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Chemical synthesis and diselenide metathesis in selenocysteine-

containing peptides
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Abstract

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

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

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

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

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

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

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

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

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

the selenoproteins. The diselenide metathesis reaction of Sec-containing peptides is also reviewed.
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1. Introduction
1.1 Selenium and selenoproteins

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

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

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

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

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

1.2 The comparison of selenocysteine and cysteine

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

HS HSe
HZNJYOH HZNJ\"/OH
0 0

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

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

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

R-SeH
NO,
pH 5.8
S It
~—-

BESThio R-SH

Fig. 2. | Detection of Sec based on the different pK, of Sec and Cys.
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Chemical Synthesis of Sec-peptides

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

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

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

is converted

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

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

Sec

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

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

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

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

Sec

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

the recombinant expression of selenoproteins is highly complex and challenging.
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Fig. 3. | Biosynthesis of Sec in prokaryotes and in eukaryotes.

1.4 Glutathione Peroxidases (GPxs)

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

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

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

ROOH ROH

GPx-SeH GPx-SeOH

GSSG GSH
GPx-5eSG

GSH H,0

Fig. 4. | Catalytic cycle of GPx.

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

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

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

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

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

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

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

2.2 Sec-substituted peptide analogue

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

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

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

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

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

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

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

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

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

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

(NH-Noc), o 1)
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thioester method 2 | , ,
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lilH-lNoc 0
Ag*-activated
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Fig. 7. | One-pot ligation of Se-ferredoxin (Se-Fd) by thioester method.
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deprotection and [2Fe-2S] cluster incorporation, Se-Fd was successfully synthesized. Circular dichroism (CD) and
biochemical assays indicated that Se-Fd retained a structure similar to the wild-type Fd, though its catalytic activity
was slightly decreased. This decrease in activity is likely due to the lower redox potential of selenium, which may
impact the efficiency of electron transfer in the Fe cluster.

3.2 Sec-mediated NCL

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

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

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

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

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

o

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

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

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

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

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

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

SePh
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35% 32%
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Fig. 9. | The synthesis of palmitoylated FXYD1 by one-pot rDSL-alkylation and rDSL-photodeselenization.

3.4 Chemical synthesis of selenoproteins

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

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

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

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

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

In 2022, He and colleagues achieved the semi-synthesis of selenoprotein F (SelF) (Fig. 10), [92]. Mature SelF
consists of 134 amino acids, including one Sec and seven Cys, and its function remains unclear. SelF was synthesized
in three segments, ligated by two NCL at Gly*'-Cys** and GIn’*-Ala”’. To stabilize the peptide hydrazide precursor,
GIn”* was mutated to Ala, and Ala” was mutated to Cys to afford NCL. The three segments were SelF (1-41) with
a C-terminal thioester, Cys- and Sec-protected SelF (42-74) with a C-terminal thioester, and SelF (75-134). SelF
(75-134) was biologically expressed due to aspartimide formation. SelF (42-134) was synthesized by the first NCL
followed by desulfurization under mild condition by reducing the amount of radical initiator VA044 and reaction

Acm-S ?ePMB o /©/\COOH
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Fig. 10. | Semi-synthesis of selenoprotein F.
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time. The deprotection of acetamidomethyl (Acm) and also PMB group was achieved by Pd** followed by DTT
treatment. The reduction of diselenide dimer was then performed with TCEP and ascorbate. Finally, the second
NCLyielded the full-length SelF (1-134). One Se-S bond and three disulfide bonds were formed by oxidative folding.
Other selenoproteins, such as selenoprotein H and S, were also synthesized via semi-synthetic methods [93, 94].

4. Diselenide metathesis of Sec-containing peptides

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

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

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

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

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

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

Fig. 12. | Diselenide metathesis of Sec-peptides.
(A) Intramolecular metathesis under diluted conditions, (B) Intermolecular metathesis under higher concentration.

Metallomics Research 2024; 4 (3) #MR202407 rev24



Chemical Synthesis of Sec-peptides

This indicates that selenopeptides with stable tertiary structures are resistant to diselenide metathesis reactions.
We observed a similar behavior when synthesizing the Sec-substituted epidermal growth factor (Se-EGF) [44].

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

5. Conclusion and outlook

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

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

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