SSSSSSSS -5173 (Online)

M etallomics
Research
==

SPECIAL ISSUE /
Trends in Selenium Research %

=

A

Vol.2/No.3

December 2022



M etallomics VOI-Z/ No.

December 2022

ISSN 2436-5173 (Online)

% E@ \é?gr?\g;gglie}%;garch on Trace Elements

Index

SPECIAL ISSUE

Trends in Selenium Research

Review

Redox Chemistry of Selenols and Diselenides as Potential Manipulators for

Structural Maturation of Peptides and Proteins

Kenta Arai, Rumi Mikami

Metal-binding properties of selenoprotein P—its relation to structure and

function
Takashi Toyama, Takayuki Kaneko, Kotoko Arisawa, Yoshiro Saito

Methods for recovering and recycling selenium from wastewater and soil
Osamu Otsuka, Mitsuo Yamashita

Regular article

Bioavailability of selenium from selenotrisulfides in primary cultured

neuronal cells
Sakura Yoshida, Ryosuke Mori, Risako Hayashi, Takeshi Fuchigami, Akira Toriba, Morio Nakayama,
Mamoru Haratake



[Editor-in-Chief]
Masahiro KAWAHARA (Musashino University, Tokyo, Japan)
[Deputy Editor]
Hisaaki MIHARA (Ritsumeikan University, Kyoto, Japan)
[Associate Editors]
Yasumi ANAN (Prefectural University of Kumamoto, Kumamoto, Japan)
Seiichi ONO (Minami Nagano Medical Center Shinonoi General Hospital, Nagano, Japan)
Aki KONOMI (Yasuda Women'’s University, Hiroshima, Japan)
Masashi TSUNODA (National Defense Medical College, Saitama, Japan)
Hiroyuki YASUI (Kyoto Pharmaceutical University, Kyoto, Japan)

Editorial Office

Seishinsha, co. Ltd.,
Japan society for Biomedical Research on Trace Elements
2-8-13 Fukashi, Matsumoto-shi, Nagano 390-0815, Japan
Tel: +81-263-32-2301
Fax: +81-263-36-4691
Editorial Office: brte-post@seisin.cc
URL: https://www.brte.org/

https://metallomicsresearch.brte.org/

Copyright, Open Access Policy

The journal is fully Open Access and publishes articles under a Creative Commons (CC) license, which allow users to use, reuse and

build upon the material published in the journal without charge or the need to ask prior permission from the publisher or author.

Metallomics Research 2022 (3)



Metallomics Research 2022 (3) #MR 202206

Review https://metallomicsresearch.brte.org

Redox Chemistry of Selenols and Diselenides as Potential
Manipulators for Structural Maturation of Peptides and Proteins

. 1,2% S
Kenta Arai *~, Rumi Mikami

! Department of Chemistry, School of Science, Tokai University, Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

* Institute of Advanced Biosciences, Tokai University, Kitakaname, Hiratsuka-shi, Kanagawa 259-1292, Japan

Summary

Oxidative folding is an essential process for polypeptide chains containing cysteine (Cys) residues to form a bioactive
three-dimensional structure. During this process, the folded state with the correct disulfide (SS) combination, which is
found in the native state, cannot be obtained at 100% yield because various byproducts, such as misfolded states with
mispaired SS bonds, oligomers, and aggregates are simultaneously produced. The formation of misfolded states 7z vivo
has been suggested to cause critical human diseases such as neurodegenerative disorders. Therefore, the development
of methods to promote the correct structural maturation of polypeptides, including Cys residues, both 77 vive and 7z
vitro, is a challenging task in protein synthesis, medicine, and drug discovery. To rapidly form correctly folded proteins at
high yields, two potential strategies are available. First, called the outside strategy, is to control oxidative folding from the
outside of proteins using artificial small molecules as catalyst and a reagent that mimics the function of protein disulfide
isomerase, which catalyzes SS-related reactions during oxidative folding in cells. Second, called the inside strategy, is to
insert mimics of SS linkage(s) into the zzside of polypeptides to form a rigid covalent bond chemoselectively, thereby
avoiding the formation of a misfolded state having mispaired SS bonds. In this review, recent developments and trends
based on the unique redox properties of selenols and diselenides, which are selenium analogs of thiols and disulfides,

respectively, are outlined, and their future prospects are discussed.
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1. Introduction
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to three specific bases (codons) in mRNA are sequentially
elongated (i.c., central dogma, Fig. 1). For the synthesized
polypeptide chains to exert their physiological functions as
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through protein folding. In classical protein science, polypeptide
chains spontancously fold into their most stable conformation

in an aqueous solution under properly controlled reaction
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Chemical control of oxidative protein folding Arai K. et al.

conditions (Fig. 1, 7z vitro folding) [1]. However, only a few proteins strictly follow the basic principle of biophysics, known as
the Anfinsen’s dogma. In cells with high concentrations of biomolecules, intermolecular interactions and the resulting irreversible
aggregation are inevitable; thus, correct folding is inhibited. Therefore, in modern protein science, it is important to understand

the structures and functions of enzymes that promote correct folding [2].
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Fig. 1. Biosynthesis of polypeptides following the central dogma and subsequent oxidative protein folding controlled

by protein disulfide isomerase family members (PDIs). For oxidative folding, two-dimensional energy landscapes
(folding funnels) for in vivo and in vitro folding are shown, which represent the relationship of energy and entropy
(i.e., diversity of peptidyl conformation).

Oxidative cross-linking between cysteinyl thiol (SH) groups to form disulfide (SS) bond(s) is a typical and important
posttranslational modification, particularly for secreted proteins; folding coupled with SS formation is commonly termed
oxidative folding [3]. Synthesized nascent polypeptides undergo oxidative folding in the endoplasmic reticulum (ER), where
the oxidative environment is maintained. Protein disulfide isomerase (PDI), a typical ER-resident SS-based oxidoreductase,
cooperatively controls proteostasis together with more than 20 PDI family enzymes (PDIs) in the ER (Fig. 1) [4]. PDI has four
functional cysteine (Cys) residues that are important for its enzymatic activity (see below). The generation and accumulation
of reactive nitrogen species (RNS) due to excessive oxidative stress in the ER leads to undesired oxidative modifications of Cys
residues in PDI and significantly decreases enzymatic activity [5]. Dysfunction of PDI leads to disruption of proteostasis in the
ER, resulting in misfolding, oligomerization, aggregation, and amyloidogenesis of proteins (Fig. 1), eventually triggering various
fatal human diseases such as cancer, neurodegenerative disorders, diabetes, and atherothrombotic stroke [6-12].

Oxidative folding is also an essential process for chemically synthesized polypeptides to exert their physiological functions.
The solid-phase peptide synthesis (SPPS) method pioneered by Merrifield enabled the synthesis of polypeptides with arbitrary
amino acid sequences [13]. Consequently, rare proteins, non-natural proteins, and peptide-based formulations have been
easily synthesized, and related fields such as structural biology, medicine, and drug discovery have progressed remarkably [14].
Generally, oxidative folding of synthetic polypeptides can be completed within a reasonable reaction time (hours to days) under
mild oxidative conditions. However, considerable effort is often required to determine the optimal reaction conditions. While
the use of PDI as a catalyst is effective for efficient folding, it is costly, and separation of the folded protein from PDI is usually
difficult. In addition, peptide chains containing three or more Cys residues generally convert to isomeric species with non-native
SS bonds (scrambled species) in addition to the native state during oxidative folding. Because the SS bonding pattern depends on

the thermodynamic stability of the peptide loop, it is impossible to achieve 100% folding yield, even under precisely optimized

Metallomics Research 2022 (3) #MR 202206 rev-2
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conditions. Therefore, purification of the target protein by high-performance liquid chromatography (HPLC) is usually required
after oxidative folding, thus reducing cost and time efficiency of the overall protein synthesis.

Consequently, developing tools for efficient oxidative folding, which has troublesome aspects both 7 vivo and 77 vitro, should
be valuable in medicinal science and drug discovery where protein misfolding is a concern. Currently, two chemical strategies
are available for this purpose:

a) Indirect control of oxidative folding from the oxzside of protein molecules using an artificial organocatalyst with PDI-

like functions (called the outside strategy; Fig. 2a).

b)  Insertion of regioselective covalent bond(s), instead of SS bond(s), and promotion of structural maturation of proteins

directly from the zzside of the protein molecule (called the znside strategy; Fig. 2b).

In this review, the outside and inside strategies utilizing the redox properties of organoselenium molecules and peptides are
discussed. First, the latest research trends and important achievements, in addition to some significant pioneering studies for
each strategy, are outlined, and future perspectives of these strategies for artificial manipulation of iz vive and in vitro oxidative

folding are discussed.

Artificial reagents or catalysts

SH SH S
(a) Outside strategy ’%;W —, K

SH SH S\S
N
A: Nl
\ o
p\gf\/ — — B -S-CHy-S-
(b) Inside strategy SH SH SH sn c: -CHy-S-
Regioselective . . D: -CHp-O-
J X =SS bridge mimics E -Se-Se-

linkage formation

Fig. 2. Potential manipulation strategies for oxidative folding.
(a) Control of oxidative folding using artificial reagents and catalysts (outside strategy).
(b) Regioselective covariant bond formation in peptides and proteins by substituting native SS bonds with its
representative mimics (inside strategy). Disulfide (SS) mimic E (diselenide bridge) was discussed in this review. For
SS mimics A, B, C, and D, see the reports in Refs. [15], [16], [17], and [18], respectively.

2. Protein folding coupled with disulfide bond formation
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Fig. 3. Chemical perspective of oxidative folding.
(a) Structural maturation coupled with SS-formation (phase 1) and subsequent SS-isomerization (phase 2).
(b) SS-formation promoted by PDI” via an intermolecular bond exchange reaction.
(c) SS-isomerization catalyzed by PDI" via a temporal SS-cleavage in substrate proteins.
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Generally, during 77 vitro oxidative folding, two chemical reaction phases, SS-formation (phase 1) and SS-isomerization
(phase 2), are observed (Fig. 3a). In phase 1, a reduced protein (R) loses its chain entropy with the hydrophobic collapse of the
polypeptide, accompanied by the formation of intramolecular non-native SS bonds. In phase 2, the SS intermediates (scrambled
species) generated in the first phase undergo conformational folding accompanied by rearrangement of SS bonds to search for
correctly paired SS bonding patterns found in the native state. PDI accelerates the overall rate of oxidative folding by exhaustively

catalyzing SS-related reactions in these phases (Fig. 3b, ) [19-22].
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Fig. 4. Protein disulfide isomerase (PDI).
(a) Molecular structure of PDI composed of four tandem thioredoxin (Trx)-like domains.

(b) Reversible redox state of CGHC motif as the redox active sequence of PDI.

PDIis composed of four tandem thioredoxin (Trx)-like domains, in which the N- and C-terminal domains (a and @', respectively)
contain a redox active sequence, namely Cys-Gly-His-Cys (CGHC) (Fig. 4a). Under physiological conditions, CGHC sequences
are in equilibrium between the two redox states, disulfide (PDI”) and dithiol (PDI") states (Fig. 4b). During phase 1, PDI™
rapidly introduces SS bonds to substrate proteins via an intermolecular bond exchange reaction (Fig. 3b). On the other hand,
PDI catalyzes SS-isomerization during phase 2 by temporarily cleaving the miscrossed SS bonds due to the superior nucleophilic
capability of the SH groups in CGHC (Fig. 3¢). CGHC in PDI* and PDI"* have two crucial physicochemical properties so
that PDI effectively catalyzes these reactions. First, the SS reduction potential (£') of PDI* (=180 mV) is considerably higher
than that of the CXXC motifs in other PDI family members except for ERd;jS [23]. This indicates that PDI™ possesses a strong
oxidizing capability, which is an ideal property for promoting phase 1. Furthermore, the pX, values (ca. 6.7) of the SH groups in
CGHC are substantially lower than those of general cysteinyl SH groups in proteins (ca. 8.3) due to the effect of the neighboring
basic His residue. Thus, for phase 2, which is initiated by nucleophilic attack from the SH group in CGHC, PDI also has ideal
reactivity. Moreover, the high £ indicates that PDI*" is less likely to be ring-closed (oxidized) to PDI”, indicating that PDI"
promotes SS-isomerization rather than SS-reduction (Fig. 3c).

Since organothiols (RSH) exist in redox equilibrium states with coexisting disulfide (R'SSR") compounds in an aqueous

solution (Eq. 1), they can promote SS-related reactions via a PDI-like catalytic activity during oxidative folding.

2RSH +R'SSR' === RSSR+2R'SH  «(y)

In addition to monothiol glutathione (GSH) and its oxidized form (GSSG), which have been conventionally used as oxidative
folding reagents, a number of sulfur-based compounds that mimic the physicochemical properties and catalytic functions of PDI
active centers have been reported [24-29]. However, their catalytic ability is remarkably lower than that of PDI, and compounds

must be added at a molar ratio of 10 to 100-fold with respect to the substrate proteins to achieve reasonable folding yields and rates.

Metallomics Research 2022 (3) #MR 202206 rev-4
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3. Redox chemistry of diselenides and selenols

Table 1. | Physicochemical properties of conventional thiols and selenols.

Diselenide reduction

C d Anal K,
ombe s P potential £~ (mV)
XH - “ b
X =S5 (Cys) 8.22 -238
OH )
HzN/(gf X = Se (Sec) .52 383"
XH X =S (CA) 8.37¢ -236"
HMJ/ X = Se (SeCA) ND* -352°
o o (4 o X =$(GSH) 942" 256"
HO’U\:/\)J\N N\)I\OH , ,
N, X = Se (GSeH) ND —407
j— e 4 f
Hx::I,OH X =S (DTT*) 9.21/10.1 -327
HX .
/OH X = Se (DST™) ND” ~396¢

Values are from Refs.  [30], ° [31], [32], ¢ [33],  [34], " [35], and ? [36]. " No data.

Selenium, an essential micronutrient in living organisms, is incorporated into selenocysteine (Sec). Sec is an analog of Cys,
in which the SH group in cysteine is replaced by a selenol (SeH) group. Sec is a building block in proteins that functions as an
active center in various reductases to reduce various biological substrates, due to the excellent two-electron-donating ability
of the SeH groups. Various organoselenols (RSeH), including Sec, can also be in redox equilibrium with coexisting disulfide
compounds (R'SSR'), as RSH (Eq. 2).

RSeSeR +2R'SH —= 2RSeH +R'SSR' ., )

-~

In general, the pK;, value of RSeH is considerably lower than that of RSH. Although there are few reports on the pK; of a
SeH group because the isolation and purification of organoselenols are generally difficult due to their enormously high reactivity,
the pK; values of Cys and Sec residues have been reported to be 8.22 and ca. 5.2, respectively (Table 1). Thus, the SeH group
almost exists as a deprotonated state (selenolate; Se-) under physiological conditions and functions as a superior nucleophile. The
acidity of the SeH group exceeds that of Cys residues in the active centers of PDI, indicating that organoselenols have more ideal
chemical properties as reagents for promoting SS-isomerization (phase 2, Fig. 3c). On the other hand, the reduction potential
of the diselenide (SeSe) bond (£°'ss.) is generally lower than that of the SS bond (Table 1), and the oxidation of SH groups to
SS bonds with SeSe compounds (eq. 2, forward reaction) is thermodynamically unfavorable [37]. Therefore, molecular design

to increase the £*'scs. values is important for improving the function of organodiselenides as PDI mimics.

4. Outside strategy
4.1. Selenoglutathione: The first selenocompound as an oxidative folding catalyst

Se
o 2

H
Hooc _~_J N _COOH

4

NH,

Fig.5. | Oxidized selenoglutathione (GSeSeG) as the first diselenide-based folding catalyst.
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Selenoglutathione (GSeSeG, Fig. 5), in which Cys residues in glutathione disulfide (GSSG) are replaced by Sec residues, was
first reported as a water-soluble diselenide-based reagent used in oxidative folding [31]. Hilvert ez 4/. used GSeSeG as an oxidant
to the oxidative folding of the reduced state of ribonuclease A (R Nase A) with no SS bond, and found that GSeSeG promoted
oxidative folding at a higher rate than GSSG. They further demonstrated that in the oxidative folding of the reduced state of
bovine pancreatic trypsin inhibitor (BPTI), GSeSeG promoted early SS-formation events (phase 1, Fig. 3b) more effectively and
provided a higher final folding yield than GSSG. GSeSeG, despite having a considerably lower reduction potential (£ses. = —407
mV) than GSSG (£”'ss =—256 mV), exerts a higher oxidizing ability for SS-formation than GSSG. The nucleophilic attack of an
SH group on the SeSe bond was previously shown to be up to four orders of magnitude faster than the attack on the SS bond,
indicating that the kinetics of organodiselenides make them more favorable SS-forming reagents [38,39]. In addition, monoselenol
GSeH, which is produced as a byproduct during SS-formation (GSeSeG + Protein[SH,SH] — 2GSe" + 2H" + Protein[S-S]),
promotes SS-isomerization reactions (phase 2, Fig. 3¢c) more effectively than GSH because of its higher nucleophilicity, which
accelerates the overall folding rate.

In the oxidative folding of BPTI, the accumulation of two kinetically trapped SS-intermediates decelerates the overall folding
rate and reduces the yield of the folded state (see section 5-2). Metanis and Hirvert ez 4/. previously showed that GSeH promotes
SS-isomerization of SS-intermediates on unproductive pathways, thus improving folding efficiency [40]. Furthermore, the
addition of catalytic amounts of GSeSeG can substantially promote oxidative folding under aerobic conditions because the GSeH
generated during the reaction is readily reoxidized by molecular oxygen to GSeSeG (i.e., 4GSeH + O, — 2GSeSeG + 2H,0) as
an SS-forming agent [41]. GSeSeG was applied to the oxidative folding of various reduced proteins, and its wide substrate scope

has been demonstrated [42].

GSeSeG
NADPH
GR Scrambled RNase A
2GSe” SS-isomerization
NADP* (+ 2H")

) é ‘?/\‘

Native RNase A (N)
Fig.6. | Refolding of scrambled RNase A coupled with GSeSeG reduction by glutathione reductase (GR).

Recently, Iwaoka ez al. reported an effective synthetic route for preparing GSeSeG using a liquid-phase peptide synthesis
method [43]. Furthermore, they showed that scrambled RNase A with four non-native SS bonds can be quickly repaired to
the native state by treatment with NADPH and glutathione reductase (GR) in the presence of catalytic amounts of GSeSeG (1
mol%) (Fig. 6). This is because GSeSeG is reduced to GSeH, which catalyzes SS-isomerization, with NADPH in the presence
GR that can recognize both GSSG and GSeSeG as substrates [44].

4.2. Modification of chemical structures

Fig.7. | Structures of small molecule diselenides 1-3 as oxidative folding
catalysts.

Metallomics Research 2022 (3) #MR 202206 rev-6
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Metanis ez al. synthesized small-molecule diselenides 1-3 as second-generation dimeric-type diselenide compounds to replace
GSeSeG (Fig. 7) [45]. These compounds can be synthesized more easily and at a higher yield than peptide-based compounds
through a short synthetic route using inexpensive starting materials. Furthermore, the compound is smaller than GSeSeG,
improving the probability of contact with free cysteinyl SH groups buried in kinetically trapped SS-intermediates, and consequently
accelerating the overall velocity of oxidative folding. Indeed, in the oxidative folding of BPTT, selenol states generated from
corresponding diselenide compounds smoothly mediated SS-isomerization of the kinetically trapped SS-intermediates generated
during the folding, and remarkably improved the oxidative folding rate and yield more than GSSG. Notably, the capability of
compounds 2 and 3 as folding promoters was comparable to or slightly higher than that of GSeSeG.

4.3. Cyclic diselenides

Not only dimeric diselenides as shown above but also cyclic diselenide compounds are frequently used to manipulate the
structural maturation of denatured and reduced proteins. Raines ez a/. reported that the diselenolate form (4a) produced by the
reduction of (S)-1,2-diselenan-4-amine (4) can rapidly reduce protein SS bonds [46] (Fig. 8). Arai ez a/. extended the potential
application of compound 4 to oxidative folding [36]. In addition to 4, analogs 5 and 6, which differ in ring size and functional
groups, respectively, were also synthesized, and the ability of the oxidative folding catalyst was compared by folding experiments
with reduced RNase A. Five-membered ring diselenide 5 was found to have the highest SS-formation and SS-isomerization
abilities [36]. Among the six-membered ring diselenides (4 and 6) (Fig. 8), the £”s.s. value of 4, which has an amino group, is
higher than that of 6, which has two hydroxy groups. This may be due to the ammonium (-NHs*) group in the aqueous solution
that stabilizes the chain-opened (diselenol) form (4a) by electrostatic interactions with the Se- group in the molecule. Moreover,
compound 5, which has a stronger ring strain, had a significantly higher £*'ss value than compound 4. These results suggest
that the £°'s.s. value, and thus the folding catalytic activity of the cyclic diselenides, can be modulated by changing the ring size

and functional groups.

S—S SH SH
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Fig.8. | Comparison of reduction potentials of cyclic diselenide compounds.
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However, such structural modifications of simple Se-containing aliphatic compounds have not been readily achieved in
practical organic syntheses [47]. Meanwhile, we also reported that the £”s.s. values could be easily increased by conjugating
His via an amide bond with compound 4 [48] (Fig. 8). This result may be attributed to the stabilization of the reduced form
due to the formation of NHe**Se hydrogen bonds between the selenium atom in the diselenol state and the imidazole ring of
His in 7a (Fig. 8) [49]. Consequently, in the oxidative folding of hen egg-white lysozyme (HEL), compound 7 showed higher
catalytic activity than the parent compound (4) for both oxidative folding of the reduced state without SS bonds and repair of
the misfolded state (scrambled species) with non-native SS bonds. Importantly, the addition of compound 7 (0.3-0.5 mM) also
efficiently inhibited the aggregation of HEL (1.4 mg/mL) induced by thermal denaturation. In the oxidative folding of high
concentrations of reduced HEL (0.7 mg/mL), correct folding of the monomeric protein was also accompanied with undesired
aggregation and oligomerization in a redox bufter solution containing common glutathione (GSH/GSSG, 1.0 mM/0.2 mM),
finally recovering only 25% yield of biologically active state. In contrast, the coexistence of compound 7 (0.2 mM) instead of
GSSG inhibited intermolecular contacts of proteins, accelerated the oxidative folding rate, and improved the folding yield to
55% [48]. Thus, these results strongly suggest that the conjugation of His with compound 4 simultaneously enhances its redox
reactivity as a PDI-like catalyst and chaperone-like capability to suppress protein aggregation.

More recently, compound 8, in which Pro is inserted as a spacer amino acid between compound 4 and His, had a significantly
higher £”'s.s value than 7 and 9 without or with Gly spacer instead of Pro residue, respectively (Fig. 8) [50,51]. Detailed structural
analyses of the compounds by circular dichroism (CD) and 2-dimensional nuclear magnetic resonance (NMR) spectroscopy
clearly showed that reductive cleavage of the SeSe bond in 8 induces transformation of the peptide backbone into a rigid y-turn
structure. Therefore, the SeH and imidazole groups are spatially close to each other in the reduced state, forming NHee*Se
hydrogen bonds (or salt bridges) that thermodynamically stabilize the diselenol moiety. Thus, compound 8 functions as an
excellent oxidative folding catalyst. Moreover, aliphatic cyclic diselenols are promising regulators of intracellular redox balance in
cells because they function as good two-electron donors and are effective not only in SS-related reactions during folding, but also

in the reduction of reactive oxygen/nitrogen species, such as peroxides and nitrosothiols, which cause protein misfolding [51,52].

4.4. Enhancement of oxidative folding in cells by selenocystamine

Hilvert ez al. previously reported that selenocystamine ([SeCAlJs), an oxidized state of SeCA (Table 1) and a smaller diselenide
compound than GSeSeG, also significantly accelerates the oxidative folding of RNase A. However, its catalytic ability is slightly
lower than that of GSeSeG. [41]. They further reported that low concentrations (1-10 uM) of [SeCA], administered to
Escherichia coli lacking disulfide bond isomerase A (DsbA), a typical CXXC motif-containing folding enzyme in the periplasm
of gram-negative bacteria, promoted oxidative protein folding instead of DsbA [53].

Recently, eukaryotic green algae have attracted attention as platforms for the production of recombinant proteins. The rate-
limiting step in the accumulation of recombinant proteins is the structural maturation of proteins coupled with SS-formation
and SS-isomerization in chloroplasts, which contain protein-folding enzymes, such as chaperones, peptidyl prolyl isomerases, and
PDIs. Interestingly, the addition of [SeCA], was found to improve the accumulation of SS-containing proteins in the chloroplasts,

suggesting that the selenocompound would be promising for effective protein production by genetic engineering [54].

5. Inside strategy
5.1. Folding pathway kinetically controlled by insertion of Sec residues

Because SS-boding patterns in proteins with multiple Cys residues are essentially governed by the thermodynamics of polypeptide
chains, it is impossible to form SS bonds at arbitrary positions at 100% yield without direct modification of peptide chains
in the synthetic process. Moloder et a/. pioneered a method to kinetically govern oxidative protein folding by internalizing
the physicochemical properties of the SeH group into the polypeptide itself [SS]. Endothelin-1 (ET1; 21 amino acids), a
vasoconstrictive peptide, is a mini protein stabilized by two intramolecular SS bonds (Cys1-Cys15 and Cys3—Cys11). Under
optimal conditions, oxidation of reduced ET1 without SS bond by O, provides a regioisomer with two non-native SS bonds
(isomer A) and native ET1 (isomer B) in a 1:3 ratio, depending on the relative thermodynamic stability of the peptide loops
(Fig. 9a) [56]. Moroder et al. synthesized an ET1 analog ([C3U,C11U]-ET1), in which the two Cys residues (Cys3 and Cys11)
that form SS bonds in the native state were substituted by Sec residues to selectively yield correctly folded ET1. Because the pK,

Metallomics Research 2022 (3) #MR 202206 rev-8
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value of the SeH groups in the reduced state is significantly lower than that of the cysteinyl SH groups (Table 1), SeSe bond
formation proceeds preferentially even when multiple Cys residues coexist in the peptide chain. In addition, the SeSe bond in
the peptide chain is more thermodynamically stable than the SS bond [37], and thus bond isomerization via SH-SeSe exchange
is thermodynamically less likely to proceed. Consequently, the generation of a misfolded state with incorrect bonding pairs
was inhibited during the oxidative folding of [C3U,C11U]-ET1 (Fig. 9a). Notably, replacing SS with SeSe did not affect the
biological activity and folded structure of ET1.
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Fig. 9. Oxidative folding of mini proteins kinetically controlled by highly reactive selenol (SeH) groups in

selenocysteine (Sec) residues.

(a) Predominant oxidation of Sec residues and selective production of folded endothelin-1 (ET1)
analog ([C3U,C11UI-ET1).

(b) Regioselective diselenide- (SeSe) and SS-formation to produce possible apamin isomers.

Apamin, a bee toxin protein, has the same SS bond topology as ET1. Moroder ez al. selectively synthesized three possible
isomers, including the native state, by utilizing the Sec-substituting strategy (Fig. 9b) [57,58]. The results strongly suggest that
beyond the structural information encoded in the primary sequence, the kinetic and thermodynamic properties of the SeH
groups and SeSe bonds, respectively, contribute more strongly to the folding pathway and SS-bonding pattern in the final product.
Consequently, Sec was also utilized to generate misfolded forms in a purposeful manner [55]. Since then, this method has been
applied to structural analysis of protein folding intermediates, elucidation of the folding pathway, and effective production of

peptide formulations, as described below.

5.2. Enhancement of the foldability of conotoxins

SS-rich bioactive peptides, such as neurotoxins, plant cyclotides, antimicrobial peptides, and protease inhibitors, are potential
therapeutic agents for analgesics, antihypertensives, antiarrhythmics, antitumor medicines, antivirals, and antibiotics. SS-rich
conotoxins, known as neurotoxins from Conus, are peptide drug candidates that have been explored to enhance the foldability
and structural stability of their native states by the Sec-substituting strategy. Multiple SS bonds in conotoxins are readily reduced
or isomerized in the presence of an SH-based reductant, such as GSH, thioredoxin, and albumin, thus easily degrading them in
the blood. Alewood ez al. synthesized a-selenoconotoxins, in which one or two SS bonds in wild-type a-conotoxin were replaced
by SeSe bonds [59]. Due to regioselective SeSe bonding, the folded state of a-selenoconotoxins is effectively produced at high
yields, and all analogs exhibited remarkable stability against SH-based biomolecules [59,60]. Similarly, for pharmacologically
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relevant conotoxins containing three SS bonds, such as p-conotoxin [61], w-selenoconotoxin GVIA [62], u-conotoxin KIITA [63],
and p.O-conotoxin MrVIB [64], the folding yield was improved by replacing one SS bond with a SeSe bond. In both cases, the
substitution of SeSe bonds did not alter the 3D structure and reduce the biological activity. Furthermore, Bulaj ef 2/. compared
the overall folding rates of seleno-analogs of w-conotoxin GVIA and p-conotoxin SIIIA with wild types. Both selenopeptides,
in which one of the three SS bonds was replaced by SeSe bond, promoted SS-formation and SS-isomerization during oxidative
folding at a higher rate than the wild-type peptides, even in the absence of chemical redox reagents. This is due to the autocatalytic

functions of inserted Sec residues in the peptides (Fig. 10). [65].

SH 1 1
//6\9/, s—s
SH SS-formation

P
Se-Se /d\q/ SS-isomerization
2H*

H,0 120,

Fig. 10. | Redox reagent-free oxidative folding of conotoxins catalyzed by intramolecular Sec residues.

5.3. Steering of the folding pathway by inserting Sec residues

A detailed oxidative folding pathway has been reported for wild-type BPTI (58 amino acids), which haslong been employed as
abenchmark protein in folding studies (Fig. 11a) [66-68]. In the key intermediates, N*and N', which have native-like structures,
free SH groups are buried inside the molecules. Generation of these kinetically trapped intermediates consequently decelerates
the overall folding rate of BPTI. Conversely, if the formation of N* and N' could be avoided, reduced BPTI (R) could lead to
rapid and high-yield formation of the native state (N).
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Fig. 11. | Oxidative folding of bovine pancreatic trypsin inhibitor (BPTI).
(a) Major oxidative folding pathways of BPTI and its Sec-substituted analogs.
(b) Modification of energy landscape for oxidative folding of BPTI by insertion of Sec, instead of cysteine (Cys) residues.
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Based on this concept, Hilvert ez a/. proposed a new strategy to efficiently yield N by replacing Cys5 and Cys14 of BPTI with
Sec residues, preferentially undergoing a pathway in which N* and N are not involved (Fig. 11a, pathways highlighted in pink)
[69]. Indeed, the seleno-analog, [C5U,C14U]-BPTI, folded into N at 70—-80% yield at a higher rate than wild-type BPTT under
weakly basic and aerobic conditions, whereas oxidative folding of wild-type BPTI produced N* and N' as the major products
(80%) with N atalow yield. This result indicates that [C5U,C14U]-BPTI can selectively undergo a reaction pathway with smaller
activation barriers than those in wild-type BPTI by preferentially forming the non-native crosslink via the SeSe bond at the early
folding phase (Fig. 11b, middle funnel). On the other hand, for [C14U,C38U]-BPTI, intermolecular contacts preferentially
form aggregates because of the formation of an unfoldable intermediate with a SeSe bond at the non-native position (Fig. 11b,
right funnel) [70]. In the case of [CSU]-BPIT, in which only one Cys residue (Cys5) is replaced by Sec, the folding pathway is
essentially unaltered (Fig. 11a, pathways highlighted in blue), but N* can be quickly converted to N', which is accessible to the
precursor (Nzh) through a bypass with a small activation barrier (Fig. 11a, path A), resulting in an increased overall folding rate
(Fig. 11b, left funnel) [70]. Since a single Sec residue can be artificially introduced into a protein by genetic engineering, the
result that the single Sec insertion instead of Cys reasonably enhances folding efficiency would be advantageous for the biological

production of peptide-based formulations containing SS bonds [70-74].

5.4. Simplification of the oxidative folding pathway involving diverse SS-intermediates

A detailed oxidative folding pathway of hirudin (65 amino acid residues), a thrombin inhibitor with three SS bonds (Cys6—
Cysl14, Cys16-Cys28, and Cys22—Cys39), was reported in the 1990s by Chang ez al. [75-77]. While hirudin has almost the
same number of amino acid residues as BPTI with three SS bonds, their oxidative folding phenomena are completely different
[78]. BPTT achieves oxidative folding through a limited number of SS-intermediates with native-like structures (Fig. 11a). In
contrast, the oxidative folding of hirudin involves SS-intermediates (scrambled species), 1SS, 2SS, and 3SS, which have one, two,
and three non-native SS bonds in the molecule, respectively. These intermediates are sequentially generated from the reduced
state (R) (i.e., R—1SS—285—3SS), accompanied by the hydrophobic collapse of the polypeptide. 35S subsequently undergoes

SS-isomerization with conformational folding to obtain the native SS-bonding pattern and folded structure (Fig. 12).
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Fig. 12. | Oxidative folding of hirudin with three SS bonds.
(a) Oxidative folding pathway of hirudin and seleno-hirudin via scrambled SS-intermediates. Heterogeneous
ensembles with one (1SS), two (2SS), and three (3SS) SS bonds in the molecule are shown.
(b) Energy landscape for oxidative folding of wild-type hirudin (gray) and seleno-hirudin (blue).
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Metanis e al. prepared seleno-hirudins ([C6U,C14U], [C16U,C28U] and [C22U,C39U]), in which one of the three native
SS bonds was replaced by SeSe bond, and investigated their folding behavior [79]. All analogs folded into the native state at a
higher rate than the wild type. During the early oxidative folding event (SS-formation) of wild-type hirudin, heterogeneous
1SS ensembles, including various isomers, are generated as scrambled species, whereas for seleno-hirudin, the components in
the scrambled species are biased, decreasing the heterogeneity. Particularly, [C6U,C14U]-hirudin with the SeSe bond directly
gained an additional SS bond without conversion into the scrambled species via the SH-SeSe exchange reaction (Fig. 12a). In
contrast, [C6U,C16U]-hirudin with the SeSe bond at the non-native position rapidly isomerized to a heterogeneous ensemble.
These results indicate that the introduction of the SeSe bond in the appropriate position significantly reduces the diversity (i.c.,

peptidyl entropy) of the folding intermediates (Fig. 12b) and that the folding rate is accelerated by undergoing a simpler pathway.

5.5. Potent tool for interchain cross-coupling

Insulin, an important peptide-based drug, is widely known as a hypoglycemic agent for diabetic patients. Its native structure
is stabilized by two interchain SS bonds (Cys7A—Cys7B and CysZOA—Cysl9B) between the A-chain (21 amino acid residues) and
the B-chain (30 amino acid residues), in addition to the intrachain SS bond (CysGA—Cysl 1*)in the A-chain. Direct coupling of
the unprotected A-chain and B-chain via SS linkages in an oxidative environment to obtain the native form is the simplest and
most rational synthetic method. However, intramolecular SS cross-linking in each peptide chain is usually preferred, producing
a folding yield of less than 5% [80-82]. Although several efforts have been directed toward developing innovative synthetic

methodologies, a technology that involves a simple synthetic process and exhibits high product yield is yet to be developed [83].
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Fig. 13. Chain combination pathways of unprotected bovine pancreatic insulin (BPIns) A-chain and B-chain (native chain
assembly; NCA).
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Arai et al. predicted that the A-chain and B-chain could be coupled directly and effectively by utilizing the Sec-substituting
strategy, which has been applied to single-chain polypeptide folding (see above). Prior to the trial of this strategy, an exhaustive
mechanistic investigation on oxidative folding of the unprotected A-chain and B-chain, namely native chain assembly (NCA),
was performed to determine the appropriate positions for inserting Sec residues [84]. The results revealed that the NCA pathway
of insulin includes several pathways, all of which involve a common metastable precursor (255*) that lacks one interchain SS
bond (Cys7A—Cys7B) (Fig. 13). Furthermore, Cys7A—Cys7B, which is solvent-exposed in the native structure, was found to be
the most kinetically and thermodynamically unstable among the three native SS bonds.

Consequently, Arai ez al. synthesized the [C7U]-A-chain and [C7U]-B-chain, which are seleno-analogs of the component
peptides of bovine pancreatic insulin (BPIns) [85]. The A-chain and B-chain were isolated as 2-pyridylsulfanyl- (Pys) protected
derivatives with one SeS bond and an oxidized form including one SeS bond, respectively (Fig. 14a). The peptide chains were
activated to reactive species containing SH and SeH groups under weakly reductive conditions, and the chains gradually coupled
with each other by O, as an oxidant to form the [C7UA,C7UB] variant of BPIns, namely selenoinsulin (Selns), at up to 27%
isolated yield. Selns has almost the same biological activity and 3D structure as the wild type. More notably, Selns exhibited much
higher resistance against insulin-degrading enzyme (IDE), which is found in the liver and pancreas in mammals, than wild-type
insulin (i.e., T1/2 ® 8 h vs. = 1 h for BPIns), and was found to have potential as a long-acting formulation that could circulate in
the body for along time. X-ray crystallographic analysis of Selns suggests that the SeSe bond (Sec7"-Sec7”) has enhanced native
interactions in the N-terminal region of the B-chain, resulting in increased stability of the monomeric state, which may explain

the high IDE resistances.
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Fig. 14. | Preparation of selenoinsulins. Components and primary sequences of selenoinsulin series are shown.
(a) [C7U",C7U®-bovine pancreatic insulin (Selns) with external SeSe bond reported by Arai et al.
(b) Human selenoinsulin with internal SeSe bond reported by Metanis et al.

The second selenoinsulin [C6U*,C11U"] variant of human insulin (HIns) (Fig. 14b) was synthesized by Metanis ez a/. [86].
They focused on CyséA—Cysl 1%, which is formed as a major SS component in 1ss* during the early NCA event (Fig. 13),
and prepared [CGUA,CIIUA] -A-chain through SPPS. Interestingly, the A-chain analog, which has an intrachain SeSe bond,
coupled effectively with the wild-type B-chain to produce [C6U*,C11U*-HIns with a correctly folded structure at 31% isolation
yield. Importantly, the replacement of internal SS bond, which is buried in the hydrophobic core of the molecule, enhanced
thermodynamic stability against guanidinium chloride (GdmCl) and improved resistance to peptide hydrolysis by Glu-V8
protease and reductive unfolding by GSH. These results suggest that replacement of SS bonds with SeSe bonds in proteins

enable effective oxidative folding and improve the pharmacological effects of peptide formulations.

6. Future prospective and concluding remark

In vivo folding studies over the past decades have revealed that the oxidative folding pathway of proteins can be flexibly changed
to non-native pathways that are not encoded in the primary amino acid sequence by regulating the environment, such as the
additives, pH, temperature, and peptide modifications [87]. As described above, the unique redox properties of the SeSe bond
and SeH groups can also modify the energy landscape of oxidative folding and accelerate folding velocity by avoiding a pathway
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involving a kinetically trapped intermediate, or by altering the unproductive pathway to a productive pathway with lower energetic
barriers. The addition of a catalytic amount of small molecule diselenide to the oxidative folding of wild-type peptides greatly
improves both the rate and yield despite its ease of use; however, its catalytic activity is still lower than that of PDI. One reason
for the enormously high catalytic activity of PDI is that it aggressively incorporates structurally immature proteins, which have
exposed hydrophobic regions in the molecules, into its own hydrophobic cavity [88]. To further enhance the catalytic activity
of SeSe-based catalysts, it is necessary to improve their redox properties and design novel molecules to selectively recognize
undesired species that prohibit oxidative folding, such as misfolded states, kinetically trapped intermediates, and oligomers, and
finally lead them to productive pathways.

In addition, although diselenide compounds may be promising in regulating protein quality control in cells, there are only a
few reports on their biological applications (see Section 4.4). This is probably because SeSe-based compounds are highly reactive,
and therefore, often highly toxic to cells. To develop diselenide-based therapeutics for protein misfolding diseases, it is also
necessary to design molecules that can exert appropriate catalytic activity at the target organelles. Furthermore, disulfides/thiols
redox reactions are involved in a variety of biological phenomena related to protein quality control as well as oxidative folding
in the ER. For example, inositol-requiring enzyme 1 (IRE1), which is an ER transmembrane protein, can detect misfolded
proteins, and subsequently assembles with other IRE1 molecules via intermolecular SS bonds, eventually activating the unfolded
protein response (UPR) mechanisms [89]. To avoid excessive accumulation and prolonged retention of IRE1-oligomers that
cause undesired UPR-associated apoptosis, PDI family A member 6 (PDIAG or P5) cleaves the intermolecular SS bonds in
the oligomers to reproduce monomeric IRE1 [90,91]. Organoselenol compounds are also well known to function as a potent
reductant for protein SS bonds due to their high nucleophilic potency [36,46,50], and thus could also be expected to possess
the capability to chemically mimic the SS-reductase activity of PDIAG, which attenuates the IRE1 activity.

Meanwhile, the replacement of SS bonds with SeSe bonds in peptides provides various advantages, such as the promotion
of oxidative folding, enhancement of structural stability, improvement of intrinsic bioactivity, and introduction of a novel
biological function. However, although many SeSe-containing peptides have been reported as potential candidates for practical
formulations, their clinical application has not yet been achieved. For drug discovery, further knowledge of the toxicity and

pharmacokinetics, as well as the chemical phenomena of the SeSe bond 7z vivo, is necessary.
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Abstract

Selenoprotein P (SeP), encoded by the SELENOP gene, is the major selenium-containing protein in human plasma.
SeP has 10 residues of selenocysteine (Sec, cysteine analog in which the sulfur is replaced by selenium), and Sec plays
a significant role in the multifunctional properties of SeP. The one Sec residue on the N-terminal side functions for
the redox reaction that reduces lipid hydroperoxides, while the 9 Sec residues on the C-terminal side are responsible
for the selenium supplying activity. In the middle of SeP, the domain rich in basic amino acids containing consecutive
histidine is present. SeP has been reported to have multiple metal-binding abilities such as Hg, Cd, Cu, Ni, Zn, and Co;
however, its physiological significance and the effects on SeP functions remain unclear. In this review, the findings to
date on the metal-binding properties of SeP and its structural relevance are summarized, particularly for methylmercury.
The binding of other selenoproteins to metals is also described. Finally, the interactions of selenoproteins with various

metals and its significance for biological defense are discussed.
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1. Introduction

Selenium (Se) is a type of chalcogen in Group 16 of the

Received: October 29. 2022 periodic table with a large electron orbital compared with
Accepted: December 13, 2022 oxygen and sulfur, which facilitates the emission and reception
Released online: December 26, 2022 of electrons. Selenium is known to be highly toxic, while it is an

essential trace element[1]. A particularly narrow appropriate
range between deficiency and excess is a characteristic property

of selenium. The physiological role of selenium is mediated by
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selenoproteins, containing selenocysteine (Sec), an amino acid in which the sulfur in cysteine is replaced by selenium([2,3].
Twenty-five kinds of human selenoproteins are identified, and are a key factor in the antioxidant system, which plays a significant
role in the removal of reactive oxygen species (ROS) and redox regulation[4,5]. Sec is encoded by the UGA codon, known as
a stop (opal) codon, and is called the 21st amino acid in the genetic code. In eukaryotes, the Sec insertion sequence (SECIS),
which is a specific hairpin structure located in the 3" untranslated region (3'UTR) of selenoprotein mRNA, is essential for the
incorporation of Sec during the biosynthesis of selenoproteins|3]. SECIS binds the SECIS-binding protein 2 (SBP2) and forms
a complex for Sec incorporation via the recruitment of the Sec-specific eukaryotic elongation factor (eEFsec) and Sec-tRNA*
(an anticodon complementary to the UGA codon)|6,7].

Glutathione peroxidase (GPx), the identified first selenoprotein, is an enzyme that reduces and detoxifies hydroperoxides in the
presence of glutathione (GSH), and Sec forms its active site[8]. Thioredoxin reductase (TrxR ) is a selenoprotein that is responsible
for redox control[9]. TrxR is an NADPH-dependent flavin enzyme that consumes NADPH and reduces Trx by using Sec in
its active site. Selenoproteins are also involved in growth/development and energy metabolism; iodothyronine deiodinase (DI),
which activates or inactivates the thyroid hormone, is a selenoprotein, and Sec is used for the elimination/addition of iodide[10].

Selenoprotein P (SeP) accounts for 50% of human plasma selenium with the ‘P’ derived from its presence in ‘plasma.” SeP
is synthesized mainly in the liver and secreted into plasma[11]. SeP is the unique selenoprotein containing 10 Sec residues in
the polypeptide chain. SeP is multifunctional with GPx-like reducing activity for lipid hydroperoxides and with a selenium
transporting activity that efliciently delivers selenium to the cells[12,13]. Further, SeP binds heavy metals such as copper (Cu) and
cadmium (Cd) and is also identified as a major methylmercury-binding protein in plasma, suggesting its role in the detoxication
of heavy metals[14,15].

This review focused on the metal-binding properties of SeP and its structural relevance, particularly on methylmercury. The
binding of other selenoproteins to various metals is also described. The interactions of selenoproteins with metals and their

biological role in the defense against environmental pollution are discussed.

2. Structure and function of selenoprotein P
The structure—function relationship in SeP is shown in Fig. 1 [13,16]. The mRNA of SeP contains ten UGA codons in the
open reading frame and two SECIS in the 3'UTR, while other selenoprotein mRNAs have only one SECIS element[17]. SeP

possesses several biological functions ascribed with 10 Sec residues; one N-terminal Sec residue forms an active site of enzyme

N-terminal Cleavage site of C-terminal
plasma kallikrein

Sec 9 Sec
\/ ) J

Active site of enzyme His-rich region Sec-rich region
<< > 4+—> <« >
Reduction of phospholipid Binding to heparin Se transport
hydroperoxide and heavy metals ﬁ

ﬁ MeHg, Cd
Zn, Cu, Ni, Mn,

Co, Ag, Cd

Fig. 1. Structure and function of selenoprotein P.
Domain structure and function of selenoprotein P. Possible interaction between each region and metal is indicated.
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Fig. 2. The properties of the amino acid sequence of human Selenoprotein P.
U: selenocysteine. C (yellow color): cysteine near selenocysteine. Sequential histidine is shown in the box. Triangle
indicates the cleavage sites of plasma kallikrein.

activity to reduce lipid hydroperoxide, while the nine C-terminal Sec residues function as a Se transporter. Plasma kallikrein cleaves
SeP in limited proteolysis with Arg-235-Gln-236 and Arg-242—Asp-243, generating the N-terminal fragments (residues 1-235)
with enzyme activity and C-terminal fragment (residues 243-361) exhibiting Se-supply activity[18]. Based on the biological
function of these SeP fragments, a domain structure of SeP is proposed (Fig. 1).

The amino acid sequence of human selenoprotein P (SeP) is shown in Fig. 2. N-terminal, a possible catalytic center of SeP,
has U(Sec)XXC motif, similar to the active site of thioredoxin (CXXC), which suggests the reactivity of SeP against the protein
thiols. The interaction between the C-terminal domain of SeP and the YWTD {-propeller domain of SeP receptor, ApoER2,
has been reported, and the importance of this interaction, particularly in maintaining selenium levels in the brain and testes,
has been manifested in the phenotypes of these KO mice[19-21]. Both Sec and Cys have been found to be abundant in the
C-terminal region of human SeP (Fig. 2). These residues are known to be relatively well conserved between human, rats and
mice [22]. If Sec and Cys are considered together, an almost complete conservation of Sec and Cys residues is observed. When
the CC or CXC sequences (i.e., the metal-binding motif in metallothionein [23]) are adapted to the C-terminal part of SeP, it has
the following sequences: one UCC, one UXC, two CXU, and two UXU. This suggests that SeP will bind metals via C-terminal
Sec residues; however, details are unknown.

A His-rich region containing a typical heparin-binding motif XBBXB (B: a basic amino acid) is located in the middle of
SeP (Fig. 1). This His-rich region functions like a naturally occurring His-tag to bind nickel-nitrilotriacetic acid (Ni-NTA)
agarose; namely, SeP binds strongly to nickel-chelating agarose in the same manner as six constitutive His-tagged recombinant
proteins and it is eluted by competition with imidazole, a His analog [13,24]. Interestingly, it has been reported that SeP can
bind to heavy metals 77 vivo and 7% vitro in a His-dependent manner (details are described later). SeP is also identified as a major
methylmercury-binding protein in plasma, suggesting that it plays a role in the detoxication of heavy metals; however, the

physiological significance of the metal-binding property of SeP is still under consideration.

3. Role of selenium on mercury distribution toxicity and metabolisms

Selenide ion (Se” or hydrogen selenide ion; HSe') and selenolate ion (RSe’) show potent nucleophilicity; thus, selenide and
selenocysteine can bind electrophilic metals, e.g., mercury. In addition, selenium can also form coordination bonds through
noncovalent electron pairs similar to the sulfide group. Based on these chemical properties, several effects of selenium on the

distribution and toxicity of metals have been reported.
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One of the earliest and most representative studies on selenium and metal interaction has been on mercury (Hg). Mercury is
distributed in the earth’s crust at 0.05 mg/kg and is naturally found as mercuric salts, e.g., HgCl, HgO, HgS, and HgSe[25,26].
Unlike most other metallic compounds, mercuric compounds tend to involve covalent bonding rather than ionic bonding[26].
These inorganic mercury compounds are methylated by microorganisms and biologically concentrated in large predatory fish
and marine mammals (whales, dolphins, and seals)[27,28]. Indeed, the most abundant chemical speciation of mercury in fish
is mono-methylmercury (MeHg) and its assumed to consist of approximately 84% of total mercury[29]. Thus, humans are
predominantly exposed to mercury as methylmercury from seafood[30,31], except for occupational exposure to inorganic mercury.
Methylmercury and inorganic mercury are bound with S and Se in an aqueous solution and the binding energy between Hg and
Se s relatively stronger than $[32,33]. Recent computational chemistry suggested that binding of methylmercury to selenocysteine
would facilitate spontaneous Se-elimination reaction from selenocysteine to produce dehydroalanine in selenoenzymes[34];
however, it is not known whether this reaction is observed 7z vivo.

Several studies suggested that selenium antagonizes mercury toxicity, both inorganic mercury and methylmercury. Parizek
and Ostadalova demonstrated that Se protects against mercury-induced neurotoxicity in rats[35]. This similar detoxification of
mercury by selenium was reported in Japanese quails, rats, aquatic organisms, and bacteria[36]. The concentrations of mercury
and selenium are frequently found in a 1:1 molar ratio in tissues of marine life[37,38]. Recent studies suggest that consuming
fish with Hg:Se ratios lower than 1:1 may reduce the risk of mercury toxicity[39,40]. Interestingly selenium toxicity was rescued
by mercury; thus, it has been known that selenium and mercury cancel each other’s toxicity via the formation of a stable adduct.
Although selenium protects against mercury and methylmercury toxicity, the effect of selenium on mercury concentration in
organs is controversial and it is not explainable by the effect of mercury excretion alone[41]. This indicates selenium can detoxify
mercury and methylmercury toxicity via the formation of stable and less-toxic adducts, which is independent of excretion.
Naganuma etal. reported the formation of bis-methylmercuric selenide, (MeHg).Se, by the reaction product of methylmercury,
glutathione, and selenide. This compound is unstable and readily degraded to HgSe[36,42,43]. HgS and HgSe complex was found
in the liver of mammals, and some studies suggest that selenium can facilitate the demethylation of methylmercury[44]. Little is
known about the biological fate of HgS and HgSe; however, it may contribute to the excretion of mercury because methylmercury
is reabsorbed in the kidney and intestine to form enterohepatic and intrarenal circulation[45]. The biological absorption of
inorganic mercury is less than methylmercury; thus, it has been thought that the demethylation process is the detoxification of
methylmercury[46,47]. However, Takanezawa et al. recently reported that ectopic expression of the demethylation enzyme for
methylmercury, which is the microbial origin MerB, to mammalian cell line-enhanced methylmercury toxicity[48]. These findings
suggest that methylmercury demethylation inside or outside of the cells may be important for toxicity, or the presence of a counter
ion (S¢” or §%), which eliminates the reactivity of inorganic mercury may also be crucial. Again, selenium is thought to be an
important factor in the understanding of the distribution and demethylation of methylmercury, and the subsequent toxicity.

Selenoproteins were also important for mercury toxicity. Several studies have reported decreased GPx activity, a selenoprotein
that plays a significant role in antioxidative defense, by methylmercury. Methylmercury containing water at a concentration of
40 mg/L and bred mice ad libitum for 15-17 days resulting in a decrease in GPx activity and an increase in oxidative stress were
observed in the brain with Purkinje cell injury[49]. Franco et al. also found that the free drinking of 40 mg/L methylmercury
for 21 days in mice (male Swiss mice) resulted in a 50-60% decrease in GPx activity in the brain[50]. Usuki et al. reported that
methylmercury administration to rats for 4 weeks decreased GPx1 mRNA in the skeletal muscle[S1]. Using cultured neurons,
it was also shown that mercaptosuccinic acid (GPx inhibitor) potentiates the toxicity of methylmercury, while overexpression of
GPx1 in mouse cerebellar granule cells suppressed methylmercury-induced cell death, suggesting that GPx1 plays a protective role
in methylmercury-induced neuronal injury[52]. The effect of methylmercury on the activity of purified GPx protein has been
investigated[53], and methylmercury may inhibit its enzymatic activity by binding to selenocysteine; however, direct evidence

that indicates the formation of the covalent bond (Se-mercuration) has not been shown.

4. Selenoprotein P, a major target of methylmercury in plasma
Interestingly, recent studies suggest that SeP can be a major target of methylmercury in plasma. Although SeP is known

as a selenium transporting protein and anti-oxidative enzyme, the effect of Se-mercuration of SeP on its functions is not well
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understood. This chapter introduces some evidence that shows the strong interaction of SeP and mercury and discusses its
contribution to mercury toxicity.

In human plasma, there are two kinds of selenoproteins: SeP and extracellular GPx (GPx3), possessing Se as Sec residue, and
53% and 19% of plasma selenium is derived from SeP and GPx3, respectively. The residual 28% of selenium might be derived
from selenomethionine (SeMet) in albumin, and/or low molecular selenium compounds, which have in part been identified as
selenosugars. The Nunavik Inuit is one of the groups that are exposed to relatively high concentrations of methylmercury and
selenium because the Nunavik Inuit people consume seafood and marine mammals daily. Achebe et al. challenged LC-ICP/MS
analysis of Inuit plasma and found that the highest concentration of mercury is found at the same fraction of SeP[54]. In the
case of mercury miners in China who were occupationally exposed to inorganic mercury, it was found that both SeP and GPx3
were bound with mercury in serum[55]. An animal study was also conducted by Liu et al. and SeP was found as a predominant
target of methylmercury in the plasma of rats administrated with methylmercury-containing water (4 mg/kg as Hg for 4 weeks).
They concluded that 73% of total mercury in plasma is bound with SeP and this is the major mercury transporting protein in
plasma, despite albumin being abundant[15]. The SeP level in plasma is decreased by methylmercury intoxication for a 4-week
exposure of 20 ppm of MeHg to rat, while not by Pb and Cd exposure[56].

Administration of inorganic mercury (HgCl) and selenite simultaneously and equimolar prevent toxicity; this led many
researchers to suggest the formation of an equimolar (HgSe), that is bound to the specific plasma protein in the bloodstream[57,58],
and later this was identified as SeP[S9]. In this case, inorganic mercury or selenite itself failed to bind with SeP, indicating that
the (HgSe)n cluster ionically electrostatically interacted with SeP, but not Hg2+. The estimated number of HgSe complex that is
bound with SeP is approximately 100, and at least 35 binding sites on SeP was suggested[60].

In all studies, the effects of methylmercury and inorganic mercury on the selenium transporting function in SeP were not

addressed at all and will need to be examined in the future.

5. Interaction of several selenoproteins with various metals

As mentioned above, SeP binds to several divalent cation metals due to its His-rich domain[14]. Sidenius et al. found that
Cu™, Ni*", Zn™, Co™*, and Cd** bind to SeP in human plasma by metal ion affinity chromatography, and among these, Co™
binds most strongly to SeP[14]. The relationship between Zn, an essential trace element, and SeP has been well studied in these
metals[61,62]. Zn is an important metal for the neurodevelopment of brains and spermatogenesis in testes similar to selenium
and SeP|[63,64]. In the brains of Alzheimer’s disease patients, it has been reported that the amount of SeP protein expression in
cerebrospinal fluid is slightly increased, and it is also known that Zn promotes protein aggregation and that Zn concentrations
are heterogeneous[65,66]. In the brains of SeP KO mice, Zn concentration in the hippocampus was increased[67]. Xiubo et
al. reported that the binding of SeP to Zn inhibits AP aggregation and reduces the resulting neuropathy|[62]. These results
may suggest that SeP contributes to Zn utilization in the brain via directly binding through its His-rich domain[67]. ApoER2,
which is the SeP receptor, is also known as the ApoE receptor in the brain[21]. Polymorphism in the ApoE gene is one of the
most well-known risk factors for Alzheimer’s disease[68]. Zn exacerbates Alzheimer’s disease by cleaving ApoE and reducing the
normal full-length ApoE[69]. In addition to suppressing A aggregation by Zn as described above, SeP may suppress Alzheimer’s
disease by maintaining full-length ApoE. In some cohort studies related to selenium and aging including Alzheimer’s disease,
the involvement of selenium in Alzheimer’s disease was found to be still controversial, but we are hopeful that a more detailed
role may be found by focusing on SeP rather than selenium.

The relevance between selenium/SeP and toxic metals known as environmental pollutants, such as methylmercury, As,
and Cd, has been well studied[70,71]. Cd and its binding proteins have long been well studied, and metallothionein has been
extensively investigated[72]. Cd and metallothionein are bound by CXXC, or CXC motif, and also SeP has CXU, UXC, and
UXU in its C-terminal Sec-rich domain. On the other hand, computer calculations also suggest binding to His-rich plasma
glycoproteins[73,74]. Sasakura et al. found that SeP fractions, purified from human plasma, bind Cd, and the molar ratios of
SeP to Cd are 1:1[75]. It is not clear whether the binding of SeP to Cd is in the His-rich domain or the C-terminal domain (or
both), but we expect this to be clarified.

Cd induces oxidative stress and injures kidneys and testes, while it has been demonstrated that selenium reduces this toxicity[76].

Recently, it was shown that lipid peroxide accumulates in the testes of mice treated with low concentrations of Cd, inducing
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ferroptosis[77]. We have found that GPx4 expression, which plays a role in the reduction of phospholipid hydroperoxidase, is
almost abolished in the testes of SeP KO mice (data not shown). Additionally, exposure of high-dose Cd to the HepG2 cell,
hepatocarcinoma cell line, decreases SeP expression[78]. These results imply that when Se is sufficiently greater than Cd, the
expression of SeP is enough to protect against toxicity caused by ROS in the testes, but when Cd is excessively increased, SeP
production from the liver decreases, resulting in oxidative stress and ferroptosis.

Other selenoproteins containing selenocysteine such as TrxR and GPx have also been suggested to bind metals. As mentioned
above, some metals may inhibit its enzymatic activity by binding to Sec[79,80]. In particular, several studies suggest that Au
binds to TrxR and inhibits its activity[81-83]. TrxRs have a redox active Sec residue [84]. Mass spectrometry studies suggest
that TrxRs bind to approximately four Au (I) cations([85], while biochemical assays show that the Au compound greatly alters
the active Sec site of the enzymes[86-89]. Though conclusive evidence of direct metal binding to Sec has not been achieved
yet, the study examining the reaction of TrxR1 mutant lacking Sec (Sec498— Cys mutant) with Au compounds supported this
hypothesis[90]. Particularly in cancers, TrxR inhibition leads to an increased intracellular oxidative stress and induces apoptosis[91].
TrxR overexpression is associated with aggressive tumor progression and poor survival in patients with breast, ovarian, and lung
cancers[85,92,93]. The thioredoxin system may represent an attractive target for the development of new cancer treatments. The
Au complex auranofin inhibits the activity of TrxR and was developed as an oral therapy for rheumatoid arthritis. Recently, it
has been studied as a potent anticancer agent due to its TrxR inhibitory effect[79]. Other metals, such as Ag, Pt, Ru, and Rh,
are also used in anticancer drugs, and many of them are designed specifically for targeting TrxR [94,95].

Direct binding of free selenium to various metals may modulate metal toxicity. It has been suggested that administration of
inorganic selenium may be protective against metal toxicity of Pb, Hg, As, Cd, etc. Overall, it is thought that selenium is used as
a source of selenoprotein and protects cells by scavenging ROS, but it has been suggested that selenium directly binds to some
metals and inhibits their toxicity[96]. Human studies have demonstrated that selenium may reduce As accumulation in the
organism and protect against As-related skin lesions[97]. In another study examining the effect of As on ultraviolet radiation
(UVR)-induced carcinogenesis in mouse skin, dietary selenium blocked the cancer enhancement effects of As[98]. This study
suggested that selenium prevented As retention in mouse skin probably by formation of an As—Se metabolite, a seleno-bis
(S-glutathionyl) arenium ion, whose traces were identified in the liver of mice. The authors concluded that formation of this
compound was more likely to be responsible for the As-blocking effect of Se than was a mechanism based on oxidative stress
reduction. Another study implicated that selenium compounds prevent metal-mediated oxidative damage through binding to
copper and iron[99]. Selenium compounds such as selenocysteine directly inhibited Cu- and Fe-induced DNA damage 7z vitro
despite their low GPx activity, suggesting that metal binding to selenium compounds is the primary mechanism.

While there is much evidence suggesting protective/ameliorative effects of selenium against metal toxicity, it should be noted
that selenium interaction with several toxic elements may prolong their persistence in animal tissues, leading to long-term effects

of toxic elements[100].
6. Conclusion

This review focuses on the binding of several metals for selenium/selenoproteins, particularly SeP in plasma. The list of

metals binding to SeP were shown in Table 1. SeP binds metals in at least two ways: Sec- and His-rich sequences. At present,

Table 1. | Binding patterns of selenoproteins and selenium to various metals

binding site metal reference

Selenoprotein P
His-rich domain  Zn, Cu Ni, Mn, Co, Ag, Cd  [14,62,75,101]

Sec MeHg, Cd [15,78]
Other selenoproteins
TrxR Sec Au, Pt, Pd [81,83]
GPx Sec Au [80,81]
Selenium Hg, Ag, Pb, As, Mn, Cu, Fe [96,98,99]
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the precise effects of heavy metals on SeP functions are not fully understood, which is an important subject to understanding

the molecular mechanisms of the toxicity of these metals. It will also be an exciting study that reveals the relationship between

the metal-binding properties of SeP and its related diseases, including type 2 diabetes. Further research is necessary to show the

interaction between selenium/selenoproteins and metals in physiological and toxicological conditions.
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Abstract

The high toxicity of soluble selenium (Se) has led to the establishment of environmental standards in Japan. Consequently,

various methods for recovering Se from wastewater and contaminated soil have been developed and applied. Despite

the recovery and recycling potential of Se after wastewater and/or soil treatment, Se recycling has rarely been mentioned

in previous studies. Therefore, a recycling method for Se proposed by the authors is outlined here. Briefly, the selenate

contained in wastewater was converted into solid elemental Se or volatile dimethyl diselenide via Pseudomonas stutzeri

NT-I metabolism, recovered, purified to high-purity elemental Se, and recycled. The advantages and disadvantages of

this recycling method are discussed, as well as those of other recovery and recycling treatment. Overall, Se in soils and

wastewater can be recovered by choosing a treatment method suitable for each condition and Se species.

Key words: Selenium contamination, Selenium recycling, Pseudomonas stutzeri N'T-1, biomineralization,

biovolatilization, physicochemical methods
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Introduction

A recycling-oriented society in which the environment is considered, aiming at the elimination of fossil fuel dependence

and reduction of global greenhouse gas effects, is required internationally. In line with this, in September 2015, the United

Nations Summit adopted several Sustainable Development Goals (SDGs). As a result, research and development efforts have

focused not only on reducing the cost of energy while improving its use, but also on saving resources and energy. Rare metals
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have supported both high-performance and environmentally
compatible technologies, such as regenerative energy use (SDG
7 - Affordable and Clean Energy) and production (SDG 12 -
Responsible Consumption and Production) with the premise of
recycling. Unlike the common metals used in large quantities, rare
metals are often used in small amounts to improve technological
performance and designated as “industrial vitamins” because of
their distinctive properties and essential role in electronic devices.

Selenium (Se) is a rare metal and an essential trace element for
both plants and animals [1]. The antioxidant effect of Se in the
human body has driven its use as a raw material in therapeutic

drugs such as anticancer drugs [2]. However, Se may be toxic

This work is licensed under a Creative Commons Attribution 4.0 International License.
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Table 1. | Laws and reference values for selenium in Japan

Target Low name reference value
water Basic Environment Law
Water Supply Act 0.01 mg/L
Sewerage Law
Wiater Pollution Control Law 0.1 mg/L
soil Soil Contamination Countermeasures 0.01 mg/L (soil elution standard),
Law 150 mg/kg (soil content standard)

to the human body if taken in excess. It is known that chronic ingestion of Se at 400 wg/day or more causes gastrointestinal
disorders and peripheral neuropathy in adult human, and acute toxic effects, such as severe gastrointestinal disorders and dyspnea,
when ingested at higher dosages (e.g., in g/day) [3]. As an important industrial raw material for advanced industries, Se is mainly
smelted as a by-product from electrolytic slimes of copper [4]. Previously used as a semiconductor with rectifying effects, Se is
now used as a material for copper indium gallium selenide (CIGS) photovoltaic panels. Recent studies have developed CIGS
photovoltaic cells with conversion efficiencies exceeding 34%, and the practical application of photovoltaic cells with such high
conversion efficiencies has become more realistic despite their low-cost and low-resource use [5].

Thus, Se has a variety of uses and an increase in its demand is expected in the future. With the expansion of Se production and
application, industrial wastewater containing this metal at concentrations high enough to be considered non-natural [6] and the
increasing possibility of Se leak into the environment have to be considered. However, itis difficult for purifying, recovering, and
reusing the Se contained in industrial wastewater. This is because industrial wastewater contains impurity ions such as As, Fe, Cu
and S and the others in addition to selenium [7, 8]. In industrial wastewater, Se occurs mostly in the form of selenate [Se(VI)]
or selenite [Se(IV)] oxyanions, which are detrimental to organisms at low levels. For instance, the half-lethal dose (LD50) of oral
administration in rats is 1.6 mg/kg for selenate and 10 mg/kg for selenite, which is comparable to the LD50 of arsenic, regarded
as a severe venom [9-11]. The Japanese government has focused on the toxicity of Se and has legislated on the Se standards for
water, soil, and air (Table 1). Currently, Se refining processes and thermal power plants generate wastewater containing high
concentrations of soluble seleno-oxyanions [12]. Physicochemical treatments, such as coprecipitation, have been implemented
to treat wastewater containing Se and allowed achieving Se levels in solution under 0.1 mg/L before discharge (Figure 1). For
soluble Se, physicochemical treatment methods for selenate in particular are still being investigated but a treatment combining
ion exchange and precipitation methods for high Se concentration has been proposed [13-17]. Although the purpose of these
treatment methods is to remove Se, there are few reports on the recovery, purification, and recycling of removed Se.

Because Se is present at trace concentrations not only in wastewater but also in the natural environment (e.g., in volcanic
sediments), naturally-derived Se is widely distributed in Japan, which has many volcanos [18-21]. Japan’s soil contamination
controls and environmental basic laws establish the standard levels for Se and the countermeasures to be applied when the levels

are exceeded, even for naturally-derived Se. Excavation muck, such as that from tunnel construction, is likely to contain Se
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Figure 1. | Overview of the selenium (Se) treatment by co-precipitation method
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Table 2. | Chemical reaction and valence of Se

Reaction  Starting o ) Refined
] Valence DPurification method  Reaction
No. material product
Addition of Barium e 5
1 (1) Ba™ + SeO,” — BaSeOy BaSeOy4
Se(VI) VI
Boil in concentrated
2 HCl HzSCO4 +2HCl — HzSCO3 + Clz + Hzo SC(IV)
Additi f Bari
3 ) fon ot Barium Ba™ + SeO;” — BaSeO; BaSeO;
4 Addition of Ascorbic  Ascorbic acid + SeOs” — Dehydroascorbic acid 5¢(0)
e
Se(IV), SeO, 1V acid + Se(0)
) Addition of NaZSZO4 HzSCO3+N8.28204_’S€(0)+N32504 + SOZ + Hzo SC(O)
H,SeO; + 4KI + 4HNO Se(0) + 2L, +
6 Addition of KT 2 3= 5e(0) + 2L Se(0)
4KNO3 + 3H20
7 Bioselenium 0 Oxidizing roasting Se(0) — SeO, SeO,

[22, 23] leading to increased construction costs and delayed construction periods due to the countermeasures that need to be
applied. In the natural environment, Se is found at low concentrations, unlike that observed for industrial wastewater, and thus
the recycling of environmental Se has not been examined. If no regulated substances, such as Se, are included in the materials
discharged from tunnel construction, the soil is reused (e.g., embankment materials) however, if Se is present in the soil, even
after it has been treated, it may leach back into the environment and worsen the health damages to the soil. Therefore, the soil
itself is not reused and is treated as waste.

In Japan, most of the Se produced is exported as elemental Se or selenium dioxide to foreign countries. In this review, "recycling”
is defined as the conversion to pure Se compounds that are on the market. Therefore literature on Se compounds obtained by

conventional treatment methods and Se recycling methods are outlined, and the authors’ recycling method is introduced.

Recovery and recycling of Se in solution
Se recovery using physicochemical treatment

Ton exchange [13, 17] and adsorbent [16, 24] methods have been studied as physicochemical treatments for Se. Shi et al.
reported Se removals of 96% in 100 ug/L Se-containing wastewater by using strongly basic anion-exchange resins [13]. Although
Se in an ion exchange membrane after treatment has not been mentioned, a solution that has been membrane-concentrated as
a selenate or a selenite solution can be recovered by desorption from an ion exchange membrane.

A method for recovering barium selenate (BaSeOy) is via precipitation from a selenate solution [25]; it can then be further
reduced to selenite by using a reducing agent[26]. BaSeOj can be recovered from a selenate solution containing little contaminants
by adding barium chloride as a precipitate (Table 2, Reaction 1). Moreover, BaSeO, can be recycled because it is distributed at
a price equivalent to elemental Se. However, it should be noted that the products of these reactions may compete with Se and
considered as impurities if arsenic and sulfate ions are contaminants in the solutions. Selenate reduction to selenite (Table 2,
Reaction 2) is also effective because it increases Se purification (Table 2, Reactions 3-6).

There is also a method by which a selenite solution is precipitated to recover barium selenite (BaSeOs) and further reduced
to elemental Se. Like selenate solutions, selenite solutions can be purified to BaSeOs by the addition of barium chloride [27].
However, when arsenic and sulfate ions are also contained as contaminants, this reaction may lead to impurities in the final
product. Itis also possible to reduce BaSeOs to elemental Se by adding ascorbic acid and sodium sulfite [28]. The reduction and
recovery of selenite at room temperature yields amorphous Se, which exhibits the same red color as elemental Se. Amorphous Se
and iodine are precipitated by adding potassium iodide to a selenite solution under acidic conditions. As the precipitated iodine

volatilizes as hydrogen iodide when sodium sulfite is added, elemental Se can be recovered by solid-liquid separation.
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Table 3. | Bacterial treatment technology for waste water containing selenium

Initial Se Se purity of the  Selenium
Processing method Additive concentration  Recovery Se recovered purity after reference
(mM) product refined
Batch reactor rice straw 0.01 Bioselenium 208ug/L - [54]
Sludge-blanket reactor Thauera selenatis 0.01 Bioselenium 237 pg/L - [30]
. . .. Bioselenium
Upflow Anaerobic Sludge Bed reactor  Sulfurospirillum barnesii 0.01 in polyacrylamide 1194 mg/kg - [31]
Membrane biofilm reactor methane oxidizing consortium 0.01 Bioselenium - - [55]
Membrane biofilm reactor anaerobic biofilm 0.03 Bioselenium - - [56]
Membrane biofilm reactor methane oxidizing consortium 0.06 Bioselenium - - [57]
Biotrickling filter activated sludge 0.09 Bioselenium - - [58]
Upflow Anaerobic Sludge Bed reactor  granularbsludge 0.13 Bioselenium 437mg/g - [59]
Bioselenium 30% 99%
Batch reactor Psendomonas stutzeri N'T-1 0.50 [33], [34]
Mehtlseleninic adic 0.04% 99%

Se recovery via microbial metabolism

By using the metabolism of bacteria to recover Se, a specific reaction is used, and as a result, the recovered product has fewer
contaminants than the product obtained by physicochemical means. In addition to elemental selenium, the sludge mixture also
contains bacteria cells, hereafter referred to as "bioselenium”. The elemental Se that can be recovered by microbial metabolism
also has antimicrobial activity inhibiting the viability of an Escherichia coli [29]. However, if it cannot be purified elemental
selenium from bioselenium, it will not be reused. Selenium treatments utilizing specific Se metabolic pathways and recycling

methods from recovered materials are discussed below.

Recovery and recycling by biomineralization

Reports of selenium wastewater treatment using microbial mineralization are shown in Table 3. Cantafio et al. recovered
elemental selenium in a 186 day operation in selenium wastewater treatment using a sludge-blanket reactor by Thauera selenatis.
The collected sludge mixture at this time contained selenium at a concentration of 0.237 mg/L (0.0000237%) [30]. Lenz et al.
immobilized Sulfurospirillum barnesii with acrylamide and recovered elemental selenium in an Upflow Anaerobic Sludge Bed
reactor. Elemental selenium was concentrated in acrylamide gels with a maximum Se concentration of 1194 mg/kg (0.1194%)
in the sludge mixture after 58 days of incubation. Lenz et al. has proposed a purification process that uses the melting point
difference between selenium and acrylamide gels to thermally dissolve the gel and purify Se from the gel [31]. A report using
Pseudomonas stutzeri NT-Ireports a series of steps in selenium wastewater treatment and selenium recycling from the recovered
material [32-34]. This bacterium, which was isolated from the wastewater ditch-bottom sewage of a metal-recycling plant,
reduced the Se in solution to elemental Se. In fact, P. stutzeri N'T-I can reduce selenate and selenite in aqueous solution to non-
toxic and insoluble elemental Se. Dimethyl diselenide (DMDSe) was biosynthesized from elemental Se with further P, stutzeri
NT-I cultivation [32]. Taking advantage of the Se biomineralization ability of P. stutzeri NT-1, we recovered bioselenium at
87.8% and 78.8% of the initial concentration from simulated and real wastewater, respectively.

Bioselenium collected by centrifugation was red and X-ray diffraction analysis suggested the presence of amorphous Se [34].
Elemental Se in bioselenium is known to change its crystal structure depending on the drying temperature [34]. Bioselenium
dried at 40 °C exhibited a red color (amorphous Se, red bioselenium) while bioselenium dried at 60 °C exhibited a black color
(trigonal Se). In addition to Se, six other inorganic components are present in bioselenium: calcium, potassium, magnesium,
sodium, phosphorus, and sulfur (Table 4).

Washing with hydrochloric acid and ethanol could concentrate the recovered bioselenium up to a Se concentration of 90%.
However, contaminants could not be completely removed due to organic molecules derived from bacterial metabolism. For

elemental Se, the retail price does not change depending on its crystalline structure but the higher the purity, the higher the price.
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Table 4. | Elemental analysis of selenium (Se) recovery (%) from wastewater treated with P. stutzeri NT-1 [36], [37]

N.D. : Not detected

Biomeneralization Biovolatilization
Element
Bioselenium Refined SeO, Refined Se(0) Methylseleninic Acid Refined Se(0)

Calcium 0.3-0.4 0.1 N.D. N.D. N.D.
Potassium 0.9-1.1 0.2 N.D. N.D. N.D.
Magnesium 0.3-0.4 N.D. N.D. N.D. N.D.
Sodium 0.9-1.1 0.3 <0.1 N.D. 0.4
Phosphorus 1.9-4.2 N.D. N.D. N.D. N.D.
Sulfur 1.8-2.7 0.7 N.D. 0.03 N.D.
Selenium 11-14 99 99 0.04 99

As the purity of commercially available elemental Se is at least 99%, it is necessary to increase the purity of the recovered Se to 99%
or more for recycling. Bioselenium is largely comprised of microbial-derived organic matter, which originate water and carbon
dioxide by perfect combustion under pure oxygen. These organic substances can be easily removed from bioselenium; thus, if
Se volatilization and separation from bioselenium is achieved, high-purity Se can be expected as well as its recycling. Therefore,
selenium dioxide purification from bioselenium by oxidative roasting was attempted (Table 2, Reaction 7) [34]. Conditions
of oxidized roasting were investigated, and selenium dioxide with 99% purity could be recovered when the Se in bioselenium
was sufficiently oxidized (700 °C, pure oxygen, gas flow at 100 mL/min). In addition, regardless of the Se crystal structure in
bioselenium, selenium dioxide could also be recovered as amorphous and trigonal Se. The recovered selenium dioxide had a
purity of 99% or more, but sulfur and calcium, which are thought to be derived from bacteria, were included as contaminants.
Selenium dioxide was dissolved in water to form a selenite solution, which was then reduced to elemental Se by sodium sulfite.
The sulfur and calcium contained in selenium dioxide were then removed from the purified elemental Se (Table 2, Reaction 5),
and Se purity was further increased (Table 4). The purified elemental Se is equivalent in purity to the commercial elemental Se
and may be reused for industrial materials and recycled. There are many reports on Se treatment methods using biomineralization

(Figure 2). The Se in the sludge mixture may therefore be recovered as high-purity selenium dioxide by oxidative roasting.

Recovery and recycling using biovolatilization

Kagami et al. reported that P. stutzers N'T-I was able to reduce elemental Se to dimethyl diselenide (DMDSe) [35], meaning
this unique bacterium carries out all reactions from selenate to DMDSe in a single cell. DMDSe is highly volatile and is easily
removed from solutions. Kagami et al. also reported that Se in aqueous solution could be volatilized at 7.6 umol/L/h in a flask
and 14 umol/L/h in Jarfarmenter culture. Gas-phase analysis showed that, in addition to DMDSe, dimethyl selenide (DMSe),
dimethyl selenosulfide (DMSeS), and dimethyl disulfide (DMDS) were included in the gas phase of P, stutzeri NT-I culture. Using
the Se vaporization ability of P. stutzeri N'T-1, we recovered 71.2% and 38.9% of the initial Se concentration in nitric acid solution
from simulated and real wastewater, respectively [33]. The only metallic elements detected in the nitric acid traps recovered in
both simulated and real wastewater were Se and sulfur (Table 4). DMDSe in nitric acid becomes nonvolatile methylseleninic
acid [36], which is difficult to use in the industry. Therefore, we tried to convert it into resource-valuable elemental Se (Figure 3).
Methylseleninic acid recovered from the simulated wastewater contained 0.04% of Se and 0.03% of sulfur. A nitric acid solution
containing methylseleninic acid was neutralized with sodium hydroxide; after adding hydrogen peroxide, the mixture was heated
at 70 °C for 60 min for oxidation and conversion of methylseleninic acid into selenate. Subsequently, hydrogen chloride was
added to reduce selenate and convert it into selenite (Table 2, Reaction 2). Finally, the reduction and conversion of ascorbic

acid to elemental Se allowed the recovery of more than 99% pure Se (Table 2, Reaction 4).
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Summary of wastewater treatment methods

When Se is physicochemically treated, contaminants may be easily included in the recovered Se compound due to non-specific
reactions and therefore the purity of final product becomes low. On the contrary, microbial treatment can recover Se by specific
reactions and less contaminants are therefore expected in the Se compound recovered; in addition, the purity of the final product
becomes high. In particular, in the treatment using P. stutzeri NT-1, Se was recovered from wastewater by Se biomineralization
and biovolatilization, and the recovered material was successfully recycled to elemental Se by further physicochemical treatment
(Figure 2, Figure 3). However, microbial treatment takes longer than physicochemical treatment, which is a disadvantage of
this method.

Different from the recycling of Se, research on the synthesis of high-value-added products by bacteria was also carried out.
Kuroda et al., for example, synthesized bismuth selenide, which is used as a thermo-electroconversion element, by culturing 2.
stutzeri NT-I with selenite and bismuth mixed solutions [37]. Thus, instead of recovering only Se from wastewater, it is possible
to simultaneously treat wastewater and synthesize bismuth selenide, a high-value-added product.

When Se wastewater is treated and the recovered Se is recycled, it is necessary to examine the final purified product morphology

and the contaminants contained in Se wastewater via combined analyses.
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Se treatment methods for contaminated soil

The difficult processing of selenate is also a social problem concerning soil treatment. In Japan, the revision of the soil
contamination control law in 2010 implied acting on metal concentration in soil exceeding the environmental standard, even for
naturally-derived metals including arsenic, boron, cadmium, chromium, fluorine, mercury, lead, and Se. In many cases, heavy
metals of natural origin are detected in workers handling large amounts of soil and sand, and the prolongation of the construction
period due to countermeasures together with the cost of treatments have become a problem. Selenate in particular has attracted
attention because of its low reactivity and difficulty in treatment. Therefore, the following sections outline the treatment methods

used in Japan for Se-containing soil and introduce a new soil treatment method currently being examined by the authors.

Water-deprivation containment

Soils containing Se have undergone "water-deprivation containment” in which water-deprivation sheets were laid around
contaminated soils to achieve environmental standards [38-41]. Physically intercepting the contact between rainwater and
contaminated soil using impermeable sheets also prevents the leaching of heavy metals in contaminated soil. This is an excellent
technique that can respond to all concentrations of contamination because it prevents stormwater from entering the soil. At
present, it is mainstream to lay a total of five layers (three layers of protective mats plus two layers of impervious sheets) but
applying this arrangement to cover the bottom, side, and top of contaminated soil presents a high work burden and large amount
of material used, which leads to high treatment costs. Water-soluble Se contained in the soil remains in situ in the same form
even after containment but when water-deprivation sheets surrounding contaminated soils are damaged due to earthquakes or
other natural occurrences, the water-soluble Se may leak. Thus, the water-deprivation containment method continues to pose

the risk of Se leakage. Furthermore, if water-soluble Se remains in the soil, soil cannot be reused.

Insolubilization

As the cost of "water-deprivation containment” is high, the heavy metal insolubilization treatment, which has a 2-day curing
period and low cost, has gained increasing attention. This insolubilization method can reduce the solubility of Se in soil by
mixing drugs and other substances at concentrations adjusted to the amount of contaminated soil [42, 43]. In the case of selenite
contamination, it has been shown to exerts a substantial effect. However, selenate in soil as well as in wastewater has low reactivity
with drugs, and therefore a large amount of chemicals is required to meet environmental standards increasing the cost of soil
treatment using this method. Although the insolubilization method can prevent the leaching of Se from contaminated soil, it
poses the risk of re-elution of the Se remaining in the soil. Therefore, soils contaminated with Se and treated by insolubilization

cannot be reused to prevent the spread of health hazards.

Soil washing

The soil washing technique can reduce the amount of heavy metals in contaminated soil by using water and/or solvents in
the total amount of contaminated soil [44, 45]. By washing out water-soluble Se from the soil and further separating the fine
granules that tend to elute rapidly, the residual amount of Se in the soil becomes lower than the environmental standard while
the cleaning solution (water/solvent) contains a large amount of Se at low concentration. Because the water-soluble Se is removed
by this process, the soil can be reused. Although not suitable for vegetation, this soil can be used industrially for embankments

as organic components and other compounds are also washed out together with Se.

Adsorption layer method

The adsorption layer method can reduce the heavy metal concentration of leached water passed through an adsorption layer
consisting of an adsorbent and a base material [46, 47]. For instance, when the leachate of excavation muck passes through an
adsorption layer laid in the bottom of the contaminated soil due to rainfall, it can react with the adsorbent in the adsorption
layer, which reduces the concentration of heavy metals in the leachate. In recent years, a sheet-like adsorption layer containing a
standardized adsorbent has been developed, and an increasing number of treatment cases have used this method characterized
by low work-load and relatively low cost because it is not necessary to treat the whole soil. As Se in the contaminated soil moves

along with rainwater to the adsorption layer, water-soluble Se is also removed over time. However, as there is no method of
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evaluating if water-soluble Se has been completely removed from the contaminated soil, the excavation muck is not reused.

Biological metabolism method

Microbial metabolism-based (bioremediation) and plant metabolism-based (phytoremediation) methods have been attempted
to insolubilize Se in selenate-contaminated soils that are difficult to treat using other methods [48-50]. However, these methods
take longer to achieve the desired result when compared with existing engineering methods. Since P. stutzeri NT-I has a fast selenate
reduction rate at 8.8x 10" mol/h/cell, we considered using the bacterium as an alternative to non-specific drugs currently used
for insolubilizing Se in soil. The experiments in which selenate in soils could be insolubilized by P. stutzeri NT-I are described
below [51].

Tunnel excavation mucks were collected and used to simulate contaminated soil. The harvested excavation shears were
crushed and partitioned to produce samples of 1-2 mm in diameter. When the soil dissolution test was carried out using these
soil samples, the Se concentration did not exceed the environmental standard. According to the Ministry of the Environment,
Se concentration in the eluted soil cannot exceed approximately 10 times the environmental reference value to be considered
as natural Se contamination. Therefore, we added an aqueous sodium selenate solution to our soil samples so that the soluble
Se concentration was less than ten times the environmental standard value (soil elution in mg/L); thus, simulating natural Se
contamination.

To investigate Se mass balance in soil, a 2. stutzeri NT-1 suspension (optical density at 600 nm = 1.0; pH 7.0) was added at 100%
to 100 g of simulated contaminated soil and allowed to stand at 38 °C. P, stutzeri NT-I reduces selenate to insoluble elemental
Se in aqueous solution but also to DMDSe. As P. stutzeri NT-I reduces selenate to at least elemental Se in the soil. The phase
change of soluble Se in the simulated contaminated soil after adding P, stuzzeri NT-I was therefore investigated over time (Figure
4). When only sterile medium was added to the simulated contaminated soil, the Se concentration remained almost constant,
but the environmental standard value was achieved in 72 h after P. stutzeri NT-1 addition (Figure 4 (a)). In addition, a marked
decrease in soluble Se concentration and increase in insoluble Se concentration was observed 24 h after P. stutzers N'T-I addition
(Figure 4 (b)); 72 h after adding P. stutzeri N'T-1, 94% of soluble Se was removed. This removal rate was the highest among the
conditions tested so far. Analysis showed that approximately 5% of the initial concentration was detected as soluble Se and 49%
as insoluble Se 72 h after P. stutzeri NT-1 addition. Therefore, about 46% of the soluble Se in the initial soil was likely removed
via P. stutzeri N'T-I metabolism.

The Se species in the gas phase of the tested soils were measured by gas chromatograph-mass spectrometer (GC-MS), but Se
metabolites such as DMDSe were not detected. However, the previous findings suggest that the soluble Se in soil was reduced to

DMDSe via the high Se vaporization capacity of P, stutzeri NT-1[35], which could convert 82% of the initial Se concentration
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in aqueous solution to DMDSe in 48 h. However, the synthesis of DMDSe by . stutzeri NT-1is strongly influenced by aeration
volume; the DMDSe recovery rate in the flask test without aeration was 76% but when forced aeration was used with a culture
device the recovery rate increased to 82%. Therefore, forced aeration of contaminated soil by pumping may facilitate Se elimination
by P. stutzeri NT-1. These results indicate that bacterial treatment of Se-contaminated soils not only insolubilizes the selenate
in soil, but also removes Se from soils by reducing it to DMDSe. As DMDSe is synthesized in the 48 h after treatment with 2,
stutzeri NT-I and Se is removed, the soil can be reused as noncontaminated soil faster than when treated by the adsorption layer
method. Because only Se is specifically removed from the soil after bacterial treatment, it can potentially be reused as a vegetation
soil. Therefore, the removal of Se by P, stutzers NT-I may be the most efficient treatment for naturally occurring Se-contaminated
soils in Japan. However, several problems remain to be solved in the practical application of microbial treatment, such as the
effect of the input microorganisms on the surrounding ecosystem.

A new treatment method to enrich metal-contaminated soil has been proposed for treated soils that can be used for supporting
vegetation. It consists of flower remediation, adding the value of landscape beautification to metal-treated soil [52, 53]. Treatment
of heavy metal-contaminated soils, such as those contaminated by cadmium and lead, are currently being considered. Flower
remediation of Se-contaminated soil may also be possible, as several plants capable of metabolizing Se have been reported, and

therefore this treatment method should be carefully examined.

Summary of soil treatment methods

Selenium-containing soil treatment also has advantages and disadvantages. The impervious sheet method can physically
enclose, but there is a risk of the selenium inside leaking out if the sheet avoids it. Although the insolubilization method has a
low risk of selenium leakage, it requires the chemical to be mixed with the whole soil and the construction is complicated. Soil
washing has a low risk of selenium leakage, but it also has a risk of secondary contamination from the low-concentration selenium
solution produced by washing. The adsorbed layer method is easy to construct, but there is a risk of leakage if selenium above
the assumed concentration is piled on the adsorbed layer. Treatment using biological metabolism is easy to install, but there are
still issues to be overcome before commercialization. In construction sites where large amounts of soil are transferred, such as
tunnel excavation sites, natural Se-contaminated soil is produced. Treatment conditions (season, amount of soil, area available
for treatment, cost, and surrounding environment) vary from site to site, and therefore the treatments that can be applied also

differ. Thus, not all naturally occurring Se-contaminated soils can be reused after treatment.

Conclusions and perspectives

It has become established that selenium, in particular selenate, is difficult to treat, and the goal is to achieve environmental
standards both for selenium-containing water and soil treatment. In addition, Se is cheaper than other rare metals and no significant
profit can be expected when it is recycled. However, the recycling of rare metals is important to fulfill the SDGs established by
the United Nations, and the recovery and reuse of Se is no exception. As outlined, there are several methods for Se treatment
and further purification of the recovered Se compounds. At present, it is possible to retain the resource value of the recovered

Se by selecting a suitable treatment method based on the properties of the Se-containing waste.
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Summary

Selenium plays vital roles as a defense against oxidative stress in the central nervous system. This essential micronutrient

is transported to the brain in the form of selenoprotein P. Additionally, small molecular-mass selenium compounds are

also suggested to participate in supplying selenium to the brain, although its definitive transport pathways to the brain

still remain unclear. Selenotrisulfide (~S—Se—S—, STS) is a metabolic intermediate of selenium and can react with free

cysteine (Cys) thiols in proteins through the thiol-exchange reaction (R—S—Se-S—-R’ + R”-SH — R—S-Se—S-R”
+ R’-SH). These reactions of free Cys thiols in human hemoglobin (Hb) and serum albumin (HSA) with STS are

involved in the selenium metabolic and/or transport pathway in red blood cells. In this study, rat dorsal root ganglion

(DRG) neurons are supplemented with STS species including STSs bound to HSA and Hb to determine the selenium

utilization efficiency from ST species. After incubation with STS species for 72 h, the cellular selenium concentration

and activity of selenium-dependent glutathione peroxidase in neurons increased as well as those incubated wi
dact f'sel dependent glutathione peroxid DRG d 1l as th bated with

selenious acid. Selenium from STS is thought to be absorbed and utilized for the selenoprotein synthesis in neurons.
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Introduction

Selenium plays vital roles in the brain [1, 2]. Relatively higher
amounts of lipids and vigorous oxygen consumption in the
brain are supposed to cause numerous amounts of peroxides
including phospholipid peroxides. Because excess amounts of
peroxides could cause various diseases, such as cerebrovascular
diseases and neurodegenerative diseases [3—5], antioxidative
selenoproteins, such as glutathione peroxidases (GPxs) and
thioredoxin reductases, are suppose to be important in the
brain. The importance of selenium in the brain is also suggested
from the fact that the selenium concentration in the brain is
less vulnerable compared to other peripheral organs/tissues

though the mechanism of selenium retention has not been fully

This work is licensed under a Creative Commons Attribution 4.0 International License.
BY ©2023 Yoshida S. et al.
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elucidated [6, 7]. Selenoprotein P (SelP) in blood is reported to play a key role in the systematic delivery of selenium to the brain
[8—11]. However, there is a possibility that small molecular-mass selenium species are involved in the SelP-independent selenium
transport pathway to the brain.

Selenotrisulfide (R—S—Se—S—R’, STS) is thought to be one of the key metabolic intermediates of selenium [12]. STS can
react with protein by the free cysteine (Cys) thiols through the thiol-exchange reaction (R—S—Se—S—R’ + Protein-Cys—SH
— Protein-Cys—S—Se—S—R + R’-SH). We have developed a comprehensive method to detect ST reactive protein from the
organ/tissue of rodents using penicillamine selenotrisulfide (PenSSeSPen) and MALDI TOF mass spectrometry [13—-16]. With
this methodology, liver fatty acid binding protein, cystatin-12 precursor and myoglobin were identified to bind selenium via
selenotrisulfide bonds in the liver, brain and heart of rat, respectively. Generally, STS species with small molecular-mass thiols,
such as glutathione, are chemically unstable under physiological conditions. However, selenium bound to protein via STS is
relatively more stable compared to STS with small molecular-mass thiols [17, 18]. There is a possibility that these STS reactive
proteins can participate in the transport and/or metabolic pathways of the selenium in biological systems.

In this study, primary cultured dorsal root ganglion (DRG) neurons of rats were incubated with PenSSeSPen and protein
bound ST to elucidate the involvement of STS species in the selenium transport to neuronal cells. DRG neurons can be easily
obtained from adult rats and have the same biological features as the brain neurons. We previously demonstrated that selenium
from selenious acid (SA) and seleno-L-methionine (SeMet) was absorbed into DRG neurons and utilized to increase the cellular
GPx activity [19]. Human hemoglobin (Hb) and human serum albumin (HSA) were used as models of the STS reactive protein.
Hb has free Cys thiols in its 3-subunits and mediates the selenium metabolism in red blood cells (RBCs) [17, 20]. Free Cys thiol
in HSA promotes the efflux of selenium from RBCs to plasma [18]. These proteins seemed to have suitable characteristics as
STS reactive proteins, such that they can react with STS and stably retain selenium in its molecules. Their large molecular mass
also made it easy to modify these proteins with small molecular-mass STS compounds. In addition, the selenium absorption

character in DRG neurons from STS compounds was compared to human hepatoma cells.

Materials and Methods
Materials

Selenious acid (SA), seleno-L-methionine (SeMet), glutathione in the reduced form (GSH) and hydrogen peroxide were
purchased from Nacalai Tesque, Inc. (Kyoto, Japan). L-Penicillamine (Pen), human serum albumin (HSA, 66,400 Da), human
hemoglobin (Hb, 64,500 Da) and matrix-assisted laser desorption ionization time of flight-mass spectrometry (MALDI TOF-
MS)-grade sinapinic acid were purchased from the Sigma Co. (St. Louis, MO, U.S.A.) and 2,3-diaminonaphthalene (DAN) was
from Dojindo Molecular Technologies, Inc. (Kumamoto, Japan). Nicotinamide adenine dinucleotide phosphate in the reduced
form (NADPH) and glutathione reductase (GR) were from the FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan).
The water used throughout this study (>18 MQ cm) was generated by a Milli-Q Reference system (Millipore Corp., Billerica,

MA, U.S.A.). All other chemicals were of commercial reagent or special grade and used as received.

Preparation of selenotrisulfide compounds

Thiol can react to form selenotrisulfide (STS) by the Painter reaction [6, 12]. According to this reaction procedure, L-penicillamine
selenotrisulfide (PenSSeSPen) was synthesized as follows. An equal volume of 1 mM SA solution and a 4 mM Pen solution were
mixed and allowed to react with stirring for 2 h at room temperature and left overnight at 4 °C. The resulting snow-white
precipitate was isolated and carefully washed twice with cold water and methanol. The obtained material was dried in a desiccator
at room temperature for 24 h or longer, then stored at =20 °C until used. Elemental analysis (%), caled for C10H20N,04S,Se: C
31.97, H 5.33, N 7.46, Se 21.04, found: C 31.13, H 5.86, N 7.24, Se 21.89. [2]p, +7.07. Ama in deionized water 266 nm (g
1.47). MALDI TOE-MS (positive ion mode), caled for Ci1oH20N,0.8,"Se 376.2, found m/z 376.3.

An equal volume of 3 mM HSA and 6 mM dithiothreitol (DTT) were mixed in 66 mM phosphate bufter (pH 7.4) and
allowed to react for 90 min at room temperature. The reaction mixture was dialyzed overnight against 6.6 mM phosphate buffer
(pH 7.4) at 4 °C to remove any unreacted DT T using the dialysis tube Spectra/Por Membrane (regenerated cellulose, molecular
mass cutoff; 6-8 kDa, Spectrum Laboratories, Inc.). Reduced HSA was incubated with PenSSeSPen for 30 min followed by
dialysis under the same conditions. STS containing HSA (HSA-SSeSPen) was concentrated and dried by lyophilization. Hb was
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reduced with 12 mM DTT, and STS containing Hb (Hb-SSeSPen) was prepared by the same procedure as the HSA-SSeSPen.

Ultrafiltration
Ultrafiltration of HSA-SSeSPen and Hb-SSeSPen was performed by an Amicon Ultra Ultracel-30K [molecular-mass cut-off
(MMCO) 30 kDa, Millipore Corp.]. After centrifugation at 7,500 g, 4 °C for 20 min, the selenium concentration in the filtrate

was determined.

MALDI TOF mass spectrometry of selenotrisulfide conjugated protein

The HSA samples were digested with trypsin (0.2 mg/mL in water) at 37 °C for 1 h before the mass spectrometric analysis. An
excess amount of sinapinic acid was suspended in 34% (v/v) acetonitrile and 0.067% trifluoroacetic acid for preparation of the
matrix solution. After centrifugation at 7,500 ¢ for 3 min, the obtained supernatant was mixed with the HSA and Hb samples in
a3 to 1 ratio by volume, and an aliquot was applied to an AnchorChip target (Bruker Daltonics, Inc., Bremen, Germany). Mass

spectra were acquired in the linear positive ion mode using an Ultraflex III MALDI TOF/TOF-MS (Bruker Daltonics, Inc.).

Animals

Three-week old male Wistar rats were purchased from CLEA Japan, Inc. (Tokyo, Japan). The rats were housed on a 12-h
light/ 12-h dark schedule at 25 + 2 °C and 60% relative humidity, and were freely given deionized water and a regular CE-2 diet
(CLEA Japan, Inc.). All experiments with the live animals were performed in compliance with the guidelines of the Nagasaki

University on Animal Care and Use, and the institutional committee approved the experimental protocols.

Cell culture

Rat dorsal root ganglional neurons were excised from 3—6 week-old Wistar rats according to a previously described procedure
[19]. Briefly, the spinal column was excised from the rat under isoflurane anaesthesia. The dorsal root ganglia (DRG) from the
spinal cord were cut into small pieces in an ice cold Hanks balanced salt solution and incubated with 0.15% collagenase (from
Streptomyces parvulus, 400—500 units/mg, Wako Pure Chemical Ind.) for 2 h, then with a mixture of 0.05% trypsin (from porcine
pancreas, 1000—-2000 units/mg, Nacalai Tesque, Inc.) and 0.02% EDTA for 1 h. After washing twice with medium, the treated
DRG were plated into poly-L-lysine coated dishes. The DRG neurons were cultured in Dulbecco’s modified Eagle medium
(DMEM, FUJIFILM Wako Pure Chemical Corporation) containing 10% fetal bovine serum (FBS, Sigma Co.) supplemented
with 100 IU/mL penicillin and 100 ug/mL streptomycin (FUJIFILM Wako Pure Chemical Corporation) at 37 °C and 5% CO,
with humidity for 7—-10 days before use until the dendrites of the neurons well developed. The selenium compounds, including
the synthesized STS species, were dissolved in the medium to make the final selenium concentration of 1.0 uM. After incubation
for the indicated period, the DRG neurons were washed 3 times with Hanks balanced salt solution followed by treatment with
0.25% trypsin. The detached DRG neurons were collected and lysed by sonication. Human hepatoma (HepG2) cells were
purchased from the Japanese Collection of Research Bioresources (JCRB) cell bank. The HepG2 cells were cultured and treated
under the same conditions as the DRG neurons except for using phosphate buffered saline (PBS, calcium and magnesium free)

instead of Hanks balanced salt solution.

Determination of cellular glutathione peroxidase activity

The cellular GPx activity was measured by monitoring the absorbance at 340 nm due to the NADPH [21]. The cell lysate was
combined with sodium azide (1 mM), a GR solution (1 unit/mL), a reduced GSH solution (1 mM) and an NADPH solution
(0.2mM) in 66 mM phosphate buffer (pH 7.4). The reaction was initiated by the addition of a hydrogen peroxide solution (0.25
mM). Absorbance at 340 nm was recorded every 1 min just after mixing by inversion. The GPx activity was calculated using the
following equation (1) as pmoles of NADPH oxidized per minute, where Adsay is the decrease in the absorbance at 340 nm of
the sample solutions between 15 and 75 s after the addition of the substrates, Adpix is the decrease in absorbance at 340 nm per
minute of the solutions using the 66 mM phosphate buffer instead of the sample solutions, 10 is the dilution factor, emy is the
extinction coefficient for the 1 mM NADPH solution (6.22 mM" cm), and ¢ i the protein content (mg/mL).

GPx activity = (Adsam — Adpik) x 10/emu/c (1)
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Determination of selenium and protein thiol concentrations

Afteracid digestion with a 1 : 4 mixture by volume of perchloric acid and nitric acid, the selenium concentrations in the specimens
were fluorometrically determined using DAN [22]. The selenium standard solution for atomic absorption spectrometry (1000
mg/L in 0.1 mol/L nitric acid, Kanto Chemical Co., Inc., Tokyo, Japan) was used as the standard material for preparation of
the calibration curve (1-10 pgSe/mL). An FP-6600 fluorometer (JASCO Corporation, Tokyo, Japan) was used for measurement
of the fluorescence intensity (Ex: 375 nm, Em: 520 nm). The protein concentrations in the specimens were measured by the
Lowry method using bovine serum albumin (Nacalai Tesque, Inc.) as the standard [23]. The protein thiol concentrations were
colorimetrically determined using 5,5-dithiobis(2-nitrobenzoic acid) (DTNB, Sigma Co.) [24]. An equal volume of a 1 mM
DTNB solution in a 66 mM phosphate bufter (pH 7.4) was added to the sample solution, then incubated for 30 min. The
absorbance at 450 nm was recorded by a V-660 spectrometer (JASCO Corp.). GSH was used as the standard compound for

preparation of the calibration curve.

Statistical analysis
All data are presented as the mean and standard deviation (SD). Statistical analyses were performed using PRISM 4 (GraphPad
Software, Inc., La Jolla, CA, U.S.A.). Statistically significant differences between the controls and selenium-treated groups were

determined by one-way ANOVA using the Tukey method. Comparisons were considered to be statistically significantat < 0.05.

Results and discussion

PenSSeSPen is a model compound of GSSeSG, which was an important intermediate in the metabolism of selenious acid
[12, 25], and efficiently used to investigate the selenium metabolic pathway and selenium reactive proteins [13-16, 20, 26].
Because PenSSeSPen is also effective in restoring the organ/tissue selenium concentration and hepatic GPx activity of dietary
selenium deficient mice [6], there was a possibility that PenSSeSPen was absorbed and utilized as the selenium source compound
in cultured cells. Both HSA and Hb can participate in the thiol-exchange reaction with PenSSeSPen to form the asymmetric
STS (HSA-Cys34-SSeSPen and Hb-BCys93-SSeSPen, respectively) [17, 18]. One HSA molecule contains 35 Cys residues and
34 of them were involved in the 17 intramolecular disulfide bonds. Only one Cys residue at amino acid position 34 (Cys34)
is free and can participate in the thiol-exchange reaction with selenotrisulfide to form HSA-Cys34-SSeSR. HSA with the free
Cys thiol promotes efflux of the selenium from red blood cells (RBC) in a thiol concentration dependent manner. Selenium
bound to HSA via STS can be transported to isolated rat hepatocytes [18]. On the other hand, Hb has one free Cys residue in
each [ subunit (Cysp93). These free Cys thiols can also react with STS and form Hb-Cys393-SSeSR. Selenium bound to Hb
is transferred to the free Cys thiol in anion exchanger-1 in the RBC membrane [26, 27]. These reactions of the free Cys thiols
in Hb are involved in the release of selenium from the RBC. Because both HSA and Hb can bind selenium and participate in
the RBC membrane transport of selenium, these proteins appeared to be suitable as model proteins transferring selenium to
cultured cells in this study.

Since Cys34 in HSA is usually oxidized, reduction with DTT was carried out before the treatment with PenSSeSPen. The
reduction of HSA was confirmed by determination of the thiol content in HSA [Figure 1 (a)]. The protein thiol content in
HSA increased from 0.22 to 1.0 in the 1 HSA molecule after reduction with DTT. For further confirmation of the reduction
of Cys34 of HSA, HSA before and after reduction with DTT was digested with trypsin followed by a MALDI TOF mass

spectrometric analysis. The mass spectral peaks of the free-Cys containing fragments were specified by the molecular mass gain

Table 1. | Selenium content in PenSSeSPen treated HSA or Hb and selenium filtration rate with
MMCO 30 kDa membrane after 72-h incubation in PBS.

Se (mol/mol-protein) Se filtered (%)
HSA 0.56£0.06 355+ 8.6
Hb 0.59£0.02 28.3 6.6

Data are mean £ SD (n = 4).
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Figure 2. | MALDI TOF mass spectrometric analysis of Cys34 fragment of HSA digested with trypsin. (a) non-treated HSA,
(b) DTT-reduced HSA, (c) NEM-treated HSA and (d) PenSSeSPen-treated HSA. Solid lines were drawn at m/z
12,986 (Cys34 fragment, reduced form), m/z 13,112 (NEM-adduct), m/z 13,212 (SeSPen-adduct).

in m/z by 125 after alkylation with the thiol-specific N-ethylmaleimide (NEM) in comparison to the reduced HSA [Figures 2
(b) and (c)]. After digestion with trypsin, the fragment peak containing Cys34 could be detected at 72/ 13,105 and m/2 12,986
in the mass spectrum of the non-reduced HSA and DTT reduced HSA, respectively [Figures 2 (a) and (b)]. The difference in
these molecular masses of 119 was near the molecular mass of Cys (Mw: 121.16). These facts suggested that the reduction with
DTT was effective to reduce thiol in Cys34 and the non-reduced HSA used in this study might be oxidized with Cys. After
PenSSeSPen treatment of the reduced HSA, the thiol content in HSA decreased to 0.21 while selenium bound to HSA was
calculated to be 0.56 in 1 molecule of HSA [Figure 1 (a), Table 1]. In the case of the PenSSeSPen-treated HSA, the molecular
mass of the Cys34 containing fragment shifted by 226 (/2 13,212) which corresponded to the molecular mass of selenenyl
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Figure 3. | MALDI TOF mass spectrometric analysis of Hb 3-subunit. (a) non-treated Hb, (b) DTT-reduced Hb, (c) NEM-
treated Hb and (d) PenSSeSPen-treated Hb. Solid lines were drawn at m/z 15,864 (Hb B-subunit, reduced
form), m/z 15,990 (NEM-adduct), m/z 16,099 (SeSPen-adduct).

penicillamine (—Se—S—Pen) [Figure 2 (d)]. These results indicated that a new STS bond was formed in the Cys34 of HSA
through the thiol-exchange reaction (PenSSeSPen + HSA-Cys34—SH — HSA-Cys34-SSeSPen + Pen—SH). According to the
thiol determination and mass spectrometric analysis of the PenSSeSPen-treated HSA, a considerable amount of unreacted free
thiol remained in the HSA after the PenSSeSPen treatment [Figures 1 (a) and 2 (d)]. Additionally, the peak shift at m/z 13,133
in the mass spectrum of the PenSSeSPen-treated HSA suggested the formation of a disulfide bond in Cys34 with Pen (HSA-
Cys34-SS-Pen). These facts seemed to contribute to the difference in the thiol content of the reduced HSA (1.0 mol/mol-HSA)
and selenium content in the PenSSeSPen-treated HSA (0.56 £ 0.06 mol-Se/mol-HSA).

Human Hb-SSeSPen was also prepared by a procedure similar to the HSA-SSeSPen. Because Hb is composed of double sets
of - and -subunits, there are 2 free Cys thiols in 1 Hb molecule (Cys$93). Reduction of Hb with DTT did not affect the
thiol content in Hb [Figure 1 (b)]. These data coincided with the result of the mass spectrometric analysis of the non-reduced
and DTT reduced Hb, in which peaks corresponding to the Hb (-subunit were observed at 72/z 15,864 in the mass spectra of
both the non-reduced and reduced Hb [Figures 3 (a) and (b)]. The mass spectral peak of the Hb B-subunit at 7/z 15,864 was
specified by the molecular mass gain in 72/ by 125 after treatment with NEM [Figure 3 (c)]. Thiols in Hb seemed to be less
susceptive to oxidation compared to those in HSA. After treatment with PenSSeSPen, the thiol content in Hb decreased and
could not be determined by the DTNB method [Figure 1 (b)]. However, the selenium bound to Hb was 0.59 £ 0.02 mol-Se/
mol-Hb, which suggested only 30% of the thiol in the Hb molecules participated in the binding of selenium (Table 1). A peak
shift corresponding to the —Se—S—Pen moiety was observed at 72/z 16,099 in the mass spectrum of the PenSSeSPen-treated Hb
[Figure 3 (d)]. These results demonstrated the occurrence of the thiol-exchange reaction (PenSSeSPen + Hb-Cysp93-SH —
Hb-Cys93-SSeSPen + Pen—SH). The formation of a disulfide bond with Pen was also suggested by the peak shift at 72/2 16,019
in the mass spectrum of the PenSSeSPen-treated Hb and this seemed to be related to the lower selenium content than that which
was estimated from the thiol content of Hb (2.0 mol/mol-Hb).

The stability of the STS-bound HSA and Hb was evaluated by ultrafiltration. Generally, STS compounds with small molecular-
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Figure 4. | Changes in cellular selenium concentration (open circles) and GPx activity (closed circles) of DRG neurons
incubated with SA (a), SeMet (b), PenSSeSPen (c), HSA-SSeSPen (d) and Hb-SSeSPen (e). Selenium
concentrations in the culture media were 1.0 uM. Data express mean = SD (n = 3). ¥, *¥, *** significantly
different from the value at time 0 h with P < 0.05, < 0.01, < 0.001 (ANOVA with a Tukey test).

mass thiols are liable to decompose and become red elemental selenium at physiological pH 2 vztro. The prepared HSA-SSeSPen
and Hb-SSeSPen were each dissolved in PBS and incubated for 72 h followed by ultrafiltration with membrane MMCO 30
kDa. Selenium released from the HSA-SSeSPen and Hb-SSeSPen was calculated as 35.5 and 28.3% of the total selenium bound
to the protein before incubation, respectively (Table 1). Because most of the selenium was proved to remain on the membrane,
the protein bound STS appeared to be stable during the incubation time.

To evaluate the selenium absorption and utilization efficiency in cultured cells, the PenSSeSPen and protein bound STS were
added to the medium for culture of the DR G neurons to make the final selenium concentration 1.0 uM, then incubated for 6-72
h. SA and SeMet were utilized as the standard selenium compound. Changes in the cellular selenium concentration and cellular
GPx activity depended on the incubation time and the types of selenium species supplemented to the culture media. During the
incubation time of 6—24 h, an increase in the cellular selenium concentration along with the incubation time was observed in
all the DRG neurons supplemented with the selenium species (Figure 4). Although it was not significant, incubation with the
selenium species other than Hb-SSeSPen kept the cellular selenium concentration at about 3—4 ng-Se/mg-protein during the

incubation time of 24—72 h. A significant increase in the cellular selenium concentration was observed only in the Hb-SSeSPen-
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Figure 5. | Changes in cellular selenium concentration (open circles) and GPx activity (closed circles) of HepG2
cells incubated with SA (a), SeMet (b), PenSSeSPen (c), HSA-SSeSPen (d) and Hb-SSeSPen (e). Selenium
concentrations in the culture media were 1.0 uM. Data express mean = SD (n = 3). ¥, *¥, *** significantly
different from the value at time 0 h with P < 0.05, < 0.01, < 0.001 (ANOVA with a Tukey test).

supplemented DRG neurons incubated for more than 24 h [Figure 4 (e)]. These data indicated that selenium from STS could
be absorbed into the DRG neurons as well as SA and SeMet. The cellular GPx activity in the DR G neurons supplemented with
the STS species increased in a time dependent manner. After incubation with the selenium for 72 h, the cellular GPx activity
of the DRG neurons supplemented with PenSSeSPen or HSA-SSeSPen was higher than those with SA, SeMet or Hb-SSeSPen.
On the other hand, the GPx activity of the DRG neurons supplemented with SA or SeMet increased faster and indicated higher
values at the incubation time of 12 h. In the DRG neurons incubated for 72 h, selenium from PenSSeSPen and HSA-SSeSPen
was presumed to be more effectively utilized for the synthesis of the GPx than the other selenium species. On the other hand,
Hb-SSeSPen seemed to be less effective to raise the GPx activity in the DRG neurons although a remarkable increase in the cellular
selenium concentration compared to the other 4 selenium species was observed. This might be due to the adhesion of Hb to
the cell surface since the DRG neuron adhered the petri dish looked slightly reddish after 3 washings with Hanks balanced salt
solution (data not shown). There was a possibility that selenium from Hb-SSeSPen nonspecifically bound to cell surface was not
effectively absorbed into the DRG neurons and utilized for the GPx synthesis. Consequently, selenium from the STS species
absorbed into the DR G neurons was suggested to be utilized for the synthesis of selenoproteins. Only the SeMet treatment did
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Figure 6. | Changes in cellular selenium concentration (open circles) and GPx activity (closed circles) of DRG
neurons incubated with PenSSeSPen (a) and HSA-SSeSPen (b). DRG neurons were incubated in
10% FBS-containing DMEM during time 0 to 96 h subsequent to 1.0 uM selenium supplemented
medium during time —24 to 0 h. Data express mean + SD (n = 3). *, **, *** significantly different
from the value at time 0 h with P < 0.05, < 0.01, < 0.001 (ANOVA with a Tukey test).

not cause a significant increase in the cellular GPx activity of the DRG neurons during the 72-h incubation. A similar tendency
was observed when other cell lines were incubated with SeMet [28, 29]. Because SeMet is misincorporated into proteins instead
of methionine and cannot be directly utilized for selenoprotein biosynthesis [30], the bioavailability of SeMet was presumed to
be lower than that of the SA and ST species.

Human hepatoma (HepG2) cells were incubated with selenium species under the same conditions as the DRG neurons to
examine the effect of the cell type on the selenium bioavailability from the STS species. HepG2 cells that originated from liver
cancer and immortalized might have different selenium absorption and metabolic pathways from the primary cultured DRG
neurons. The selenium concentration of all the HepG2 cells incubated with selenium species significantly increased after the
24-h incubation and the values were higher than that of the DR G neurons supplemented with the same selenium species except
for Hb-SSeSPen (Figure 5). The HepG2 cells incubated with SA and PenSSeSPen exhibited a similar increasing pattern of the
cellular selenium concentration and higher cellular selenium concentration [Figures 5 (a) and (c)]. On the other hand, the
cellular selenium concentration of the HepG2 cells supplemented with HSA-SSeSPen and Hb-SSeSPen was lower than that of
the HepG2 cells incubated with other selenium species including PenSSeSPen [Figures 5 (d) and (e)]. These data suggested that
selenium absorption mechanisms from the STS species in the DRG neurons and HepG2 cells might be different. In animals,
the liver is the main organ to synthesize SelP; plasma selenoprotein transports selenium from the liver to the brain and other
peripheral organs [8, 9]. Because the HepG2 cells are reported to synthesize and secrete SelP [31, 32], they might be able to absorb
a greater amount of selenium compared to the DRG neurons. While PenSSeSPen-supplemented HepG2 cells indicated the
highest cellular GPx activity after the 72-h incubation, the increase in the cellular GPx activity of the HepG2 cells supplemented
with HSA-SSeSPen and Hb-SSeSPen was lower than that of the PenSSeSPen or SA supplemented cells. This might be caused
by the lower level of selenium in the protein bound STS supplemented HepG2 cells. Although the efficiency of the selenium
absorption and utilization was different, selenium from the STS species appeared to be absorbed and utilized to increase the
cellular GPx activity in the HepG2 cells as well as the DRG neurons. A future study will be needed to reveal the cause of these
differences in the selenium utilization efficiency between the DRG neurons and HepG2 cells.

In our previous research, the DRG neurons incubated with SA or SeMet for 24 h could retain the increased cellular GPx activity
for the following 96 h in the SA or SeMet free media [19]. This characteristic selenium retention behavior of the DRG neurons
may be associated with the homeostatically maintained store of selenium in the brain at the whole-body level. In this study, we
examined whether selenium from the STS species would be retained in the DRG neurons. DRG neurons were first incubated
in the PenSSeSPen or HSA-SSeSPen-supplemented media prepared to make the selenium concentration 1.0 uM for 24 h, then
incubated in STS free media for the following 96 h. After a 24-h incubation (at incubation time 0 h) with the ST species, both
the DRG neurons supplemented with PenSSeSPen and HSA-SSeSPen showed an increased cellular selenium concentration

(Figure 6). The highest cellular GPx activity was observed at 24 h after the removal of the STS species from the media in both
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DRG neurons. While the selenium concentration in the DRG neurons rapidly decreased to the basal level (at incubation time
—24h), the cellular GPx activity was maintained at a higher level than that before the STS species supplementation. These facts
suggested that selenium from PenSSeSPen and HSA-SSeSPen was retained in the DRG neurons and utilized to maintain the
cellular GPx activity. The cellular selenium concentration in the DRG neurons after removal of the STS species was extremely
low, but the GPx activity was kept at a higher level. This was probably because the amount of selenium utilized for the GPx
activity was much lower than that stored in the DRG neurons. This also corresponded to the fact that there was not a correlation
between the increase in the cellular selenium concentration and GPx activity in the DRG neurons (Figure 4). Actually, the
SA supplementation at 0.1 uM was sufficient to raise the cellular GPx activity to the same level as that of the DRG neurons
supplemented with 1.0 uM SA in our previous study [19]. The increase in the extremely small amount of cellular selenium was
presumed to be sufficient to raise the GPx activity in the DRG neurons for at least 96 h.

In conclusion, we prepared the protein-bound STS species, HSA-SSeSPen and Hb-SSeSPen, in this study. Although selenium
absorption and utilization mechanisms were thought to be different between the cell types and among the selenium source
compounds, selenium from PenSSeSPen, HSA-SSeSPen and Hb-SSeSPen was absorbed into both the DRG neurons and HepG2
cells and utilized for increasing the cellular GPx activity. STS compounds including the STS bound to protein were proved to

be utilized as a selenium source for the selenoprotein synthesis in both cells.
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