PAGE and western blotting

The protein sample or cells were dissolved in 1% sodium dodecyl sulfate (SDS) buffer, and the protein concentration
was determined using a DC protein assay kit (BioRad, CA, USA) with bovine serum albumin as the standard. The
protein samples were separated by SDS-PAGE and subjected to Western blotting with the indicated antibodies.
The antibodies used in this study are as follows. Anti-Glutathione peroxidase 1 (GPx1) is obtained from abcam
(ab108427, Cambridge, UK), anti-GAPDH from (015-25473, WAKO, Osaka, Japan), and anti-SeP monoclonal antibody
(BD1) was previously developed and validated[10].

Purification of human SeP

Human SeP was purified from human plasma as we previously reported[21]. Human frozen plasma was provided
from the Japanese Red Cross Tohoku Block Blood Center (Human experiment approved No. 25]0012).

Metallomics Research 2024; 4 (3) #MR202403 reg02
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BPML and acidic-BPML assay

Biotin-PEACS maleimide labeling (BPML) assay and acidic-BPML (aBPML) were performed with slight modifications
of the previous report (Figure 1A) [20]. Briefly, purified human SeP (20 pg/ml) was reacted with EGCg in 200
mM Tris-HCI (pH 7.0) and incubated at 37°C for 30 min to bind the compound to the protein. Then BPM (30 uM)
was added and reacted at 37°C for 30 min for BPML. In the case of acidic-BPML, citric acid buffer (pH 3,200 mM)
was added and incubated with BPN at 37°C for 30 min. The sample was desalted by the methanol/chloroform
extraction. The desalted precipitate was dissolved by 1xSample buffer [30 mM Tris-HCl (pH6.8), 5% glycerol, 1%
SDS, 2.5% 2-ME] and heated at 95°C for 5 minutes. The sample solution was subjected to SDS-PAGE and detected
by Avidin-HRP.

Cell culture

Human neuroblastoma SH-SY5Y cells were obtained from KAC (Kyoto, Japan). The cells were cultured in high glucose
DMEM with 10% fetal bovine serum (FBS), 100 U/mL and 100 pg/mL penicillin-streptomycin in a humidified
incubator under the conditions of 37 °C, 5% CO,, and 95% ambient air. Before the experiments, the cells were
seeded and pre-cultured for 24 hours in a culture plate. Selenium-deficient medium was prepared by adding 2 uM
a-tocopherol, 2.5 mg/mL BSA, 5 pg/mL insulin, and 5 pg/mL transferrin to the DMEM without serum.

Data analysis
Western blotting images were obtained by chemiluminescent imaging system Lumino Graph (Atto, Tokyo, Japan).
The bands corresponding to each protein molecular weight were cropped and shown in the figure.
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Figure 1. | Detection of the binding of EGCg to SeP.

A. Scheme of BPML and acidic-BPML (aBPML).

B. Chemical structure of EGCg.

C. Purified SeP (50 nM) that had been precultured in the indicated
concentration of EGCg was subjected to BPML assay.

D. Purified SeP (50 nM) was reacted with anindicated concentration
of EGCg and subjected to an aBPML assay. Coomassie brilliant
blue (CBB) stain was shown as the loading control.
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Results and discussion

EGCg has an unsaturated carbonyl group in its structure and is reported to react with cysteine residues in proteins
through covalent bonds (Figure 1B). First, to validate the adduct formation of EGCg to SeP, we verified with the
BPML assay that detects modification of cysteine or selenocysteine residues. This assay uses biotin-PEAC5-maleimide
(BPM), biotin bound to N-ethylmaleimide, which selectively reacts with cysteine or selenocysteine, thereby validating
the competitive reduction of biotin labeling by the EGCg adduct[20]. The pKa value of free cysteine is around 8.3-
8.6 and that of free selenocysteine is estimated at approximately 5.2[22]. Thus, under neutral pH conditions, the
binding to cysteine and selenocysteine can be examined, while under acidic conditions (acidic-BPML; aBPML),
the adduct to selenocysteine can be verified (Figure 1A). The BPML result indicates that purified SeP protein was
modified by EGCg in a concentration-dependent manner at a concentration of more or less than 1 uM (Figure 1C),
while in the aBPML, the biotin labeling was inhibited at concentrations more than 5 pM (Figure 1D). Under these
conditions, the mol ratio of EGCg binding to SeP 50 nM was 1:20 for Cys and 1:100 or higher for selenocysteine.
These results indicate that modification of SeP by EGCg occurs for both cysteine and selenocysteine residues but
is more likely to occur at low concentrations for cysteine residues. Blood levels of EGCg in humans are known to
reach approximately 0.6 uM after drinking 2-3 cup of green tea [23], thus the modifications of cysteine residues
of SeP could occur in vivo.

Next, the selenium transport activity of SeP modified by EGCg was examined using SH-SY5Y cells, a human
neuroblastoma, because this cell line is known to easily take up SeP and use it for selenium metabolism via
ApoER2, a major SeP receptor|3]. First, SeP-EGCg conjugates were prepared in vitro, and their endocytosis was
verified by adding them to the culture medium. The levels of SeP in whole cell lysates were used as an indicator of
incorporated SeP. Interestingly, their incorporation was inhibited in a concentration-dependent manner by EGCg
at the concentration where modifications to cysteine residues are detected and modifications to selenocysteine
residues are not detected (Figure 2A). Furthermore, it was verified as the induction of the selenoprotein GPx1 as
an indicator of selenium utilization after cellular uptake of SeP. Although SeP induced GPx1 expression of more
than 1 nM, this induction was similarly suppressed by pre-incubation with EGCg with a 1:10 mol ratio (Figure 2B).
Under these conditions, the amount of intracellular SeP was similarly reduced, suggesting that GPx induction was
reduced due to uptake inhibition (Figure 2A, B). The domain of SeP recognized by ApoER2 is not the N-terminal
domain but by the selenium-rich C-terminal domain, and binding to the YWTD 3-propeller domain of ApoER2. The

A Figure 2. | Inhibition of SeP uptake and production of GPx
SeP (50 nM) by EGCg.

EGCg(M) o0 05 1 0 0125025 0.5 1 A. Purified SeP was incubated with the indicated

concentration of EGCg and then added to the

SeP m . § incubation medium of SH-SY5Y cells that had been

R RN, preculture in serum free medium for 24 hr. After 24

GAPDH ’W hr, the cells were harvested and subjected to Western
— — blotting.

B SeP:EGCg (1:10) B. The cells were preculture in selenium deficient

—_—— medium for 24 hr. Purified SeP was incubated with

SePinMp U1 F 103 DA & W EGCg at the indicated 10 times higher mol ratio

(SeP:EGCg = 1:10) and added to the medium and
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= subjected to Western blotting. Control cells with
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C-terminal domain of SeP contains 9 Cys residues and it is thought that the binding of ApoER2 to SeP is inhibited
by modification of these Cys residues. For example, the CQC residue in the C-terminal domain is essential for the
binding of SeP to ApoER2, and it has been reported that point mutations at C324 in CQC residue abolish the binding
activity[24]. Therefore, it is possible that EGCg binds to the residue, thereby inhibiting uptake of SeP. The bindings
of EGCg to Lys residues of SeP are also taken into account, and detailed molecular mechanisms will be elucidated
by analyzing binding sites by LC/MS. In addition, when EGCg-SeP containing EGCg-bound selenocysteine is taken
up to the cells and degraded by lysosomes, however, it is also possible that the EGCg-modified selenocysteine may
not pass through the amino acid transporter of lysosome-cytosol. If it moves to the cytosol, it will be recognized by
selenocysteine lyase (SCL), which is essential for selenium metabolism. Thus, the mechanism involved in inhibiting
selenium metabolism might not only be the inhibition of uptake of SeP.

In summary, the present study indicates that EGCg forms an adduct to the Cys residues of SeP, presumably
by which cellular uptake is inhibited and selenium metabolism is suppressed (Figure 3). In this study we used
neuronal cells as a model, which show highly efficient SeP uptake, however, it will be necessary to examine the
effects in hepatic cells in studies aimed at suppressing diabetes and other diseases that depend on the over-
production of SeP. In addition, identifying which Cys residues at which sites are important is an open query, and
these are the limitations of this study. At least, the results of this study would indicate that the development of
covalent inhibitors that form targeted adducts at the Cys residues of SeP would be promising to trigger metabolic
remodeling of selenium, and this could be a piece of important information.

Lower concentration Figure 3. | Metabolic remodeling of selenium by EGCg.
Se- Se- EGCg covalently binds to cysteine rather than
Major form selenocysteine residues of SeP, thereby inhibiting its

ﬁ cellular uptake and suppressing GPx expression, an
intracellular selenoprotein. These cascades evoked
: . by EGCg are assumed to be an example of the
S Metabo'_'c S metabolic remodeling of selenium.
remodeling '

of selenium

= i

ApoER2 (SeP receptor)

Release of Sec

GPx

Lysosome
Proteolysis
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Abstract

The formation of selenium (Se) adducts of protein in the liver of rats administered Se in excess of nutritional
requirements was confirmed using high-performance liquid chromatography-inductively coupled plasma mass
spectrometry (HPLC-ICPMS). Male Wistar rats aged 4 weeks old were divided into three groups and fed a basal
Se-deficient diet or basal diet supplemented with 0.2 or 2.0 ug Se/g of selenite for 4 weeks, respectively. The
liver Se concentration and GPX activity were markedly elevated in rats fed the Se-added diet; the 2.0 ug Se/g
group showed a higher Se concentration than the 0.2 pg Se/g group, but GPX did not differ between the two
groups. HPLC-ICPMS analysis of liver protease hydrolysates led to the detection of only selenocystine in the 0.2
ug Se/g group, while the 2.0 pg Se/g group showed the presence of four unknown Se compounds in addition of
selenocystine. In another experiment, rats weighing 250 g and previously fed the Se-deficient diet for 4 weeks
were intraperitoneally administered 50 ug Se/day of selenite or L-selenomethionine for 7 days, and their
liver protease hydrolysates were analyzed by HPLC-ICPMS. In selenite-treated rats, peaks of several unknown
Se compounds other than selenocystine were detected. In selenomethionine-treated rats, selenomethionine
was detected in addition to selenocystine. Unknown Se compounds were also present, but the number and
height of peaks were smaller than in selenite-treated rats. These results indicate that with supranutritional Se,
accumulation in organs occurs in the form of Se adducts on selenite exposure and mainly nonspecific insertion

of selenomethionine into positions of methionine residues of proteins on selenomethionine exposure.
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Introduction

Selenium (Se) is an essential trace element for higher animals, including humans, but it is also highly toxic [1].
The mechanism of toxicity due to excess Se is considered to depend on the type of Se compound [2]. In the
case of inorganic selenium compounds (selenate

and selenite), oxidative stress is caused by reactive
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been shown that oxidative stress also damages major organs including the liver, kidney, and brain in these animal
models [5]. In addition to oxidative stress, selenide and methylselenol produced during metabolism of Se compounds
are likely to add to various biomolecules. A selenosugar, the main Se molecular species excreted in urine when Se
intake is within the normal range, is a compound of methylselenol added to N-acetyl-d-galactosamine [6] and can
be regarded as a type of Se adduct. Se transport from plasma to organs is considered to involve selenotrisulfide,
which is formed by the addition of Se to cysteine residues in albumin, and Se is likely to be added to thiol groups
in proteins [7]. Furthermore, it has been reported that in Arabidopsis thaliana treated with a low level of selenate,
Se is added to the cysteine residue of NAD-dependent glyceraldehyde-3-phosphate dehydrogenase, resulting in
a highly active protein with selenol bound to sulfur of cysteine residues [8]. These cases involve physiologically
adequate Se exposure, and the Se-adducts formed serve to maintain normal Se metabolism. However, excessive Se-
loading is likely to affect cellular functions through nonspecific formation of various Se adducts by highly reactive
selenide or methylselenol. Thus, such excessive Se-loading may lead to the formation of nonspecific Se adducts
in biomolecules, including functional proteins and DNA. However, no studies have focused on such Se adducts or
attempted to detect them. In addition, the amount of nonspecific Se adducts produced may serve as an indicator
to determine the upper limit of Se intake or exposure.

In this study, we detected Se adducts in proteins produced in the liver of rats on administering a supranutritional
dose of Se equivalent to 10-times their normal Se intake using high-performance liquid chromatography-inductively
coupled plasma mass spectrometry (HPLC-ICPMS).

Methods

Se administration to experimental animals

The experimental protocol followed the Guide for the Care and Use of Experimental Animals issued by the Prime
Minister’s Office of Japan and approved by the Animal Ethics Committee of Kansai University (Approval No. 2203).

In Experiment 1, eighteen 4-week-old male Wistar rats (mean + SD of body weight, 80 + 3 g) purchased from
Shimizu Laboratory Supply Co. (Kyoto) were divided into three groups of equal body weight. One group was fed a
Torula yeast-based Se-deficient basal diet, and the other two groups were fed the basal diet with sodium selenite
atalevel of 0.2 or 2.0 pg Se/g, respectively, for 4 weeks.

In Experiment 2, eighteen male Wistar rats similar to those in experiment 1 were fed the Se-deficient basal diet
for 4 weeks and then divided into three groups of equal body weight. The body weight (mean + SD) of rats at the
time of initiating intraperitoneal administration was 250 + 6 g (n=18). The first group received saline, the second
group received saline containing sodium selenite, and the third group received saline containing L-selenomethionine
intraperitoneally for 7 days. The dose of Se administered was 50 pg/day. During the intraperitoneal administration
period, all rats continued to receive the Se-deficient basal diet.

The composition of the basal Se-deficient diet was as follows: Torula yeast, 30.1%; sucrose, 56.9%; soybean
oil, 8.0%; Se-free AIN93G mineral mixture, 3.5%; AIN93G vitamin mixture, 1.0%; choline bitartrate, 2.0%; DL-
methionine, 3.0%. The Se concentration of the basal diet was 9 ng/g. The Torula yeast used was kindly supplied
by Mitsubishi Corporation Life Science Limited (Tokyo, Japan).

After the end of the rearing or intraperitoneal administration period, the liver was collected under deep anesthesia
with isoflurane (MSD Animal Health, Tokyo, Japan) under non-fasting conditions. The collected liver was stored
at —30°C until analysis.

Analysis of total Se in liver and assay of glutathione peroxidase (GPX) activity

To approximately 500 mg of fresh liver, 5 mL of nitric acid and 2 mL of perchloric acid were added, and the sample
was heated to incineration. Ultrapure water was added to the ashed sample, the volume was increased to 10 mL,
and the mixture was passed through a 0.45-um membrane filter. Then, Se in the filtrate was quantified by ICPMS
using ICPM2030 (Shimadzu, Kyoto). The analytical mass number of Se in ICPMS was 82, and indium 115 was used
as an internal standard.

Metallomics Research 2024; 4 (3) #MR202409 reg08



Se-adducts in liver of rat administered selenite

Approximately 1 g of fresh liver was homogenized with 9 volumes of saline to prepare a 10% homogenate.
GPX activity in the homogenate was measured using tert-butyl hydroperoxide as a substrate and monitoring the
amount of NADPH consumed in the reduction of the oxidized glutathione produced using glutathione reductase
by the decrease in absorbance at 340 nm [9].

Analysis of Se molecular species in liver

Livers were hydrolyzed with protease, and molecular species of Se released were analyzed using HPLC-ICPMS, as
follows. Each liver sample was freeze-dried and then pulverized. To facilitate pulverization, the liver samples were
defatted with hexane before freeze-drying. To 50 mg of each dried powder sample, 1.92 mL of phosphate buffer (10
mM, pH 7.1) and 5 mg of protease (type XIV derived from Streptomyces griseus (Merck KGaA, Darmstadt)) were
added, and the mixture was thoroughly stirred and shaken at 37°C. After 24 hours, 0.08 mL of 5 M HCI was added
and the mixture was centrifuged at 1,500 X g for 60 min. The supernatant was collected, passed through a 0.45-pm
membrane filter, and used as a protease extract. Molecular species of Se in the protease extract were analyzed by
HPLC-ICPMS. The HPLC system consisted of an LC-20Ai multi-pump (Shimadzu, Kyoto, Japan), DGU-20A3R on-line
degasser (Shimadzu, Kyoto, Japan), and a reversed phase separation column (Develosil® RPAQUEOUSAR column,
4.6 i.d. mm X 250 mm, Nomura Chemical, Seto, Japan). The mobile phase was the same as previously used [10]:
methanol/distilled water (HPLC grade) (v/v = 0.05/99.95) containing 2.5 mM sodium 1-butanesulfonate, 4 mM
malonic acid, and 15.9 mM tetramethylammonium hydroxide. The pH of the mobile phase was adjusted to 2.3 by the
dropwise addition of diluted nitric acid. Elution was performed isocratically at 0.5 mL/min and 30°C, and a sample
aliquot of 20 pL was injected into the LC system. The eluate was directly applied to the ICPMS nebulizing tube and
monitored at ion intensities of m/z 82. Molecular species of Se in the extract were identified by comparison with
the retention times of standard Se compounds (sodium selenite, L-selenocystine (Sigma-Aldrich, St. Louis, USA),
Se-methylselenocysteine hydrochloride (Sigma-Aldrich, St. Louis, USA), L-selenomethionine (Sigma-Aldrich, St.
Louis, USA), and selenohomolanthionine (kindly supplied by Prof. Ogra Y, Chiba University, Japan)).

Statistical analysis
Measurements of the total liver Se concentration and GPX activity were tested using one-way ANOVA and Tukey's
multiple comparisons. Statistical GraphPad Prism (GraphPad Software, San Diego, USA) was used for these analyses.

Results

In both Experiments 1 and 2, there was no difference in body weight between the experimental groups. The body
weight (mean + SD) was 248 + 12 (n=18) at the end of the feeding period in Experiment 1 and 274 + 11 (n=18)
atthe end of intraperitoneal administration of Se compound in Experiment 2. Thus, the different Se concentrations
in the experimental diets (Experiment 1) and intraperitoneal administration of Se compounds (Experiment 2)
had no effect on rat growth.

Table 1 summarizes the Se concentration and GPX activity in the liver of each group of rats in Experiment 1. Se
concentrations were proportional to the Se concentration of the experimental diet, with rats fed a diet containing
a high level of 2.0 pg Se/g having the highest values. In contrast, GPX activity was higher in the two groups fed the
selenium-added than selenium-deficient diet, but the different levels of addition had no effect. Therefore, there
was no difference between the 0.2 and 2.0 ug Se/g diet group, indicating the saturation of enzyme activity.

Figure 1 shows typical chromatograms of protease hydrolysates from the livers of rats fed diets with different
levels of selenium in HPLC-ICPMS. In rats fed the Se-deficient diet (a), only one noise-like peak was detected
at around 7-min retention time. In rats fed the diet containing 0.2 pg Se/g selenite (b), a distinct selenocystine
peak and the noise-like peak described above were observed. In contrast, four unknown peaks were detected in
addition to selenocystine in rats fed diets supplemented with 2.0 pg/g selenite. The peak heights of selenocystine
in Figures 1b and 1c are nearly identical.
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Table 1 | Total Se content and GPX activity in livers of rats fed diets with different levels of Se as sodium selenite

Level of Se addition Se(ggygt;)ent (u(r?il:t)i(gapg?c\)/ti?i/ n)
None 26 + 3° 44 + 4°

0.2 ug/g 236 + 20° 1219 + 59°
2.0 ug/g 743 + 41° 1181 + 33°

Rats were fed an Se-deficient basal diet, or the basal diet supplemented with selenite at 0.2 or 2.0 ug selenium/diet for 4 weeks.
Values are means + SEM (n=6). Means in the same column not sharing a common superscript differ significantly (p < 0.05).
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Fig. 1 Chromatograms of protease hydrolysates in livers of rats fed diets with different levels of selenium in HPLC-
ICPMS

Rats were fed a selenium-deficient basal diet (a), or the basal diet supplemented with selenite at 0.2 pg selenium/diet
(b) or 2.0 pg selenium/diet (c) for 4 weeks. Although the baseline deviation differs in each chromatogram due to the
inconsistent sensitivity of the instrument, the vertical axis (ion intensity in ICPMS) is on the same scale. Black arrows

and asterisks indicate the peaks of selenocystine and unknown Se species, respectively.

Table 2 summarizes the Se concentrations and GPX activity in the livers of rats that received the Se compounds
intraperitoneally for 1 week in Experiment 2. The Se concentration and GPX activity were markedly increased by
administration of the Se compounds. Regarding the effect of the type of Se compound administered, both the Se
concentration and GPX activity tended to be higher in rats treated with selenomethionine than in those receiving
selenite, but the difference was not significant.

Figure 2 shows typical chromatograms of protease hydrolysates from the livers of rats intraperitoneally
administered selenium compounds in HPLC-ICPMS. No distinct peaks were observed in rats not treated with Se
compound (a). In rats treated with selenite (b), several unknown Se compound peaks were noted in addition to
the distinct selenocystine peak, as in rats fed the experimental diet with an Se concentration of 2.0 ug Se/g in
Experiment 1. In rats treated with selenomethionine (c), distinct peaks of selenocystine and selenomethionine
were detectable. In addition, unknown peaks were also present, but their number and heights were smaller than
in selenite-treated rats.

When the liver powder was analyzed without protease treatment, no peaks derived from Se compounds were
observed on HPLC-ICPMS chromatograms in either Experiment 1 or 2.

Metallomics Research 2024; 4 (3) #MR202409 regl0
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Table 2 | Total Se content and GPX activity in livers of rats receiving Se compounds intraperitoneally

Se compounds received Se(ggygt;)ent (u(r?il:t) i(gasgc\)/tigi/n)
None 16 + 2° 42 + 5°
Sodium selenite 414 + 49° 917 + 42°
Selenomethionine 504 + 48° 1020 + 98°

Rats were fed a selenium-deficient basal diet. After 4-week feeding, rats received saline, sodium selenite, or L-selenomethionine
intraperitoneally for 7 days. The dose of selenium administered was 50 pg/day. Values are means + SEM (n=6). Means in the same
column not sharing a common superscript differ significantly (p < 0.05).

0 5 10 15 20 25 30 35
Retention time (min)

Fig. 2 Chromatograms of protease hydrolysates from livers of rats intraperitoneally administered selenium
compounds in HPLC-ICPMS

Rats were fed a selenium-deficient basal diet. After 4-week feeding, rats were divided into three groups: the first
group received saline (a), the second group received saline containing sodium selenite (b), and the third group
received saline containing L-selenomethionine (c) intraperitoneally for 7 days. The dose of selenium administered
was 50 pg/day. Although the baseline deviation differs in each chromatogram due to the inconsistent sensitivity of
the instrument, the vertical axis (ion intensity in ICPMS) is on the same scale. Black arrows, white arrow and asterisks

indicate the peak of selenocystine, selenomethionine and unkown Se species, respectively.

Discussion

Considering that rats consume a diet equivalent to about 10% of their body weight per day, a diet with an Se
concentration of 2.0 pg/g would result in Se intake of 50 pg/day for a rat weighing about 250 g. Thus, Se exposure
levels of rats that received the Se compound intraperitoneally in Experiment 2 are comparable to those that
consumed the 2.0 pg Se/g diet in Experiment 1. The Se concentration of AIN93G used as a standard semi-purified
diet in nutritional studies with rats is 0.2 pg/g [11]. This means that the 0.2 pg Se/g diet in Experiment 1 provides
a nutritionally sufficient Se intake. Therefore, the 2.0 pg Se/g diet leads to a supranutritional intake of Se.

In Experiment 1, when 2.0 and 0.2 pug Se/g diet groups were compared, the liver Se concentrations were higher
in proportion to the dietary Se concentration, but GPX activity did not differ (Table 1). Although only GPX was
measured, it is likely that in the 0.2 pg Se/g diet group, where nutritionally sufficient Se intake was achieved, the
production of selenoproteins, which incorporate selenocysteine into the peptide chain, was already saturated.
In addition, the similar peak height of selenocystine in Figures 1b and 1c also means that the selenoprotein
production in the two groups is comparable. Therefore, it can be suggested that Se accumulates in the liver of rats
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in the 2.0 pg Se/g diet group in a form other than selenoprotein.

HPLC-ICPMS analysis of the extract from the protease-treated liver in Experiment 1 detected only the selenocystine
peak derived from selenoprotein in the 0.2 ug Se/g diet group (Figure 1b), while four unknown peaks were detected
in addition to selenocystine in the 2.0 pg Se/g diet group (Figure 1c). Since these peaks were not detected in the
absence of protease treatment, we consider that these unknown Se compounds were drived from Se added to the
side chains of amino acids. Selenocysteine residues in selenoprotein are unstable, so it is possible that artificial Se
species are produced in the process of preparing the protease extract. The amount of selenocysteine residues in the
0.2 ug/gand 2.0 pg/g groups was comparable because the production of selenoprotein was saturated. Therefore,
if there was an artificial Se species derived from selenocysteines residues, a peak other than selenocystine should
also occur in the 0.2 ug/g group (Figure 1b). However, no such peak was observed. Thus, we conclude that Se-
adducts of proteins were formed in the livers of rats fed the 2.0 ug Se/g diet.

The peaks, which may be derived from the Se-adducts of proteins, were also observed in the liver of rats treated
intraperitoneally with selenite in Experiment 2 (Figure 2b). Concerning selenomethionine administration, a
large peak of selenomethionine was observed in addition to selenocystine (Figure 2c). Unknown peaks were also
present, but they were clearly fewer in number and smaller in height than in the case of selenite administration.
This means that most of the selenomethionine administered was inserted nonspecifically at sites of methionine
residues of general proteins, resulting in low-level formation of Se-adducts of proteins.

The present results indicate that supuranutritional Se intake causes saturation of selenoprotein formation,
and that some of the Se not used for selenoprotein formation accumulates as Se-adducts of proteins in the case
of selenite and at sites of methionine residues of proteins in the case of selenomethionine. If the formation of Se
adducts is used as an index of Se toxicity, this result indicates that selenomethionine is less toxic than selenite.
However, this conclusion is tentative because quantitative evaluation of the effect of the substitution of methionine
residues in proteins for selenomethionine has not been completed.

The average Se intake of Japanese people is about 100 pg/day, which is within the appropriate range [12].In a
study of chronic poisoning of Se in China, hair loss and changes in nail morphology were reported when Se intake
of nearly 1000 pg/day, or approximately 10-times the average Japanese Se intake, continued over a prolonged
period [13]. In the present rat experiments, Se adducts were formed in liver proteins after oral or intraperitoneal
administration of Se equivalent to 10 times the appropriate Se intake. Thus, it is possible that Se adducts were
produced in the livers and other organs in these Chinese Se-poisoning cases.

In a study of mice, Se administered orally at 4 mg/kg body weight in the form of sodium selenite for 28 days
resulted in an average increase in reactive oxygen species and malondialdehyde concentrations in livers, but no
significant differences were observed [14]. The dose level in the present study (50 pg/250 g = 200 ug/kg for
intraperitoneal administration) was less than one-tenth of this. Accordingly, oxidative stress at a toxic level is not
considered to have occurred in the present study; Se adduct formation occurs at lower exposures than oxidative
stress generation. Considering that the Se dose level in the present study was similar to exposure levels in human
chronic-poisoning cases, it is possible that the formation of Se adducts, rather than oxidative stress caused by
reactive oxygen species, is responsible for the symptoms of chronic Se-poisoning in humans, such as hair loss and
changes in nail morphology.

The formation of Se adducts is not an oxidative stress, but may cause a loss of protein function via changes in
protein conformation associated with Se addition. Se adducts could also be generated in DNA, in which case protein
synthesis would be inhibited and more significant effects would occur. In the future, it will be necessary to focus
on the formation of Se adducts when considering the pathogenic mechanism of Se poisoning.

We have identified selenomethionine as the major Se molecule species in protease hydrolysates of several
seafood, chicken meat, and chicken eggs [15]. The present result that selenomethionine was detected only in the
liver of rats that consumed selenomethionine indicates that selenomethionine in these animal products is not
biosynthesized in the body of each animal species, but is derived from the food and feed of these animal species.
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Post-translational modifications to catalytic cysteine by selenium
enhance the enzyme activity of glyceraldehyde-3-phosphate
dehydrogenase from Brassica oleracea var. italica.
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Abstract

Selenium (Se) was recently shown to be beneficial for plants, and its application to crop production, drug
development, and environmental hygiene is expected. The enzyme activities of some proteins were previously
reported to be enhanced in plants grown with Se. These increases may be attributed to the binding of Se to
catalytic cysteine by post-translational modifications (PTMs), which is a novel mechanism of expression.
Therefore, the present study investigated Se binding and increases in enzyme activity by PTMs to cytoplasmic
glyceraldehyde-3-phosphate dehydrogenase (GAPC) from broccoli (B. oleracea var. italica), which is classified as a
Se-accumulating species, in planta and in vitro. GAPC derived from plants cultivated with 1 uM selenate had more
Se bonds and stronger enzyme activity than that from those cultivated without selenate. BES-Thio, a fluorescent
probe that identifies thiol or selenol groups, revealed that increases in GAPC activity by Se binding were due to
the formation of a selenol group, which is more reactive than a thiol group, on GAPC-catalyzed cysteine by PTMs.
Furthermore, purified recombinant GAPC and mutants (C156S, C160S, and C156S/C160S) were reduced and
reacted with GSSeSG in vitro to investigate Se binding and selenol group generation by PTMs to recombinant
GAPC and mutant proteins. The results obtained show that Se binding and selenol group generation by PTMs
occurred only at Cys 156, which corresponds to the catalytic Cys. In addition, Viax, Kea, and K, /K values of Se
binding GAPC synthesized in vitro using purified BOGAPC were 1.49-, 1.48-, and 1.86-fold higher, respectively,
than those of GAPC. These results indicate that the generation of selenol group at the catalytic Cys of GAPC by

PTM improves the enzyme activity.
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Introduction

Selenium (Se) is an essential trace element for most
organisms, except higher plants, and is a key component
of selenoproteins [1]. Since selenoproteins are involved in
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anumber of biological functions, mainly as antioxidants, Se deficiency causes lethal diseases through selenoprotein
dysfunction [2]. However, Se species exhibit high reactivity in vivo, with excessive accumulation being harmful
to organisms [3]. Higher plants cannot synthesize selenoproteins and do not require Se to sustain life [4]. Se is
recognized as a toxic element because its accumulation is cytotoxic.

Recent research on the application of Se to crop production, phytoremediation, and medicine development
revealed its dynamics in higher plants [5]. A low Se concentration exerted diverse beneficial effects on plant growth
[6]. Furthermore, various species of plants cultivated with Se exhibited stronger resistance to environmental stresses,
such as drought, low temperatures, excessive light, heavy metal toxicity, and pathogens [6-8]. The beneficial effects
of Se have been attributed to its regulation of gene expression, and the main target is the antioxidant system [9].
However, many details, including the signaling pathway of Se and the mechanisms underlying beneficial effects
due to other factors, currently remain unclear.

We previously revealed that cultivation with trace Se enhanced or modified the functions of specific proteins.
In Chlamydomonas reinhardtii, Se supplementation induced H,0, reduction activity in glutathione peroxidase
homolog (GPXH) [10]. GPXH is an isozyme of glutathione peroxidase (GPX), which is a selenoprotein, which
has Cys instead of Sec at its active site, and originally does not exhibit H,0, reduction activity. Verification using
several types of mutant GPXH demonstrated that the activation of GPXH was caused by Se binding through post-
translational modifications (PTMs) to Cys-38 at the GPXH active site [11]. In Arabidopsis thaliana, trace selenate
(Se0,”) enhanced the enzyme activity of cytosolic glyceraldehyde-3-phosphate dehydrogenase (GAPC), a glycolytic
enzyme with catalytic Cys at its active site, and positively affected plant growth [12]. These findings suggest that
Se-induced increases in GAPC activity were due to stronger nucleophilic reactivity as a result of the formation of
a selenol group (-SeH) by a Se bond to the thiol group (-SH) of catalytic Cys through PTMs. This phenomenon is
also predicted to be involved in the mechanisms underlying the beneficial effects of trace amounts of Se on plants,
which have not yet been examined in detail. However, the mechanisms by which Se binds to a protein and enhances
enzyme activity in plants that do not incorporate Se as Sec during protein translation remain unclear.

We herein propose that Se-induced increases in enzymatic activity are attributed to the conversion of the catalytic
Cys thiol group to a selenol group by Se binding via PTMs. In support of this hypothesis, we refer to the nature of
Se in enzymatic activity and Se binding by PTMs to non-Se proteins. Sec is an important feature of selenoproteins
and is the 21st amino acid at which sulfur in Cys is replaced by Se [13]. The selenol group side chain (pK, = 5.2) of
Sec exhibits stronger nucleophilic reactivity under physiological conditions than the thiol group (pK, = 8.5) [14].
Formate dehydrogenase (FDH), a wild-type selenoprotein that contains catalytic Sec, had a higher catalytic constant
(Kcar) than mutant FDH, in which Sec replaced Cys [15]. The formation of Se-linked catalytic Cys by PTMs has been
demonstrated in experiments using bovine liver-derived rhodanese, a protein with catalytic Cys at its active site. In
vitro analyses revealed that a reaction with glutathione selenotrisulfide (GSSeSG) resulting from the reduction of
selenite by glutathione (GSH) was responsible for the conversion of the thiol group in catalytic Cys to a selenol group
[16]. Furthermore, reversible PTMs of the Cys residue, such as oxidation, S-nitrosylation, and S-hypersulfhydration,
have been shown to function as intracellular signals and modify protein functions. S-sulfhydration, the conversion
of the thiol group (Cys-SH) of catalytic Cys to a persulfide group (Cys-SSH), is expected to be a similar phenomenon
to that of PTMs by Se due to similarities in the chemical properties of S and Se [17, 18].

The present study investigated Se binding to proteins by PTMs, with a focus on the mechanisms underlying Se
binding to catalytic Cys and the resulting enhancements in enzyme activity. In planta and in vitro experiments were
performed using GAPC purified from Brassica oleracea var. italica, which has a higher Se accumulation capacity
than Arabidopsis [19], and its recombinant and mutant forms.

Materials and methods

Plant materials and growth conditions

Broccoli seeds (B. oleracea var. italica) were purchased from Nakahara Seeds Product Co., Ltd. (Hakata, Fukuoka,
Japan). They were sterilized with NaClO (1% active chlorine) for 10 min, washed twice with sterile water, and
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germinated on absorbent cotton medium impregnated with 4.3 g/L Murashige and Skoog basal salt mixture with
or without 1 uM selenate in a plant box. Seeds were initially subjected to low temperature conditions (4°C in the
dark) for 72 h, followed by dark conditions (room temperature in the dark) for 72 h. Seeds germinated under
these conditions were grown in a growth chamber (23°C, 14/10-h light/dark cycle) for 3 days. These steps were
performed aseptically, and sterilization was achieved by autoclaving at 121°C for 15 min.

Plasmid construction for the expression of BOGAPC and BoGAPC mutants

Synthetic genes encoding BoGAPC were obtained from Integrated DNA Technologies (IDT) (Coralville, IA, USA).
Synthetic genes encoding the single (BoGAPC-C156S and -C160S) and double (BoGAPC-C156S/C160S) mutants
of BoGAPC were also obtained from IDT. The EnsemblPlants (http://plants.ensembl.org/index.html) Gene ID
for BoGAPC is Bo5g017500. The nucleotide sequences of the genes were optimized for higher expression in
Escherichia coli without changing the amino acid sequences. The expression vectors for BoOGAPC and BoGAPC
mutants, pRham-BoGAPC and pRham-BoGAPC mutants (pRham-BoGAPC-C156S, pRham-BoGAPC-C160S, and
pRham-BoGAPC-C156S/C160S), were constructed using the Expresso Rhamnose Cloning and Expression System,
N-His in accordance with the manufacturer’s instructions. The expression of BOGAPC and BoGAPC mutants in E.
coli 10 G was performed as follows. E. coli cells harboring pRham-BoGAPC or pRham-BoGAPC mutants were grown
in LB_broth with 50 pg/mL kanamycin to OD600 =0.8 before induction with 0.2 % (w/v) rhamnose. Growth was
then continued at 18 °C for 24 h.

Measurement of GAPC activity

Three hundred milligrams of plant material was homogenized in 1 mL of 50 mM potassium phosphate buffer
(pH 8.0) containing 1 mM EDTA, 2.5 mM dithiothreitol (DTT), 1 mM GSH, 1% (w/v) polyvinylpyrrolidone, and
10% (v/v) glycerol using a mortar and pestle. The homogenate was centrifuged at 12,000 X g for 10 min and
the supernatant was collected as a crude enzyme solution. NAD-dependent GAPC (EC 1.2.1.12) was measured
as the increase in absorbance at 340 nm due to the oxidative reduction of NAD" to NADH. The reaction mixture
contained the enzyme preparation, 0.3 mM glyceraldehyde-3-phosphate (G3P), and 0.15 mM of NAD" in 120 uL
of assay buffer (15 mM pyrophosphate buffer, 30 mM sodium arsenate, and 2 mM DTT at pH 8.5). The increase in
absorbance at 340 nm at 25°C was monitored for three minutes using a microplate reader. All experiments and
assays were performed in triplicate.

Purification of GAPC and recombinant proteins
The purification procedure for GAPC was as follows: the crude enzyme solution was centrifuged at 12,000 x
g for 30 min and the supernatant was collected. Ammonium sulfate was then dissolved in the solution to 30%
saturation. After being left to stand for 30 min, the resulting precipitate was removed by centrifugation and the
supernatant was collected for the next step. The enzyme solution was charged onto a HiTrap Phenyl FF high sub
column (GE Healthcare) previously equilibrated with buffer A (50 mM potassium phosphate, pH 7.5, 10% (w/w)
glycerol, 2.5 mM DTT, 1 mM GSH, and 1 mM EDTA) containing 30% saturated ammonium sulfate, followed by
washing with five column volumes of the same buffer. Elution was performed with a linear gradient of 30-0%
ammonium sulfate saturation in buffer A. Active fractions were collected and concentrated by ultrafiltration using
Amicon ultra-15 (Merck Millipore) for the final step. The concentrated enzyme solution (<1 mL) was applied to
a ProteoSEC Dynamic 6-600kDa HR resin (Protein Ark) column previously equilibrated with buffer A containing
0.15 M NaCl. The column was washed with the same buffer, and the active fractions were saved as the purified
enzyme preparation.

The recombinant proteins, wild-type BoGAPC, C156S, C160S, and C156S/C160S were purified using the Ni-NTA
column and Sephacryl S-100 as previously described [20].
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Se quantification

Se concentrations were measured using Hydride Generated-Atomic Fluorescence Spectrometry (HG-AFS: Millennium
Excalibur, PSA, Orpington, UK). Measurement conditions were as follows: flow rate, 1 mL/min; injection volume,
100 pL; acid carrier, 50% (v/v) HCl; reductant, and 0.7% (w/v) NaBH, in 0.1% NaOH. Se concentrations were
assessed based on a calibration curve created using selenate.

Synthesis of Se-binding GAPC (Se-GAPC) in vitro

Purified GAPC was reduced by DTT and reacted with a reaction mixture containing GSSeSG or selenite at room
temperature for 10 min. GAPC after the reaction was separated into GAPC and a low-molecular-weight Se compound
using the PD-10 column (GE Healthcare). Eluted fractions were applied to Se measurements by HG-AFS and protein
quantification by the UV absorption method at 280 nm, and the selenylation of GAPC was evaluated. GSSeSG
solution was prepared by reacting selenite and GSH at a concentration ratio of 1:4 at 24°C for 10 min in 50 mM
potassium phosphate (pH 7.4).

Detection of selenol groups with BES-Thio

A 25 uM 3’-(2,4-dinitrobenzenesulfonyl)-2',7'-dimethylfluorescein (BES-Thio, Wako) solution was prepared by
dissolving BES-Thio in 99.5% ethanol and diluting it with 50 mM potassium phosphate buffer at pH 5.8. BES-Thio
solution was mixed with the sample solution to a final BES-Thio concentration of 22.5 uM, and then incubated at
37°C for 10 min. Fluorescence intensity was measured using a fluorometer (Excitation: 495 nm, Emission: 535 nm).

Results

Purification and Se quantification of GAPC

To examine the synthesis of Se-GAPC and its enzymatic properties in planta, we selected the appropriate Se
concentration to add to B. oleracea during cultivation. The effects on fresh weight and hypocotyl length revealed
that selenate at concentrations of 5 uM or higher had a negative effect on the plants (Fig. S1). On the other
hand, plants supplemented with 1 pM selenate showed no growth inhibition and maintained high GAPC activity
compared to the control plants. Therefore, the optimal concentration of selenate to be added during cultivation was
determined to be 1 uM to obtain Se-supplemented plants for subsequent experiments. Furthermore, GAPC activity
was significantly stronger than that of the control. To elucidate the cause of enhanced GAPC activity following the
addition of selenate, GAPC was purified from control and 1 uM selenate-supplemented plants. The results of SDS-
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Fig. 1. Analysis of selenium in purified GAPC(-Se) and GAPC(+Se).
(A) Detection of selenium in purified GAPC(-Se) and GAPC(+Se) using HG-AFS. Detected fluorescence
was applied to the calibration curve prepared from signals of selenite with varying concentrations to
calculate the amount of selenium in the sample. (B) The relationship between relative quantities of
selenium and purified GAPC. Quantities of purified GAPC were assessed by UV absorbance.
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PAGE followed by the silver staining of both samples showed the presence of a single band at a molecular weight
of approximately 37,000 Da in the GAPC active fraction by gel filtration chromatography (Fig. $2). GAPC active
fractions from control and 1 uM selenate-supplemented plants were recovered as GAPC(-Se) and GAPC(+Se),
respectively. Comparisons of the specific activities of each purified enzyme confirmed that GAPC(+Se) exhibited
1.37-fold stronger specific activity than GAPC(-Se) (Table S1). HG-AFS detected a fluorescence peak, indicating
the presence of Se from GAPC(+Se), thereby proving the binding of Se to GAPC(+Se) with enhanced activity (Fig.
1A). The results of Se quantification by HG-AFS and protein quantification showed that 0.62 nmol of GAPC(+Se)
contained 0.33 nmol Se (Fig. 1B).

Mechanisms underlying Se-GAPC synthesis

The results of enzyme activity measurements and Se quantification using purified GAPC demonstrated that Se-
GAPC was synthesized in planta, which enhanced GAPC activity. Since previous studies reported that Se binding
by PTMs in proteins involved GSH in vivo, we focused on GSH and investigated the mechanisms underlying the
synthesis of Se-GAPC. Using buthionine sulfoximine (BSO), which inhibits GSH biosynthesis, we cultivated GSH-
limited plants. The results obtained showed that the addition of 10 uM BSO reduced the total GSH level of both
control and 1 pM selenate-supplemented plants to 30% of that without BSO (Fig. S3A). Comparisons of GAPC
activity between GSH-unrestricted and -restricted plants showed that Se-induced enhancements in GAPC activity
were not observed in GSH-restricted plants (Fig. S3B). We then attempted to synthesize Se-GAPC in vitro for a
more detailed investigation, including the enzymatic properties of Se-GAPC. This method was designed based on
the result showing that Se binding to catalytic Cys was caused by GSH-mediated PTM. After the reaction between
GSSeSG, which was produced by GSH reducing selenite, and reduced GAPC, the mixed solution was applied to a
desalting column (PD-10). As a result of separating the reaction mixture containing GAPC and GSSeSgG, elution
peaks of one GAPC and two Se were detected, and one of the two Se was eluted simultaneously with GAPC. The
number of moles of Se eluted simultaneously with GAPC was four-fold that of GAPC (Fig. 2A). Since the PD-10
elution pattern of GSSeSG solution only showed one Se peak between elution volumes of 7-11 mL (Fig. 2B), the
Se elution peak was not consistent with that of GAPC between elution volumes of 7-11 mL in Fig. 24, indicating
that low-molecular-weight Se did not bind to GAPC. Based on these results, the reaction between reduced GAPC
and GSSeSG generated Se-GAPC, which exhibited 1.6-fold stronger GAPC activity than that of GAPC (Fig. 2C).
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Fig. 2. Synthesis of Se-GAPC by the reaction between GAPC and GSSeSG in vitro. Separation results of the reaction
solution containing GAPC and GSSeSG (A) or only GSSeSG (B).
Separation of the solution was performed using PD-10, with high molecular weights (>5000 Da) and low molecular
weights (<1000 Da) being separated into fractions. The amounts of Se and proteins were analyzed by HG-AFS and
UV absorption at 280 nm, respectively. (C) Comparison of the enzyme-specific activities of Se-GAPC and GAPC.
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Analysis of enzyme properties using Se-GAPC synthesized in vitro

Following the successful synthesis of Se-GAPC by the reaction between reduced GAPC and GSSeSG in vitro, we
conducted a detailed analysis of the properties of Se-GAPC. We compared the fluorescence of BES-Thio to those
of GAPC and Se-GAPC at pH 5.8 to prove the hypothesis that the enhanced enzymatic activity of Se-GAPC is due to
the conversion of the thiol group (SH) of catalytic Cys to a selenol group (SeH) by Se bonds. BES-Thio fluoresces
when deprotected by aromatic nucleophilic substitution with a thiol or selenol group because the pK,(SeH) of Sec
is 5.2, which is markedly lower than the pK,(SH) of 8.3 for the thiol cysteine (Cys), and selenol acts as a stronger
nucleophile than the thiol. Fig. 3A shows the results of a preliminary experiment using Cys and Sec as models for
the thiol and selenol groups; at pH 5.8, the fluorescence intensity of BES-Thio was stronger for Sec than for Cys.
In the experiment using GAPC and Se-GAPC, the same results were obtained for Se-GAPC as those shown in Fig.
3A; fluorescence intensity at pH 5.8 was stronger than that of GAPC, which demonstrated that Se formed a selenol
group in Se-GAPC (Fig. 3B). Reduced and purified recombinant GAPC (BoGAPC) and mutants (C156S, C160S, and
C156S/C160S) were then reacted with GSSeSG to confirm the binding of Se to BoOGAPC and mutant proteins and
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the generation of selenol groups by PTM. At the same A
time, the activity of GAPC was measured. No selenol

group was detected in the mutant (C156S) in which
20

catalytic Cys was mutated to Ser or in the double
mutant (C156S/C160S), and there was no enzyme
activity. In contrast, BOGAPC and C160S, in which
Cys 156 was conserved, possessed a selenol group

Selenylated GAPC
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and increased enzyme activity, respectively (Fig. 3C,
D). These results indicate that GAPC with a selenol
group at catalytic Cys (selenylated GAPC) exhibited
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of selenylated GAPC were 1.49-, 1.48- and 1.86-fold as the substrate (A). Kinetic characterization of
higher, respectively, than those of GAPC. These results GAPC and selenylated GAPC (B).

indicate that the generation of a selenol group to Data are shown as the mean value of triplicate
the catalytic Cys of GAPC by PTM increased enzyme measurements.

activity.

Discussion

The selenylation of GAPC was synthesized in B. oleracea var. italica grown in the medium containing 1 pM

selenate

GAPC(+Se) purified from 1 pM selenate-supplemented plants exhibited stronger enzyme-specific activity and Se
binding of 0.5 to 1 mol of GAPC than GAPC(-Se) from control plants. This result confirmed enhancements in enzyme
activity by Se binding to proteins, which is consistent with previous findings from A. thaliana and C. reinhardtii
[11, 12]. On the other hand, since GAPC forms homotetramers and has four catalytic Cys sites per molecule, 4 mol
of Se is expected to bind to 1 mol of GAPC. However, GAPC(+Se) showed binding of 0.5 mol of Se to 1 mol of GAPC,
which was lower than expected. Previous studies using rhodanese, in which Se binding to catalytic Cys in the
active center was confirmed, reported that Se was released from rhodanese following the treatment of Se-bound
rhodanese with DTT [16]. Therefore, a certain amount of Se is detached from GAPC(+Se) during the process of
GAPC purification using a buffer containing DTT, which contributes to maintaining the stability of proteins with
catalytic Cys. Although the exact amount of Se binding in GAPC (+Se) before purification remains unknown, it may
be higher than the value obtained in the present study.

The reaction by GSSeSG converts GAPC to selenylated GAPC

The results of experiments using GSH-restricted plants suggest the involvement of GSH in the selenylation of Se-
GAPC in planta. GSH is a biomolecule that plays a role in the maintenance of the cellular redox balance in many
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species, including plants, and reduces selenite to GSSeSG, the glutathione selenide anion (GSSe’), and HSe by non-
enzymatic reactions [21]. Selenylated GAPC, in which GAPC and Se are bound at a molar ratio of 1:4, was recovered
from the in vitro reaction of GSSeSG with reduced GAPC. Since GAPC is a homotetramer-forming protein with one
catalytic Cys site per subunit, it is reasonable that a 4-fold higher amount of Se than GAPC was recovered. These
results clearly demonstrate the role of GSH in Se binding by PTMs to the catalytic Cys of GAPC. However, since
GSSeSG is unstable in neutral solution and rapidly decomposes into GSSe- and HSe-, GSSeSG may not be directly
involved in the transition of Se to catalytic Cys in the protein. Previous studies on the S-sulfhydration of proteins
demonstrated that the gaseous compound sulfide (HS) functioned as a sulfur donor to catalytic Cys [22]. Based
on these findings, we speculate that HSe- generated by the decomposition of GSSeSG is the direct Se donor to the
catalytic Cys. Se binding to Cys in GAPC in plant cells, however, occurs under reducing conditions, not oxidizing
conditions. Therefore, as proposed by Ogasawara et al. [16], it is highly likely that Cys in GAPC undergoes thiol
exchange with GSSeSG to form Cys-S-Se-SG, which is then reduced by physiological reducing agents such as
glutaredoxin and thioredoxin to generate Cys-S-SeH.

Selenylation of GAPC and enhancements in enzyme activity

Experiments using BES-Thio showed that GSSeSG converted the thiol group of the catalytic Cys to a selenol group,
resulting in an increase in the nucleophilic reactivity of the catalytic site of selenylated GAPC. Based on previous
findings, we speculated that the selenol group of selenylated GAPC was due to S-selenylcysteine (Cys-S-SeH). Se
binding to the catalytic Cys of GAPDH, a non-selenoprotein, by a bond similar to the disulfide bond cleaved by DTT
was previously confirmed in E. coli [23]. The release of Se bound to Cys residues in proteins by a treatment with
DTT has also been reported in Se-binding rhodanese[16].

Physiological significance other than enhancements in enzyme activity in planta

Previous studies on S-sulfhydration revealed more than 2000 different S-sulfhydrated proteins in A. thaliana [22].
Furthermore, S-sulfhydration positively and negatively affected enzyme activities: GAPDH, APX, and ParkinE3
ligase were activated by a NaHS treatment [22,24], while PTP1B enzyme activity was inactivated [25]. Therefore,
Se binding to the catalytic Cys of proteins, i.e., S-selenylation, is expected to occur in proteins other than GAPC,
resulting in enhanced or inactivated enzyme activity. S-sulfhydration also functions as a stress signaling mechanism
by regulating the subcellular localization of various proteins, including GAPC [26-28]. Based on these findings, we
hypothesize that the S-selenylation of proteins, including GAPC, is involved in intracellular signaling and may be
one of the unidentified Se dynamics in plants.

Furthermore, S-selenylation of GAPC in plant cells maintained in reducing state under non-stress conditions
is thought to be one of the mechanisms to avoid damage caused by highly toxic Se compounds, such as selenate
randomly taken up via sulfate transporters in the roots, and selenite and Sec produced from selenate via the
dissimilatory reduction pathway.
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Supplementary data

Table S1. | Purification of GAPC from Brassica oleracea vatr.italica grown in MS medium with or without 1 pM selenate.
Control refers to plants grown in MS medium that does not contain selenate.

Control
Total protein Total activity Specific activity Yield Purification rate
(mg) (umol/min)  (umol/min/mg protein) (%) (fold)
Crude extract 91.4 2.41 0.026 100 1.0
Ultra Centrifugation 76.4 2.08 0.027 86.3 1.0
30% ammonium Sulfate 48.4 1.30 0.027 53.9 1.0
Precipitation
Hydrophobic Interaction 0.94 018 0.19 7 47 731
Chromatography
Gel Filtration 0.008 0.033 413 137 158.8
Chromatography
1 uM Selenate
Total protein Total activity Specific activity Yield Purification rate
(mg) (umol/min)  (umol/min/mg protein) (%) (fold)
Crude extract 50.3 1.48 0.029 100 1.0
Ultra Centrifugation 42.6 1.24 0.029 83.8 1.0
o .
S0% ammonium Sulfate 27.5 0.88 0.032 59.5 1.1
recipitation
Hydrophobic Interaction 1.22 021 017 142 586
Chromatography
Gel Filtration 0.007 0.04 5.71 2.70 196.9

Chromatography
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Effects of selenate on the growth of Brassica oleracea vatr.italica.

(A) Growth of plants with MS medium containing 0-200 uM selenate. Control refers to no addition of
selenate. (B) Fresh weight as a growth parameter. (n=20). (C) Hypocotyl length as a growth parameter.
(n=20). (D) Results on the Se quantification of crude extracts showing the incorporation of Se into
plants. (E) GAPC activity in crude extracts prepared from plants grown in various concentrations of

selenate (n=3). Different letters represent a significant difference (p < 0.05).
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Fig. S3. | Effects of GSH on Se-binding GAPC synthesis in planta.
(A) The amount of GSH in B. oleracea (control) and 1 uM selenate-supplemented plants (+Se)
and the amount of GSH in plants cultivated in the presence of BSO. GSH-restricted plants were
produced by addition of 10 uM BSO to control and 1 uM selenate-supplemented plants. (B)
Effects of the restriction of GSH on GAPC activity in control and 1 uM selenate-supplemented
plants (n=3). Different letters represent a significant difference (p < 0.05).
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Abstract

Selenophosphate synthetase SelD from Haemophilus influenzae (HinSelD) has a selenocysteine (Sec) residue
at its active site, while its Escherichia coli homolog (EcoSelD), which shares 65% amino acid sequence identity,
contains cysteine (Cys) instead. This difference prompts questions about the evolutionary divergence between
Sec-type and Cys-type SelD enzymes. We used bioinformatics tools to compare the selenocysteine insertion
sequence (SECIS) elements of the Sec-type selD gene with the corresponding sequence regions of the Cys-type
genes. Our analysis showed vital conservation between the UGA Sec codon and SECIS secondary structures.
We also tested if HinSelD SECIS could support Sec insertion in E. coli. Results indicated that HinSelD SECIS is
recognized by E. coli, enabling Sec incorporation. Nucleotide differences between HinSelD and EcoSelD SECIS
regions affected translation efficiency, with mutants G69A, A75G, G77A, and U84C showing 93%, 81%, 69%,
and 69% of wild-type translation levels, respectively. Additionally, the Sec16Cys mutant of HinSelD exhibited a
similar expression level compared to the wild-type, suggesting the secondary structure of the SECIS does not

inhibit the translation of the preceding UGC codon for Cys.
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Introduction

Selenium is an essential trace element incorporated into

proteins as the selenocysteine (Sec) residue, which plays
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a crucial role in biological functions [1]. Proteins that
specifically incorporate Sec are known as selenoproteins,

characterized by their high catalytic activity, making them
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tRNA specific for Sec, known as tRNA*, which is charged
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A 1 10 v 20 30 40
HinSelD MEEKIRLTQYSHGAGUGCKISPKVLGTILHSELEKFYDPNLI
EcoSelD MSENSIRLTQYSHGAGCGCKISPKVLETILHSEQAKFVDPNLL

" Tedevedededededededede dedededededededede fededefehh wHede ek

B 1 10 20 30 40 50
HinSelD UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAUUCAGAA
EcoSelD UGCGGCUGUAAAAUUUCCCCAAAAGUGUUGGAAACCAUCCUGCAUAGUGAG

Figure 1. | Comparison of the N-terminal amino acid sequences and SECIS element nucleotide sequences of
EcoSelD and HinSelD

(A) Arrows and red text indicate the positions of Sec16 (U) in HinSelD and Cys17 (C) in EcoSelD.
Conserved amino acid residues are marked with an asterisk (*), and the amino acid sequences encoded
by the SECIS region are highlighted in blue. (B) Nucleotide sequences of the SECIS element in the
HinSelD gene and the corresponding region in the EcoSelD gene. Nucleotide differences in the SECIS
element of HinSelD and corresponding region of EcoSelD are highlighted in red and blue, respectively.

[4]. The enzyme Sec synthase SelA then converts seryl-tRNA*® and selenophosphate into Sec-tRNA** [2]. On
the mRNA of selenoproteins, an in-frame UGA codon is present, along with a selenocysteine insertion sequence
(SECIS) element that adopts a stem-loop secondary structure, essential for translating UGA as a Sec codon rather
than a stop codon [5]. The specialized translation elongation factor SelB interacts with SECIS, Sec-tRNA**, and the
ribosome, facilitating the insertion of Sec at the UGA codon [5]. Bacterial SECIS elements share several conserved
features: the apical loop, located 16-37 nucleotides downstream of the UGA codon, comprises 3-14 nucleotides
and contains at least one guanine (G) residue [6]. Below the apical loop is a stem structure of 4-16 base pairs.

Selenophosphate synthetase SelD with a Sec residue at the active site has been identified in Haemophilus
influenzae (HinSelD) [7]. HinSelD shares a high sequence homology with Escherichia coli SelD (EcoSelD), with
65% identity at the amino acid level. The Sec16 residue in HinSelD corresponds to a cysteine residue (Cys17)
in EcoSelD [8]. The surrounding amino acid sequences around the Sec in HinSelD and the Cys in EcoSelD are
highly conserved (Figure 1A). A comparison of the nucleotide sequences of the SECIS elements between EcoSelD
and HinSelD revealed a few nucleotide substitutions, but overall conservation was observed (Figure 1B). This
observation raises intriguing questions regarding the evolutionary divergence between Sec-type and Cys-type SelD
enzymes. In this study, bioinformatics approaches were used to compare the nucleotide sequences and secondary
structures of the SECIS regions in Sec-type and Cys-type SelDs from different microorganisms, revealing a high
degree of conservation between the presence of the UGA Sec codon and the characteristic secondary structures of
the SECIS elements. In addition, we introduced nucleotide substitution in the SECIS element of the HinSelD gene
to produce variants, G69A, A75G, G77A, and U84C, based on the comparison with the same region of the EcoSelD
gene. The G69A, A75G, G774, and U84C mutants exhibited translation product levels of 93%, 81%, 69%, and
69%, respectively, of the wild-type, suggesting some flexibility in the recognition of HinSelD SECIS by the E. coli
translation system. Furthermore, in the Sec16Cys mutant of HinSelD, there was no significant change in expression
levels compared to the wild-type, suggesting the secondary structure of the SECIS does not inhibit the translation
of the preceding UGC codon for Cys.

Materials and methods

Phylogenetic analysis

The amino acid sequence of HinSelD (R2866_0388) was used as a query for a BLASTp [9] search in KEGG (https://
www.genome.jp/kegg/) to retrieve sequences from SelD proteins of 19 Pasteurellales species and 14 Enterobacterales
species, including various Haemophilus and Mannheimia species. Sequences with shifted start codons, such as

Metallomics Research 2024; 4 (3) #MR202408 reg27



SECIS-mediated divergence in selenophosphate synthetase

Haemophilus pittmaniae (NCTC13334_01230), Haemophilus parainfluenzae (PARA_00030), and Mannheimia
succiniciproducens (MS1241), were manually corrected to obtain full-length sequences. An outgroup, Geobacter
sulfurreducens SelD (gsu0607), was included in the alignment. Multiple sequence alignment was performed using
Muscle on MEGA7 [10], and a maximum-likelihood phylogenetic tree was constructed using IQ-TREE2 with the
LG+G4 model [11]. Bootstrap values were calculated with 1,000 replications using SH-aLRT [12] and Ultrafast
Bootstrap [13]. The phylogenetic tree was visualized using iTOL v6 [14].

RNA secondary structure prediction

In the HinSelD gene (R2866_0388), the SECIS element was defined as the 51 nt sequence starting from the 5’
end of the UGA codon for selenocysteine (Figure 1A). SECIS-like sequences were extracted from the 34 selD gene
sequences based on multiple sequence alignment. RNA secondary structures of these SECIS-like sequences were
predicted using the MXfold2 Server (http://www.dna.bio.keio.ac.jp/mxfold2/) [15].

Bacterial strain, culture conditions, and preparation of crude extracts

E. coli BL21(DE3) cells transformed with an expression plasmid were cultured in Luria-Bertani (LB) medium
containing 0.3% glucose, 1 pM sodium selenite, 10 uM sodium molybdate hydrate, and 100 pg/mL ampicillin at
37°C with shaking until the ODgo reached 0.55-0.64. Protein expression was induced by adding 0.1 mM isopropyl
B-D-thiogalactopyranoside (IPTG) or 0.4% lactose, followed by incubation at either 37°C or 30°C for 6 h, with
shaking or static conditions. After incubation, cells were harvested by centrifugation, washed twice with phosphate-
buffered saline (PBS), and disrupted using ultrasonic sonication UP50H (Hielscher, Teltow, Germany). The lysate
was centrifuged at 15,000 X g for 10 min at 4°C. The supernatant was collected as a crude extract.

Plasmid construction

The expression plasmid for HinSelD, pET21aHinSelD, was obtained through synthetic gene production by GenScript
(Piscataway, NJ, USA). The expression plasmid for EcoSelD, pET21aEcoSelD, was constructed by inserting the E. coli
selD gene fragment into the Ndel and BamHI sites of pET21a(+) (Merck KGaA, Darmstadt, Germany). Site-specific
mutations in the HinSelD expression plasmid pET21aHinSelD were introduced by GenScript.

Western blotting

Proteins separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) were transferred
to polyvinylidene difluoride (PVDF) membranes (Immobilon-P, Merck Millipore, MA, USA) using a TransBlot SD
Semi-dry Transfer Cell (Bio-Rad, CA, USA). An anti-His tag antibody (monoclonal antibody 9C11, FUJIFILM Wako
Pure Chemical Corporation, Osaka, Japan) was used as a primary antibody at 1,000-fold dilution. For secondary
antibody, anti-mouse IgG(H+L) (Peroxidase Labeled Goat anti-Mouse IgG(H+L) Human Serum Adsorbed, KPL
Antibodies & Conjugates, SeraCare, MA, USA) was used at a 14,000-fold dilution. Detection was performed using
chemiluminescence (Chemi-Lumi One Super, Nacalai Tesque, Kyoto, Japan) and analyzed with an imaging system
(Amersham Imager 600, Cytiva, MA, USA). The band intensities were quantified using Image]J software [16].

Results and discussion

Phylogenetic analysis of SelD

To investigate the evolutionary relationships between Sec-containing and Cys-containing SelD enzymes, a molecular
phylogenetic tree was constructed for SelD enzymes from 34 bacterial species, including those from the order
Pasteurellales (which includes H. influenzae) and the order Enterobacterales (which includes E. coli) (Figure 2).
The analysis revealed that Pasteurellales species harbor both Sec-type and Cys-type SelD enzymes, indicating a
diverse evolutionary adaptation within this order. In contrast, SelD enzymes in Enterobacterales are predominantly
Cys-type, suggesting a possible loss or replacement of the Sec residue during evolution in this lineage.
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Figure 2. | Phylogenetic tree of SelD from 34 bacterial species
Pasteurellales ... sy os405 . o o
- Selenocysteine-containing SelD enzymes are indicated
mbes 1CJ55_09770 . . ) .
mht D648 7310 in red, while cysteine-containing SelD enzymes are
mann GM695_09155 shown in black. SelD sequences used were from
=) [SS(EER) (R Haemophilus pittmaniae (NCTC13334_01230), Haemophilus
aper DDU33_06660 . . ..
gle CJD39_01930 parainfluenzae (PARA_00030), Rodentibacter heylii
’E aio EXH441 09840 (FEE42_11980), Mannheimia succiniciproducens (MS1241),
hap HAPS_0664 Actinobacillus succinogenes (Asuc_1749), Pasteurella
gan UMN179_00129 .
a0 ANHO381_1552 aerogenes (NCTC13378_00962), Pasteurella multocida
paet NCTC13378_00962 (PMO0790), Pasteurella dagmatis (4362423_01086),
pdag 4362423 01086 Aggregatibacter actinomycetemcomitans (ANH9381_1552),
22“;'\“"37??49 Gallibacterium anatis (UMN179_00129), Glaesserella
msu MS 1541 parasuis (HAPS_0664), Actinobacillus indolicus
|| hiz R2866_0388 (EXH44_09840), Glaesserella sp. 15-184 (CJD39_01930),
W TEAKCHRER ) G AclE Actinobacillus porcitonsillarum (DDU33_06660),
hpr PARA_00030 . .
they FEE42_11980 Haemophilus parahaemolyticus (E5Q53_02265),
Enterobacterales pshi SAMEA2665130_2106 Actinobacillus suis (ASU1_05425), Mannheimia bovis
spe Spro_2720 (ICJ55_09770), Mannheimia ovis (GM695_09155),
ype YPO2164 .o . .y
oreig EKNS8, (4870 Mannheimia haemolytica (D648_7310), Escherichia
Iri NCTC12151_01458 coli (b1764), Salmonella enterica (STY1817), Klebsiella
hav AT03_10065 pneumoniae (KPN_01207), Enterobacter cloacae
p’:rv :“;ﬁ;f%? (ECL_02462), Cronobacter turicensis (CTU_18100), Erwinia
ebi EbC_24140 billingiae (EbC_24140), Proteus mirabilis (PMI1497),
ctu CTU_18100 Xenorhabdus bovienii (XBW1_2237), Hafnia alvei
o Eféﬁﬂf]‘:zf] , (AT03_10065), Leminorella richardii (NCTC12151_01459),
n
T pem e Jinshanibacter zhutongyuii (EKN56_04870), Yersinia pestis
® SH-aLRT >80% & UFBoot >95% sty STY1817 (YPO2164), Serratia proteamaculans (Spro_2720), and
Plesiomonas shigelloides (SAMEA2665130_2106).

Secondary structure prediction of SECIS elements in SelD genes

We predicted the secondary structures of the SECIS elements and corresponding regions (in the case of Cys-
type SelD) in the selD genes from 34 bacterial species. For HinSelD (R2866_0388), the SECIS was defined as
the 51-nt sequence downstream of the UGA codon that encodes the selenocysteine residue (Figure 1B). Using
multiple sequence alignment, SECIS regions were extracted from the selD nucleotide sequences of the 34 species
(Table 1). The RNA secondary structures of these SECIS regions were predicted using the MXfold2 Server [15]
(Figure 3 & Supplementary Figure S1). In Sec-type SelDs, such as those from Actinobacillus suis and HinSelD,
the predicted secondary structures conformed to the consensus model for SECIS elements. Conversely, in Cys-
type SelDs, including EcoSelD, the predicted secondary structures differed significantly from those of the Sec-type
SECIS (Figure 3). For instance, in the Cys-type Glaesserella sp. SelD, the predicted structure resembled the SECIS
secondary structure but lacked the characteristic apical loop guanine (G) and had only three base pairs in the
stem, deviating from the typical SECIS model. These findings suggest a high degree of conservation between the
presence of the UGA codon for Sec and the characteristic secondary structure of SECIS. A comparative analysis of
nucleotide sequences specifically focused on the SECIS regions of Sec-type SelD enzymes is shown in Figure 4A.
The secondary structure predicted from this consensus sequence is depicted in Figure 4B and aligns well with
previously proposed bacterial SECIS models [6].

Investigation of HinSelD SECIS functionality in E. coli and optimization of expression conditions

To examine if the HinSelD SECIS is able to be translated in an E. coli host translation system, the expression vector
pET21aHinSelD, which produces HinSelD with a C-terminal His-tag, and pET21aEcoSelD expressing C-terminal
His-tagged EcoSelD were introduced into E. coli BL21(DE3) cells, and various expression conditions were tested.
The results from SDS-PAGE and western blot analyses of the crude extracts after cultivation showed that increased
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Table 1. | SECIS regions from the selD nucleotide sequences of the 34 species

selD gene ID

SECIS region

ass:ASU1_05425
mbos:IC]55_09770
mht:D648_7310
mann:GM695_09155
hpaa:E5Q53_02265
apor:DDU33_06660
gle:CJD39_01930
aio:EXH44_09840
hap:HAPS_0664
gan:UMN179_00129
aa0:ANH9381_1552
paet:NCTC13378_00962
pdag:4362423_01086
pmu:PM0790
asu:Asuc_1749
msu:MS1241
hiz:R2866_0388
hpit:NCTC13334_01230
hpr:PARA_00030
rhey:FEE42_11980
pshi:SAMEA2665130_2106
spe:Spro_2720
ype:YPO2164
prag:EKN56_04870
Iri:NCTC12151_01459
hav:AT03_10065
xbv:XBW1_2237
pmr:PMI1497
ebi:EbC_24140
ctu:CTU_18100
enc:ECL_02462
kpn:KPN_01207
eco:b1764

sty:STY1817

UGAGGCUGUAAAAUUUCUCCUAAGGUGUUAGGGACAAUUUUACAAAGUCAG
UGAGGUUGUAAGAUUUCUCCUAAGGUGUUAGGGACAAUUUUACAAACGCAA
UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAAACUCAA
UGAGGCUGUAAAAUUUCUCCUAAGGUGUUAGGGACGAUUUUACAAACGCAA
UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAUAGCGAA
UGAGGCUGUAAAAUUUCUCCUAAGGUGUUAGGGACCAUUUUACAAAGCCAA
UGCGGUUGUAAAAUUUCCCCAAAAGUGCUUGAGCAAAUUCUGCAUACAGAA
UGUGGCUGUAAAAUUUCCCCGAAAGUGCUUGAACAAAUCUACACAUAGAA
UGUGGCUGUAAAAUUUCCCCGAAAGUCCUUGAACAAAUUCUGCACACAGAA
UGCGGUUGUAAAAUUUCCCCUAAAGUUUUAGAAACCAUUCUUCACACAGAA
UGUGGUUGUAAAAUCUCGCCUAAGGUAUUAGAGAGUAUUCUGCAUUCAAAA
UGUGGUUGUAAAAUUUCGCCUAAAGUAUUAGAGACGAUUUUGCAUUCCAAC
UGUGGGUGUAAAAUUUCACCAAAAGUGCUUGAGCAAAUUUUACAUUCUGAA
UGCGGCUGUAAAAUUUCGCCGAAAGUCCUCGAAAAGAUUUUACACUCUGAC
UGAGGCUGUAAAAUUUCGCCUAAGGUAUUAGGGACUAUUUUACAAACGAAA
UGAGGCUGUAAGAUUUCUCCUAAGGUGUUAGGGACUAUUUUACACAGUCAG
UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAUUCAGAA
UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAAAGCGAA
UGAGGUUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAGACUAAA
UGAGGCUGUAAAAUUUCGCCUAAGGUGUUAGGGACAAUUUUACAAACGCAA
UGUGGGUGUAAAAUCUCGCCUAAAGUGCUGGAUACCAUCUUGCACUCGGAA
UGCGGUUGUAAAAUCUCACCGAAAGUUCUCGAAACUAUUCUGCACAGCGAG
UGUGGUUGCAAGAUUUCACCAAAAGUUUUGGAUAAAAUUUUGCAUACUGAG
UGUGGCUGCAAAAUCUCCCCAAAAGUACUGGAAACGAUCCUGCAUUCUGAG
UGCGGGUGUAAAAUCUCGCCGAAAGUGUUGGAAACGAUUCUCCACUCCGAG
UGUGGAUGUAAGAUCUCCCCUAAAGUGUUAGAAACCAUUCUGCACAGCGAA
UGUGGCUGUAAAAUUUCGCCAAAAGUGUUGGAAACUAUUCUGCACAGUGAG
UGUGGCUGCAAAAUUUCACCAAAAGUUUUGGAAACGAUUUUACAUAGUGAA
UGCGGCUGUAAGAUUUCACCCAGCGUGCUGGAGACCAUACUGCACAGCGAU
UGCGGUUGUAAAAUUUCCCCGAAAGUGCUGGAAACCAUCCUGCACAGCGAU
UGCGGUUGUAAAAUUUCCCCCAAAGUGCUGGAAACCAUCCUGCACAGUGAA
UGUGGUUGUAAAAUUUCCCCGAAAGUGCUGGAAACUAUCCUGCAUAGCGAG
UGCGGCUGUAAAAUUUCCCCAAAAGUGUUGGAAACCAUCCUGCAUAGUGAG

UGCGGUUGUAAAAUUUCCCCUAAAGUGCUGGAGACUAUCCUGCAUAGCGAG
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Actinobacillus suis Haemophilus influenzae Escherichia coli Glaesserella sp.
ASU1_05425 R2866_0388 b1764 CJD39_01930
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Figure 3. | Prediction of the secondary structure of selD SECIS and corresponding regions
SECIS-like sequences and their corresponding regions were extracted from four representative selD
nucleotide sequences, and RNA secondary structure prediction was performed using the MXfold2 Server
(http://www.dna.bio.keio.ac.jp/mxfold2/). The origin of each SECIS sequence is as follows: Actinobacillus
suis (Sec-type, ASU1_05425), Haemophilus influenzae (Sec-type, R2866_0388), Escherichia coli (Cys-type,
b1764), Glaesserella sp. 15-184 (Cys-type, CJD39_01930).
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Figure 4. | (A) Comparison of nucleotide sequences of SECIS elements in Sec-type SelD genes. (B) Predicted
secondary structure derived from the consensus sequence of SECIS elements in Sec-type SelD
genes
(A) The multiple alignment was created using CLC sequence viewer. (B) The secondary structure
predictions were performed using the MXfold2 server (http://www.dna.bio.keio.ac.jp/mxfold2/).
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Coomassie Brilliant Blue (CBB)-stained protein bands and immuno-reactive bands around 37 kDa were observed for
both HinSelD (calculated molecular mass of 37.2 kDa) and EcoSelD (calculated molecular mass of 37.5 kDa) under
IPTG induction, indicating successful expression of HinSelD in E. coli (Figure 5). This suggests that the HinSelD
SECIS is functional for Sec insertion in the E. coli host translation system. [PTG induction resulted in higher protein
expression levels compared to lactose induction. Based on the results, the optimal expression conditions were
determined to be shaking incubation at 37°C with 0.1 mM IPTG, which were employed for subsequent analyses.
EcoSelD migrated faster than HinSelD on SDS-PAGE for reasons that remain unclear.

M1234567 MS89101121314

2 12 3 45 6 7 8 9 10 11 12 13 14

e N ., 4

Figure 5. | Optimization of expression conditions for HinSelD and EcoSelD
Crude cell extracts (8 ug of protein each) from E. coli BL21(DE3) cells
carrying either pHinSelD (lanes 1-6) or pEcoSelD (lanes 8-13) were
separated on 10% SDS-PAGE gel, stained with CBB (A), and analyzed
by Western blotting using an anti-His tag antibody (B). The cultivation
conditions were as follows: 0.4% lactose, 37°C, static (lanes 1 and 8);
0.4% lactose, 30°C, static (lane 2 and 9); 0.4% lactose, 37°C, shaking (lane
3 and 10); 0.1 mM IPTG, 37°C, static (lane 4 and 11); 0.1 mM IPTG, 30°C,
static (lane 5 and 12); and 0.1 mM IPTG, 37°C, shaking (lane 6 and 13).
Lanes M represent the protein marker, while lanes 7 and 14 correspond
to crude extracts of E. coli BL21(DE3) cells without plasmid, cultivated
with 0.1 mM IPTG at 37°C under shaking conditions.

Effects of HinSelD SECIS mutations on Sec insertion in HinSelD
Given that the HinSelD SECIS was functional for a read-through of the UGA codon as Sec in the E. coli host, we
investigated to determine which regions of the HinSelD SECIS are critical for Sec insertion. By comparing the
nucleotide sequences of HinSelD SECIS and EcoSelD SECIS, we designed four HinSelD expression plasmids containing
different SECIS variants (Figure 6). The first mutant, G694, involved changing the G in the apical loop of HinSelD
SECIS to A, as seen in E. coli. The second mutant, A75G, involved altering the upper UA base pair in the upper
stem to UG. The third mutant, G774, involved changing the CG base pair in the lower stem to CA, and the fourth
mutant, U84C, involved altering the AU base pair in the lower stem to AC. Additionally, we designed a Sec16Cys
mutant enzyme by changing the UGA codon for Sec to UGC for Cys. Using the MXfold2 Server [15], we predicted
the secondary structures of these SECIS mutants (G694, A75G, G77A, U84C) (Figure 6B).

E. coli BL21(DE3) was transformed with expression plasmids containing these HinSelD SECIS variants, and the
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Figure 6. | Comparison of the SECIS elements in HinSelD and EcoSelD and design of site-directed

mutations in the HinSelD SECIS element

(A) Nucleotide differences in the SECIS elements between HinSelD and EcoSelD are highlighted in red
and blue, respectively. The secondary structure of the HinSelD SECIS element is shown on the left,
and the corresponding region from EcoSelD is displayed on the right for comparison. Although the
SECIS element of EcoSelD is predicted not to adopt the secondary structure, it is presented in this way
for ease of comparison. The positions where site-directed mutations were introduced in the SECIS
elements are indicated and highlighted by black arrows and red rectangles. (B) Secondary structure
predictions of SECIS elements of the wild-type HinSelD (WT) and its variants, G69A, A75G, G77A, and
U84C. The secondary structure predictions were performed using the MXfold2 server (http://www.
dna.bio.keio.ac.jp/mxfold2/).
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expression was induced under the conditions mentioned above. The crude extracts were analyzed by SDS-PAGE
and Western blot using anti-His tag antibody, and the results are shown in Figure 7. Compared to the wild-type
HinSelD, all SECIS variants showed decreased expression levels (69-93%). Notably, the G77A mutant exhibited a
significant reduction, with expression levels dropping to approximately 69% of the wild type. This was surprising,
given that the four base pair stem immediately below the apical loop was predicted to be retained in G77A (Figure
6B), predicting a minimal impact [6]. The G69A mutation had the least impact, with expression levels at 93% of the
wild type. This result is consistent with the consensus bacterial SECIS model proposed by Zhang and Gladyshev,
which requires at least one G among the first two nucleotides in the apical loop [6]. The A75G mutant, predicted
to have the most divergent secondary structure from the wild type (Figure 6D) and to disrupt the typically
essential four base pairs immediately below the apical loop [6], had an impact of about 81% levels on expression.
The U84C mutant, which introduced a mutation in the lower stem [6], was presumed to have a mild effect due to
the presence of base pairs above and below the mutation site; however, it showed expression levels at 69% of the
wild type. None of the mutations caused a drastic decrease in expression, suggesting that significant effects may
require multiple mutations. This also implies a degree of flexibility in recognizing SECIS in Sec-type SelD in E. coli.
On the other hand, the Sec16Cys mutant exhibited expression levels comparable to the wild-type HinSelD and
EcoSelD, indicating that the translation efficiency of UGA for Sec is similar to that of UGC for Cys (Figure 7). This
result suggests that while the SECIS is maintained in the Sec16Cys mutant, the secondary structure of the SECIS
does not inhibit the translation of the preceding UGC codon for Cys.

In conclusion, there is strong conservation between the UGA Sec codon and the SECIS secondary structures
in selD genes. Although nucleotide differences between the HinSelD and EcoSelD SECIS regions play important
roles in UGA translation efficiency, with varying impacts depending on their positions, there is also a degree of
flexibility in SECIS recognition in Sec-type SelD in E. coli. These findings contribute to a deeper understanding of
the mechanisms underlying SECIS recognition and the evolution of SECIS elements in bacteria.
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Figure 7. | Comparison of expression levels of mutant HinSelDs in E. coli host cells

Crude cell extracts (8 ug of protein each) from E. coli BL21(DE3) cells expressing wild-type
HinSelD (lane 1), G69A (lane 2), A75G (lane 3), G77A (lane 4), U84C (lane 5), Sec16Cys (lane 7),
and EcoSelD (lane 8) were separated on 10% SDS-PAGE gel, stained with CBB (A), and analyzed
by Western blotting using an anti-His tag antibody (B). Lanes M contain the protein marker, and
lane 6 corresponds to the crude extracts of E. coli BL21(DE3) cells without plasmid. The band
intensities were quantified using ImageJ software based on Western blot analysis.
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Prediction of the secondary structure of selD SECIS and corresponding regions
SECIS-like sequences were extracted from 34 selD nucleotide sequences, and RNA secondary structure prediction
was performed using the MXfold2 Server (http://www.dna.bio.keio.acjp/mxfold2/). The origin of each SECIS
sequence is as follows: Actinobacillus suis (1, ASU1_05425), Mannheimia bovis (2, 1CJ55_09770), Mannheimia
haemolytica (3, D648_7310), Mannheimia ovis (4, GM695_09155), Haemophilus parahaemolyticus (5, E5Q53_02265),
Actinobacillus porcitonsillarum (6, DDU33_06660), Glaesserella sp. 15-184 (7, CJD39_01930), Actinobacillus indolicus
(8, EXH44_09840), Glaesserella parasuis (9, HAPS_0664), Gallibacterium anatis (10, UMN179_00129), Aggregatibacter
actinomycetemcomitans (11, ANH9381_1552), Pasteurella aerogenes (12, NCTC13378_00962), Pasteurella
dagmatis (13, 4362423_01086), Pasteurella multocida (14, PM0790), Actinobacillus succinogenes (15, Asuc_1749),
Mannheimia succiniciproducens (16, MS1241), Haemophilus influenzae (17, R2866_0388), Haemophilus pittmaniae
(18, NCTC13334_01230), Haemophilus parainfluenzae (19, PARA_00030), Rodentibacter heylii (20, FEE42_11980),
Plesiomonas shigelloides (21, SAMEA2665130_2106) , Serratia proteamaculans (22, Spro_2720), Yersinia pestis (23,
YPO2164), Jinshanibacter zhutongyuii (24, EKN56_04870), Leminorella richardii (25, NCTC12151_01459), Hafnia alvei
(26, AT03_10065), Xenorhabdus bovienii (27, XBW1_2237), Proteus mirabilis (28, PMI1497), Erwinia billingiae (29,

Metallomics Research 2024; 4 (3) #MR202408

EbC_24140), Cronobacter turicensis (30, CTU_18100), Enterobacter cloacae (31, ECL_02462), Klebsiella pneumoniae
(32, KPN_01207), Escherichia coli (33, b1764), Salmonella enterica (34, STY1817).
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Abstract

Selenium (Se) is a rare metal refined from the slime byproduct of copper anodes. Selenium circulates globally
in various valence states and forms. Soluble selenooxyanions, such as selenate (Se0,”) and selenite (Se05”) are
converted to volatile dimethyl selenide (DMSe) and dimethyl diselenide (DMDSe) and vaporized. Although some
microorganisms synthesize volatile Se compounds, and volatile Se compounds is used for resource recovery
and soil remediation, the synthesis pathway of DMDSe has not yet been identified.

We hypothesized that a methyltransferase in the Stutzerimonas stutzeri NT-1 specific contig is involved in the
synthesis of methylated Se in S. stutzeri NT-1 and cloned the gene encoding the enzyme. We carried out qualitative
analysis of synthesized volatile Se compounds using the transgenic E. coli DH5a pGEM-mdsN. A novel gene
involved in DMDSe synthesis was identified and named mdsN and found to encode a class | SAM-dependent
methyltransferase. When the mdsN was introduced into E. coli DH5a, the recombinant E. coli DH5a pGEM-mdsN
acquired the ability to synthesize DMDSe, which corresponds to 62% of the initial Se concentration. In this paper,
we report a novel finding that E. coli DH5a pGEM-mdsN, in which mdsN from S. stutzeri NT-1 was transformed
into E. coli DH5q, synthesized DMDSe from Se05” and Bio-Se® from S, stutzeri NT-1.

Keywords: Stutzerimonas stutzeri NT-1, Dimethyl diselenide, selenium, biovolatilization, Methyltransferase
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Introduction

Selenium (Se) is produced as a by-product of copper in
*C d : S . .
o orre;pm;( ence nonferrous metal smelters [1]. Selenium is an industrially
samu Otsuka
important metal resource utilized in photocopiers,

11<-}:1C9L(§ii<uwa, Kazo-city, Saitama 347-0010, Japan glass dyeing, and semiconductor materials, and in
Tel : +81-480-76-0095 pharmaceutical and supplement applications [2].
Fax: +81-480-65-8608 Moreover, Se circulates in the global environment in
E-mail : ootsuka.osamu@kfc-net.co.jp various valences and forms. Soluble selenooxyanions, such

as selenate (Se0,”) and selenite (Se0;”), present in the
Received: September 30, 2024 soil are converted to volatile dimethyl selenide (DMSe)
Accepted: January 07, 2025 and dimethyl diselenide (DMDSe), vaporized, and oxidized
Released online: January 16, 2025 in the atmosphere to Se0.,” and Se032', which are then

This work is licensed under a Creative Commons Attribution 4.0 International License.
BY ©2025 THE AUTHORS. https://doi.org/10.11299 /metallomicsresearch.MR202405

reg37



The Gene Encoding for Methyltransferase Contributing to Dimethyl Diselenide Synthesis

Table 1 | Volatile selenium-producing microorganisms and associated synthetic substances

Substrate
Bacterial strain Substances Reference
Concentration Species
Enterobacter cloacae SLD1a-1 0.01-1.0 mM Se0;” DMSe [4]
DMSe, DMDSe,
20-40 mg-L" Se05” DMSeS, Methylselenol,
Methylococcus capsulatus (Bath) Methylselenoacetate (5]
(NCIBM11132) . e
20-40 mg-L Bio-Se DMDSe, DMSeS, DMSe
20-40 mg-.L'  Chem-Se° DMDSe, DMSeS, DMSe
10-20 mg-L* Se05” DMDSe, DMSeS
Methylosinus trichosporium OB3b 4 ) 0
10-20 mg'L Bio-Se DMDSe, DMSe [5]
(NCIMB 11131)
10-20 mg-L*  Chem-Se’ DMSe
1mM Se0,” DMDSe, DMSe
Rhodocyclus tenuis DSM 109 LM Se0.” DMS [6]
m eUs €
114 mg-L™ Se0,” DMSe
0.80 mg-L"* Se0,” -
Rhodobacter sphaeroides DSM 158 L ) [7]
104 mg-L’ Se05” DMDSe, DMSeS, DMSe
0.86 mg-L™ Se05” -
100 mM Se0,” DMDSe, DMSeS, DMSe -
Stenotrophomonas bentonitica 2 mM Se0,” —
0.1-2 mM Se04” DMDSe, DMSeS [9]
0.5 mM Se0,” DMDSe, DMSeS, DMSe
Stenotrophomonas maltophilia ) [10]
0.5 mM Se0s” DMDSe, DMSeS, DMSe
0.5-5 mM Se0,” DMDSe, DMSeS, DMSe
Stutzerimonas stutzeri NT-1 0.5-5 mM Se05” DMDSe, DMSeS, DMSe [11,12]
0.5-5mM Bio-Se’ DMDSe, DMSeS, DMSe
0.5 mM Se05” -
Escherichia coli DH5a pGEM ’ 0 This study
0.5 mM Bio-Se —
0.5 mM Se0s” DMDSe
Escherichia coli DH5a pGEM-mdsN 0 This study
0.5 mM Bio-Se DMDSe

Note: Primary synthesized substances are shown in bold letters. — indicates no substances synthesized.

carried by rainfall [3]. Microorganisms capable of converting Se0,” or SeOs” into volatile Se compounds have been
reported[4-12], suggesting that microbial Se metabolism is involved in global Se cycle.

Among the reports of microorganisms synthesizing volatile Se compounds, there are many reports that multiple
methylated selenocompounds such as DMSe and dimethyl selenosulfide (DMSeS) were detected simultaneously
(Table 1). Some organisms, such as Enterobacter cloacae SLD1a-1, synthesize only DMSe [4]. However, to date, no
microorganisms that synthesize only DMDSe have been reported. In addition, some microorganisms have different
volatile selenium compounds depending on the type of substrate [5,6]. Volatile Se compounds synthesized by
Methylosinus trichosporium OB3b (NCIMB 11131) include DMDSe and DMSe derived from SeOs*, DMDSe and
DMSe from bioselenium (Bio-Se®), and DMSe from elemental selenium(Se”) [5]. In addition, some microorganisms
synthesize volatile Se compounds depending on the substrate concentration [7-9]. However, some microorganisms
can synthesize DMDSe in different substrates [10,11]. Stutzerimonas stutzeri NT-I reduces Se042', Se032', and Se’ to

form DMDSe and DMSeS [11,12]. We previously developed a method to reduce selenooxyanions in solution to volatile
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DMDSe and then recover volatile DMDSe with a concentrated nitric acid by utilizing the high Se0,” metabolism
ability of S. stutzeri NT-1 [12]. Subsequently, selenium recovered from wastewater was purified to high purity and
successfully recycled [12]. It is also used to remove Se from soil by synthesis volatile Se compounds from soluble
Se in soil and wastewater [13].

Although some microorganisms synthesize DMDSe and volatile Se compounds, and volatile Se compounds is
used for resource recovery and soil remediation, the synthesis pathway of DMDSe has not yet been identified. The
ability of S. stutzeri NT-I to synthesize DMDSe has been characterized [12]; thus, the DMDSe synthesis pathway
can be estimated by analyzing this process. We searched for candidate genes related to DMDSe synthesis from
genomic analysis of S. stutzeri NT-I1 and introduced the genes into Escherichia coli DH5a to express DMDSe synthesis
in recombinant E. coli DH5a.

Materials and methods

Growth media and conditions

Stutzerimonas stutzeri NT-1 was cultured in Bacto trypticase soy broth (TSB; Becton-Dickinson) or on TSB plates
containing 1.5% agar. TSB medium supplemented with ampicillin to a final concentration of 30 pg-mL" or TSB
plate medium with 1.5% agar and 2% Xgal 50 pL per plate was used to cultivate recombinant E. coli DH5a. Bacterial
growth in the culture medium was calculated from the optical density (ODgg) at 600 nm using a spectrophotometer
(V-600, JASCO Corporation).

DNA cloning and sequencing

The genomic DNA of S. stutzeri NT-1 was extracted using ISOPLANT (Nippon Gene Co., Ltd.). Using the extracted DNA
as a template, the Se methylation candidate gene mdsN from S. stutzeri NT-1 was amplified via polymerase chain
reaction (PCR) using the forward primer 5 '-GCGAGAGATTCTCGAC -3', reverse primer 5'-CTCTCCTGTTCTGAATCAGT
-3',and TaKaRa La Taq® polymerase (Takara Bio Inc., Japan). The amplification products were TA-cloned (plasmid
pGEM-mdsN) using the pGEM-T Easy Vector System (Promega Corporation). White colonies were selected by
blue-white selection. Plasmid pGEM-mdsN was extracted from E. coli DH5¢, and the sequence of the insert was
determined using the forward primer 5 '-GTTTTCCCAGTCACGAC -3' and reverse primer 5 '-CAGGAAACAGCTATGAC
-3"on a 3730x] DNA Analyzer (Applied Biosystems, Inc.). The E. coli DH5a transformed with the pGEM vector was
referred to as the E. coli DH5a pGEM-control. The obtained sequences were subjected to a homology search using
the BLASTN and BLASTX software, supplied by the National Center for Biotechnology Information.

Bio-selenium preparation
Tryptic soy broth (TSB) medium (Becton Dickinson; 30 g-L™") was used for cultivating the S. stutzeri NT-I. A loopful
of a colony of S. stutzeri NT-1 was inoculated into 50 mL TSB in a 100 mL Erlenmeyer flask and cultivated at 30
°C for 24 h on a rotary shaker at 120 rpm. A total of 0.5 mL of the culture was then transferred into 50 mL TSB in
a 100 mL Erlenmeyer flask and cultivated for 12 h under the same conditions. Bacterial cells were harvested by
centrifugation at 1,500 x g, 4 °C for 20 min. The harvested bacterial cells were suspended in adding a sterilized
saline solution to ODeoo = 1.0, and then used as the pre-culture solution. The TSB cultivation medium (3 L) was
placed inside a jar fermenter (Bioneer C500N type 5L (S) supplied by B.E. Marubishi), which was then autoclaved
for 15 minat 101.33 kPa and 121 °C. After autoclaved, sodium selenate was added in the TSB medium to the final
Se concentration 5 mmol-L'l, which was used as the simulated wastewater. A total of 30 mL of the pre-culture
solution was added to this simulated wastewater, cultivation performed under controlled: cultivation temperature,
38°C; pH, 9.0; agitation speed, 250 rpm; and air flow rate, 1 L-min’". Selenate in the simulated wastewater is almost
completely reduced to SeOs;” by S. stutzeri NT-I in 12 h, while after 48 h approximately 90% of Se0s” is reduced to
Se’. After 48 h, air flow was stopped and the cultivation was continued for another 24 h.

The culture was centrifuged at 6,000 X g, 4 °C for 20 min to harvest the mixture of the cells and Se’. The
precipitates were washed with 600 mL of distilled water, and then centrifuged for at 6,000 X g, 4 °C for 20 min. The
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supernatant was discarded. Next, 600 mL of 70% ethanol was added to the precipitations, which were recovered
by centrifugation at 20,000 X g, 4 °C for 20 min. This precipitates were referred to Bio-Se’. Bio-selenium was then
dried by using an automatic oven at 40 °C for 24 h. The color of the Bio-Se’ was red.

Selenite reduction test

One colony was scraped from a plate of S. stutzeri NT-1 and recombinant E. coli DH5a pGEM-mdsN, E. coli DH5a
pGEM-control, inoculated into 50 mL of TSB medium (pH 7.0) in a 100 mL volume flask, and cultivated at 30 °C
for 24 h on a rotary shaker at 120 rpm. A total of 0.5 mL of the culture was then transferred into 50 mL TSB in a
100 mL Erlenmeyer flask and cultivated for 12 h under the same conditions. Subsequently, bacterial cells were
collected by centrifugation (15,000 X g, 20 °C for 5 min), and the collected bacterial cells were suspended in sterile
saline and adjusted to an ODgg=1.0.

Then, 30 mL of the suspension was added to 3 L of TSB medium containing 0.5 mM SeOs” and 30 pg-mL™"
ampicillin in a 5L-volume jar fermenter (Bioneer-C500 N Model 5 L (S), B.E.MARUBISHI CO., LTD.). Culturing was
carried out at 38 °C, pH 7.0, aeration at 1 L-min ", and agitation speed at 120 rpm. The pH was adjusted using 30%
sodium hydroxide solution and 2 N hydrochloric acid solution. Dissolved oxygen (DO) and pH were measured
using a DO electrode 0X-2500 and a pH combination electrode MPS-220 (B.E. MARUBISHI Co., Ltd.), respectively.
The recovery method of volatilized Se compounds was referred to by Winkel et al. [14]. The exhaust from the jar
fermenter was passed through 150 mL of concentrated nitric acid solution (i.e., a gas trap) dispensed into a 250
mL capacity reagent bottle using a Teflon tube (inner diameter, 5 mm; outer diameter, 6 mm). The cultures and
concentrated nitric acid were collected each 24h.

Qualitative methylated selenium

S. stutzeri NT-1, E. coli DH5a pGEM-control, and E. coli DH5a pGEM-mdsN were each plated with one colony,
inoculated into 50 mL of TSB medium in a 100 mL volume flask, and incubated aerobically at 37 °C for 24 h. The
culture medium was inoculated into 1 mL TSB medium, incubated under the same conditions for 12 h, and used as
the preculture medium. Bacteria were obtained by centrifugation (2,300 X g, 4 °C for 20 min) from the preculture
solution. Bacterial cells were washed twice with sterile saline and resuspended in saline to an ODgoo = 1.0. Then, 10
mL of TSB medium was added to a 100 mL volume vial, and Bio-Se” or Se0s* was added as a substrate to achieve
a final Se concentration of 0.5 mM. Then, 100 pL of the resuspension solution was added to the flask, which was
then stoppered with butyl rubber and incubated at 37 °C for 12 h with shaking. After 12 h of incubation, 250 pL
of the gas-phase sample was collected using a micro-syringe, and the gas-phase components were qualitatively
analyzed by GC-MS (FocusGC DSQII, Thermo Fisher Scientific K.K).

Qualitative and quantitative analysis of elements

Before measuring the Se concentration, the samples were centrifuged (15,000 X g, 20 °C for 5 min) to separate
the supernatant from the precipitate. The supernatants were filtered with a membrane filter (0.2 um pore size,
Steradisc 13, Kurabo, Osaka, Japan), and the resultant filtrates were used to measure Se concentration. Selenate
and Se0;” concentrations were determined using an ion chromatography (IC) system (ICS-1100, Thermo Fisher
Scientific K.K.) equipped with a DS6 heated conductivity cell detector and an ASRS300 suppressor. An lonPac
AS12A separation column (Thermo Fisher Scientific K.K) equipped with an AG12A guard column (Thermo Fisher
Scientific K.K) was used. The mobile phase comprised 3 mM sodium carbonate solution prepared with ultrapure
water (Barnstead NANO Pure, Thermo Fisher Scientific K.K.) at a flow rate of 1.5 mL-min"". The total soluble Se
concentration in the supernatant was determined using inductively coupled plasma atomic emission spectrometry
(ICP-AES) (iCAP 6300 Duo, Thermo Fisher Scientific K.K.). The soluble Se concentrations other than Se0,* and
Se0s” were calculated by subtracting the Se0,* and SeO;” concentrations from the total soluble Se concentration.
The concentrations of the metal elements in the volatile substances collected in gas trap were also measured using
ICP-AES. The precipitates were washed with 2 mL of ultrapure water and collected by centrifugation (15,000 X g,
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20 °C for 5 min). The washing procedure was repeated twice. Next, the precipitates were digested in a mixed acid
solution (1,500 pL of 60% nitric acid solution, and 50 pL of 95% sulfuric acid solution) using a vortex for 10 min.
After centrifugation (15,000 X g, 20 °C for 5 min), the supernatants were collected in a volumetric flask. The acid-
digestion supernatants were mixed in a volumetric measuring flask with ultrapure water to a total volume of 10
mL. The total Se concentration in the digested samples was determined by ICP-AES. All samples were measured
in triplicate, and the average values were used for the analysis.

Analysis of selenium species in the gas phase

The exhausted gaseous samples were analyzed using GC-MS. A fused-silica capillary column (30 m x 0.250 mm
(inner diameter)) (DB-624, Agilent Technologies) was used. Splitless injections were performed, and the split valve
was opened 1 min after injection. Helium was used as the carrier gas at 1.0 mL-min ™. The column temperature was
programmed from 40 to 240 °C at a rate of 10 °C-min"" after being maintained at 40 °C for 5 min and then kept at
240 °C for 1.5 min. Both the injector and the interface (between GC and MS) temperatures were kept at 200 °C.
Ionization was performed in the positive ion mode at an ion source temperature of 220 °C. Gaseous samples were
injected at 250 pL by 250 pL of gas tight syringe. DMSe, DMDSe, and DMDS (Tokyo Chemical Industry Co., Ltd.)
were used as standard solutions.

Results

Cloning of selenium methylation-related gene

The genome of S. stutzeri NT-I has been characterized previously, yielding 115 contig sequences with a total contig
base number of 63,558,482 bp [15]. Comparative genomic analysis of the reference strain, Stutzerimonas stutzeri
A1501, revealed 43 contigs unique to S. stutzeri NT-I (data not shown). S. stutzeri NT-I-specific contigs contained
Se0,” reduction genes such as the Se0,” reduction gene serA (Access No. ACV70151), which is a characteristic of S.
stutzeri NT-1. This suggests that the 43 contigs unique to S. stutzeri NT-I characterize its high Se metabolism capacity
of S. stutzeri NT-1. Genes involved in the synthesis of volatile Se compounds in microorganisms and plants other
than S. stutzeri NT-1 have also been reported. Ranjard et al. reported that the gene tpm, which encodes thiopurine
methyltransferase from Pseudomonas syringae pathovar pisi, was transformed into E. coli DH10B, and Se0s* was
added as a substrate to synthesize DMSe and DMDSe [16]. Swearingen et al. reported that the gene ubiE encoding the
ubiquinone/menaquinone biosynthesis C-methyltransferase from Geobacillus stearothemophilus V was introduced
into E. coli K12 to express its ability to synthesize DMSe and DMDSe from Se0,* and SeOs* [17]. Zhou et al. reported
that the gene BoCOQ5-2 encoding COQ5 methyltransferase from Brassica oleracea varitalica was transformed into E.
coli to synthesize DMDSe and DMSe from SeO,” [18]. All the enzymes that confer the ability to synthesize volatile Se
compounds are methyltransferase genes. However, the genes involved in DMDSe synthesis have not yet been reported.

An open reading frame (ORF) search (ORFFinder NCBI) of 43 contigs unique to S. stutzeri NT-I revealed that the
gene (Accession No.: PSNT00042,44319-44918 bp) encoding class I SAM-dependent methyltransferase was included
in 43 contigs unique to S. stutzeri NT-1. Thus, the gene encoding the class | SAM-dependent methyltransferase was
named mdsN and designated as a potential selenomethylation gene for S. stutzeri NT-1.

The candidate gene mdsN was amplified by PCR and subjected to the agarose gel electrophoresis (Fig. 1). The
PCR amplification product was inserted into the pGEM-T easy vector to transform E. coli DH5a. A transformant in
which the PCR amplification product of the expected size was inserted was obtained by blue-white selection on
the LB-Amp plate medium. The pGEM-mdsN plasmid extracted from the transformant was subjected to restriction
enzyme treatment with EcoRIL The inserted sequence was excised into an approximately 600 bp fragment (Fig. 2).
These results indicate that PCR-amplified mdsN could be inserted into the pGEM-easy vector. Sequence analysis
of the inserted sequence showed 100% identity with a class | SAM-dependent methyltransferase (Accession No.:
PSNTO00042, 44319-44918bp) from S. stutzeri NT-1 registered in NCBL

E. coli DH5a reduces SeOs> and synthesizes Se’ [19]. However, there is no report on the synthesis of DMDSe and
DMSe by the reduction of Se” in E. coli DH5a. Therefore, E. coli DH5a pGEM-control was used as a negative control.
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Selenite reduction test of E. coli DH5a pGEM-mdsN

E. coli DH5a pGEM-mdsN and negative control E. coli DH5a pGEM-control were cultured in TSB medium containing
Se0s” (Fig. 3a). The time course of Se concentrations in the culture medium showed that E. coli DH5a pGEM-
control reduced Se0s” to Se” within 48 h after SeOs> addition (Fig. 3a). Subsequently, Se’ accounted for 0.41 mM
(78% of its initial value) at 120 h. The amount of Se’ did not decrease between 48 and 120 h. Analysis of metallic
elements in the gas trap at 120 h revealed 0.02 mM of sulfur, suggesting that E. coli synthesized small amounts of
volatilized sulfur compounds (Table 2).

Conversely, E. coli DH5a pGEM-mdsN reduced Se0s” to Se” at 24 h after SeOs” addition (Fig. 3b). Subsequently,
elemental selenium decreased from 48 to 120 h to nearly zero. In contrast to the decrease in Se’ from 48 to 120
h, an increase in Se was detected in the gas trap, suggesting that E. coli DH5a pGEM-mdsN synthesized volatilized
Se compounds from Se’ in the culture broth. At 120 h, the Se detected by the gas trap accounted for 62% of the
initial value. Analysis of metal elements in the gas trap at 120 h showed that 0.08 mM sulfur and 0.33 mM Se were
detected. The amount of Se detected in the gas trap of E. coli DH5a pGEM-mdsN was the same as that of S. stutzeri
NT-I (Table 2). Therefore, it was suggested that the transformation of mdsN into E. coli DH5a had the same high
Se methylation ability as that of S. stutzeri NT-1. The amount of sulfur produced by E. coli DH5a pGEM-mdsN in
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Table 2 | Elemental analysis results in the gas trap (mM)
Bacterial strain S Se
Escherichia coli DH5a pGEM-control 0.02 <0.01
Escherichia coli DH5a pGEM-mdsN 0.08 0.33
Stutzerimonas stutzeri NT-1 0.51 0.37

the gas trap was 4-fold higher than that by E. coli DH5a pGEM-control but only approximately 16% of that in the
S. stutzeri NT-1, suggesting that sulfur volatilization is not enhanced in E. coli DH5a pGEM-mdsN.

These results suggest that mdsN is strongly involved in the synthesis of volatile Se compounds because it can
synthesize volatilized Se compounds in E. coli DH5a transfected with the class | SAM-dependent methyltransferase

gene from S. stutzeri NT-1.

Quantitative determination of volatile selenium compounds
To qualitatively identify the volatile Se compounds synthesized from E. coli DH5a pGEM-mdsN with recombinant
methyltransferase from S. stutzeri NT-1, the gas phase of the culture vessel was analyzed (Fig. 4). S. stutzeri NT-1
synthesizes DMSe and DMDSe when Se0s” is used as the substrate, with DMDSe being mainly synthesized (Fig.
4a)[11]. When E. coli DH5a pGEM-mdsN was incubated with SeOs”, only DMDSe was detected in the gas phase
(Fig. 4b). Conversely, nothing was detected in the gas phase of the culture vessel containing the control E. coli
DH5a pGEM-control and the negative control experiment containing only SeOs* without bacteria (Fig. 4c, 4f).
To determine whether volatile Se compounds can be synthesized from Bio-Se’, a similar experiment was performed
by changing the substrate to Bio-Se’ synthesized by S. stutzeri NT-I (Fig. 5). The elemental compositions of Bio-
Se’ were quantitatively analyzed using an ICP-AES. Other than Se, inorganic components of Bio-Se’ comprise six
elements: calcium (Ca), potassium (K), magnesium (Mg), sodium (Na), phosphorus (P), and sulfur (S). Bio-selenium
was washed with distilled water during its preparation, which removed the TSB medium-derived impurities. Ca,
K, Mg, Na, P, and S were suggested to have been derived from bacterial cells. Concentrations of Se in Bio-Se” was
11% (mass %)[20]. In the culture of S. stutzeri NT-I with Bio-Se’ as the substrate, DMDSe and a small amount of
DMSe were observed, similar to the SeOs* added culture (Fig. 5a). In contrast, no Se species were detected in
the gas phase when Bio-Se’ alone was added to the TSB medium without bacteria (Fig. 5d). Because no turbidity
change was observed in the culture solution containing only Bio-Se’, it is considered that all the S. stutzeri NT-I
used in the synthesis may have been killed in Bio-Se’, and there was no microbial contamination in the Bio-Se".

DMDSe DMDSe
DMSe 13.7min
5.7min
(a) -
W A Tl@ ™
B >
gz © =
" @ =l
(f) (d) it
5 7 9 11 13 15 5 7 9 11 13 15
Retension time (min) Retension time (min)
Fig. 4 GC-MS spectra of gas phase from selenite Fig. 5 GC-MS spectra of gas phase from Bio-Se’
reduction test reduction test
(@) S. stutzeri NT-I, (@) S. stutzeri NT-I,
(b) E. coli DH5a pGEM-mdsN, (b) E. coli DH5a pGEM-mdsN,
(c) E. coli DH5a pGEM-control, (c) E. coli DH5a pGEM-control, and
(d) DMDSe std, (d) Bio-Se° without bacteria.
(e) DMSe std, and (f) selenite without bacteria.
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When Bio-Se’ was used as a substrate, only DMDSe was detected in the gas phase of E. coli DH5a pGEM-mdsN
(Fig. 5b). In the control experiment, nothing was detected in the gas phase of the culture vessel of E. coli DH5«a
pGEM-control (Fig. 5c¢).

These results suggest that E. coli DH5a pGEM-mdsN transfected with the gene encoding class I SAM-dependent
methyltransferase acquired the ability to synthesize DMDSe.

Homology analysis of the gene involved in DMDSe synthesis

The E. coli DH5a pGEM-mdsN strain acquired the ability to synthesize DMDSe, and the nucleotide sequence of
the gene encoding the inserted class | SAM-dependent methyltransferase (Accession No.: PSNT00042, 44319-
44918bp) was analyzed. A homology search using BLASTN revealed homology of the nucleotide sequence
was 98% with Stenotrophomonas sp. As-6 chromosome (Accession No. CP127404). The amino acid sequence
showed 100% homology with a class I SAM-dependent methyltransferase (Accession No.: WP_205404086)
from Gammaproteobacteria. However, the independent synthesis of DMDSe by the class I SAM-dependent
methyltransferases of Gammaproteobacteria has not yet been reported.

In addition, considering that there might be another enzyme involved in DMDSe synthesis near the class [ SAM-
dependent methyltransferase, we analyzed the sequence of 5,000 bp around mdsN (Accession No.: PSNT00042,
39319-49918 bp) encoding the class | SAM-dependent methyltransferase in the S. stutzeri NT-1 genome but found
no genes involved in Se metabolism (data not shown).

Discussion

We hypothesized that a methyltransferase in the S. stutzeri NT-1-specific contig is involved in the synthesis of
methylated Se in S. stutzeri NT-I and cloned the gene encoding the enzyme. We carried out qualitative analysis of
synthesized volatile Se compounds using the transgenic E. coli DH5a pGEM-mdsN. A novel gene involved in DMDSe
synthesis, that was identified and named mdsN. The gene encodes a class I SAM-dependent methyltransferase.
When mdsN was introduced into E. coli DH5a, the recombinant E. coli DHSa pGEM-mdsN acquired the ability to
synthesize Se to DMDSe, which corresponds to 62% of the initial Se concentration.

The enzymes tpm, ubiE, and BoCOQ5-2 involved in the synthesis of both DMSe and DMDSe have been reported
[16-18]. However, the genes involved in the synthesis of DMDSe, such as mdsN, have not been reported.

The results of qualitative experiments on volatilized Se compounds and SeOs” reduction tests in E. coli DH5a
pGEM-mdsN indicate that the concentration of SeOs” decreases and Se’ increases, followed by a decrease in Se’. This
suggests that E. coli DH5a pGEM-mdsN reduces Se0Os” to Se” and then synthesizes DMDSe using Se’ as a substrate.

These results suggest that E. coli DHSa pGEM-mdsN has a pathway to synthesize DMDSe using Se’ reduced
from SeOs” as a substrate. The results of qualitative analysis of volatilized Se compounds using Bio-Se’ (Figs. 4
and 5) showed that S. stutzeri NT-1 synthesized both DMSe and DMDSe, while strain E. coli DH5a pGEM-mdsN
synthesized only DMDSe. This suggests that S. stutzeri NT-1 contains genes encoding enzymes involved in DMSe
synthesis in addition to class | SAM-dependent methyltransferases. Therefore, further studies on the reaction of
S. stutzeri NT-1 to synthesize methylated Se will lead to the elucidation of DMDSe and DMSe synthetic pathways
that have not yet been elucidated.

In this paper, we report a novel finding that E. coli DH5a pGEM-mdsN, in which mdsN from S. stutzeri NT-I1 was
transformed into E. coli DH5a, synthesized DMDSe from Se0;* and Bio-Se’ from S. stutzeri NT-1. The identification
of a novel gene involved in DMDSe synthesis is expected to advance our understanding of the DMDSe synthesis
pathway.
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