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Abstract—The main problem in studying mammalian selenocysteine-containing proteins is that the proteins
are difficult to obtain in a recombinant form because the amino acid selenocysteine (Sec), which is their com-
ponent, is encoded by TGA, which is one of the stop codons. When only the open reading frame of a target
protein is cloned in a plasmid, translation is prematurely terminated at the TGA codon. An intricate natural
mechanism allows the codon to be recognized as a selenocysteine codon and involves various cis- and trans-
acting factors, such as the selenocysteine insertion sequence (SECIS), mRNA secondary structure, seleno-
cysteine tRNA Sec-tRNAISe1Sec SECIS-binding protein 2 (SBP2), selenocysteine-specific elongation factor
EFsec, and others. Generation of recombinant selenoproteins in preparative amounts directly depends on the
expression levels of the cis- and trans-acting transcription and translation factors to further complicate the
problem, and cysteine homologs of selenoproteins are consequently used in many studies. Several methods
designed to express mammalian selenoproteins in vitro are considered in the review.
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GENERATION OF RECOMBINANT
SELENOCYSTEINE-CONTAINING PROTEINS

Biosynthesis of Mammalian Selenocysteine-Containing
Proteins in a Bacterial System

Arnér et al. [1] were the first to develop a system to
express mammalian selenoprotein genes in Esche-
richia coli, using thioredoxin reductase (TrxR) as an
example. In mammalian TrxR, selenocysteine (Sec)
occurs in the penultimate position and is involved in
the redox motif Gly-Cys-Sec-Gly [2]. Rather than
being random, the choice of the enzyme was deter-
mined by the fact that the mechanism of Sec incorpo-
ration in selenocysteine-containing proteins some-
what differs between mammals and bacteria. One of
the essential differences pertains to the spatial position
of the Sec insertion sequence (SECIS) relative to the
Sec UGA codon in mRNAs for selenocystein-con-
taining proteins; i.e., this cis-acting element occurs in
the mRNA 3'-untranslated region in mammals and
within the open reading frame (ORF) in the vicinity of
the UGA codon in bacteria. Because Sec is one amino
acid away of the stop codon in mammalian TrxR, it

Abbreviations: EFsec, elongation factor of selenocysteine; Sec,
selenocglsteine; SECIS, selenocysteine insertion sequence; Sec-
tRNAISeTISeC selenocysteine tRNA; SBP2, SECIS-binding pro-
tein 2; SelA, prokaryotic selenocysteine synthase; SelB, seleno-
cysteine-specific elongation factor; SelC, selenocysteine-spe-
cific tRNA for thioredoxin reductase (TrxR). ORF, open read-
ing frame.
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was assumed that cloning the TrxR ORF in fusion with
the SECIS element from the M. melanoformicum for-
mate dehydrogenase gene (fdhF) would ensure a spa-
tial proximity of the UGA codon and SECIS and that
biosynthesis of recombinant mammalian TrxR would
consequently follow the mechanism characteristic of
bacteria. Overexpression of the SelA, SelB, and SelC
genes and sodium selenite added to the culture
medium further increase the production of recombi-
nant TrxR.

Su et al. [3] developed another method to express
mammalian selenoprotein genes in a bacterial system.
Like in the above case, the gist is bringing the UGA
codon and bacterial SECIS in spatial proximity in a
genetic construct to ensure Sec incorporation in the
protein product via the bacterial mechanism. A sub-
stantial difference of the method is that the UGA sele-
nocysteine codon is several tens of base pairs away
from the stop codon, rather than in its vicinity at the
end of ORF as in mammalian TrxR. Mouse glutathi-
one peroxidase 4 (Gpx4) was chosen as a protein to be
expressed; its SECIS element corresponds to that of
bacterial formate dehydrogenase (fdhF), like in the
above case. To bring the two cis-acting elements close
together, a 36-bp sequence complementary to the
region immediately downstream of the selenocysteine
UGA codon in the Gpx4 ORF was cloned upstream of
the SECIS element in the genetic construct (Fig. 1).
However, Sec incorporation in the recombinant pro-
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Fig. 1. Part of the genetic construct designed to produce
recombinant selenocysteine-containing mGpx4 in a bac-
terial system. (a) Linear sequence of the mgpx4 ORF with
an internal UGA codon. Black bars, complementary
sequences; gray bar, SECIS element from the bacterial for-
mate dehydrogenase gene. (b) Loop formation brings two
cis-acting elements, the selenocysteine UGA codon and
SECIS, in spatial proximity of one another.
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Fig. 2. Vector designed to efficiently express selenoprotein
genes in mammalian cells (cited from [5]). The vector con-
tains the 7. gondii selT SECIS element wherein GGGA is
replaced with ATGA. The SECIS element is immediately
downstream of the cloning site (MCS) and the CMV pro-
moter. In addition, the vector includes a human elongation
factor la gene sequence (Pgp_i,) followed by a sequence
coding for the C-terminal region of rat SBP2 (SBP2).

tein expressed from the resulting construct was low
efficient; i.e., approximately 3% of protein molecules
had Sec.

Biosynthesis of Mammalian Selenocysteine-Containing
Proteins in an Eukaryotic System

Heterologous expression of selenoproteins in
mammalian cultured cells is also low efficient, as was
demonstrated with a genetic construct containing the
ORF of selp, which codes a human selenoprotein

(SelP) [4]. The selp ORF codes for 10—12 Sec residues
(depending on the species); in addition, SelP is Cys
and His reach. For instance, the rat and human SelP
proteins have two His-rich stretches each. One har-
bors eight (rat) or nine (human) out of 14 His residues
occurring in the region; the other, seven and four res-
idues, respectively. The rat SelP gene was expressed in
HEK 293 human epithelial kidney cells via transient
transfection; the product yield increased, but was still
far from sufficient. Only trace amounts of recombi-
nant SelP were obtained with other cell lines, such as
CHO and HepG?2. The selp expression level strongly
depended on the selenium concentration in the
medium. The presence of 10, 30, or 100 nM selenite in
the culture medium increased the product yield by a
factorof 1.2, 3.2, or 7.2, respectively. The recombinant
SelP was detectable only by immune methods in any
case.

Novoselov et al. [5] designed a more efficient sys-
tem to express selenoprotein genes in mammalian cells
with the use of the Toxoplasma gondii SECIS element.
The SECIS sequences of T. gondii selenoprotein genes
were identified by a similarity analysis with the SECIS
elements of known selenocysteine-containing pro-
teins. The T. gondii SECIS showed homology to four
SECIS elements from genes for the mammalian sele-
noproteins SelT, SelS, SelK, and SelW. Two genetic
constructs were obtained to contain mselh, which
coded for mouse SelH fused with GFP. The method is
different in that the msel/h SECIS was replaced with
the SECIS from the 7. gondii SelT gene in one con-
struct and the SECIS from the 7. gondii SelS gene in
the other. The genetic constructs were expressed in
mammalian cells of two lines, HEK 293 and NIH
3T3. The results showed, first, that the amount of the
full-size mSelH produced with either 7. gondii SECIS
was comparable with that obtained with the mselh
SECIS. Second, the full-size mSelH protein content
in HEK 293 cells was one order of magnitude higher
than in NIH 3T3 cells, where premature translation
termination at the selenocysteine UGA codon
occurred more often upon expression of the two
genetic constructs.

It was found additionally that the 7. gondii selT
SECIS element has GGGA in place of the conserved
sequence AUGA in its SBP2-binding site. To obtain a
genetic construct allowing high-level expression of
mammalian selenoprotein genes in a eukaryotic sys-
tem, experiments were performed to check which of
the two SBP2-binding site variants is more efficient
for expression.

A substitution of conserved AUGA for GGGA in
the se/T SECIS was found to provide for more efficient
SECIS binding with SBP2 and, consequently, more
efficient Sec incorporation in selenocysteine-contain-
ing proteins. A genetic construct optimal for express-
ing selenocysteine-containing protein genes in mam-
malian cells was thus obtained (Fig. 2) [5].
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Fig. 3. Synthesis of the amino acid selenocystine from elemental selenium.
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Fig. 4. Mechanism of chemical native peptide ligation. The thiol group of the N-terminal cysteine of peptide 2 attacks the C-ter-
minal thioester of peptide 1 in a buffer with pH 7. The reaction is reversible and yields a thioester intermediate. Then an intramo-
lecular substitution of nitrogen for sulfur generates a native peptide bond in the ligation site.

CHEMICAL METHODS TO SYNTHESIZE
SELENOCYSTEINE-CONTAINING PROTEINS

Wu and Hilvert [6] pioneered chemical synthesis of
selenocysteine-containing proteins. Their approach
was generating the synthetic selenoprotein selenosub-
tilisin by chemical conversion of Ser to Sec in the sub-
lilisin active site. The enzyme is treated first with
phenylmethanesulfonyl fluoride to produce a sulfo-
nylated Ser residue, which is then converted to seleno-
cysteine via treatment with hydrogen selenide. The
resulting selenosubtilizin acquired new enzymatic
properties due to Sec, displaying glutathione peroxi-
dase and acyltransferase activities [6, 7].

The amino acid selenocysteine is possible to syn-
thesize from sodium diselenide, which is obtained in
situ via selenium reduction with sodium borohydride
(NaBH,) (Fig. 3). B-Chloroalanine added to the reac-
tion mixture produces Sec in the form of yellow crys-
tals. Then Sec is treated with p-methoxybenzyl chlo-
ride to obtain a pMob derivative [8]. The a-nitrogen
atom can then be protected with a fluorenylmethoxy-
carbonyl (Fmoc) group by treating Se-p-methoxyben-
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zyl selenocysteine with Fmoc-OSu, thus producing
N-9-fluorenylmethoxycarbonyl-Se-4-methoxybenzyl
selenocysteine (Fmoc-Se(pMob)-OH). The deriva-
tive can be recrystallized; the overal product yield is
approximately 60% [9].

Early studies to synthesize Sec-containing peptides
were performed by Walter and colleagues [10—12],
who obtained a Se-benzyl derivative of selenocysteine
and synthesized selenium-containing analogs of glu-
tathione, oxytocin, and somatostatin. The benzyl
group is then usually removed by sodium in liquid
ammonia. However, the method has several substan-
tial drawbacks. Fmoc-Se(pMob)-OH is prone to race-
mization in solid-phase peptide synthesis; dehydroal-
anine can form at the elongation step of protein syn-
thesis with the use of a tertiary base, such as
diisopropylethylamine; etc.

Another chemical procedure generating synthetic
selenoproteins is based on two methods, chemical
native peptide ligation, which was developed by Kent
and colleagues [13], and a semisynthetic method uti-
lizing inteins [14, 15]. The methods take advantage of
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Fig. 5. Mechanism of intein-mediated peptide ligation. An
intein immobilized in a chitin column interacts with a tar-
get protein to produce a bond, which exists in equilibrium
between the peptide and thioester forms (reaction 1).
‘When a small thiol molecule is added into the reaction
mixture to a high concentration, a thioester-labeled pro-
tein forms (reaction 2). The addition of a synthetic peptide
containing N-terminal Sec is accompanied by an attack on
the thioester in the target protein, producing a selenoester
(reaction 3). The selenoester is then rapidly converted to a
peptide form.

the fact that selenium is similar in physicochemical
properties to sulfur; in particular, selenium attacks the
a-thioester bond as readily. The ligation method con-
sists in chemical synthesis of medium-sized proteins
by chemical coupling of two or more peptide frag-
ments. One of the peptides has an a-thioester at the C
end, and the other has a cysteine residue at the N end,
so that a tight peptide bond forms between the thio-
ester and cysteine. The gist of the method is shown in
Fig. 4. The method was modified by two research
teams; i.e., Sec was used in place of Cys to synthesize
selenocysteine-containing proteins [16, 17].

Hondal and colleagues [17, 18] used intein-medi-
ated peptide ligation to obtain semisynthetic seleno-
proteins, an intein being added to the C end of a pro-
tein of interest. The peptide bond at the junction site
exists in equilibrium between the peptide and thioester
forms. A synthetic peptide containing Sec or Cys at the
N end can be used to attack the thioester and ligates
the two peptides together. The method makes it possi-
ble to obtain large amounts (several milligrams per
milliliter of a bacterial culture) of a thioester-bound
recombinant protein. A scheme of intein-mediated
peptide ligation is shown in Fig. 5.

Several examples of using the semisynthetic
approach to obtain selenocysteine-containing proteins
are available in the literature. A synthetic form of the
protein azurin was produced by chemical native pep-
tide ligation by replacing Cys112 with Sec [19, 20]. The
copper atom binds with Cys112 and two histidine resi-
dues in the active site, allowing the copper atom to

change its valence (cycling between Cu'* and Cu?*)
during biological electron transport [21]. A substitu-
tion of any other of the 19 amino acid residues for Cys
substantially alters the properties of the enzyme.
Although Cys and Sec are similar in chemical proper-
ties, the semisynthetic protein variant has unique
spectroscopic properties [19, 20]. A similar method
was used to obtain the bovine pancreatic trypsin inhib-
itor by replacing Cys38 with Sec [22].

Another example of using the semisynthetic
approach is production of RNase A [9, 23], which har-
bors eight cysteine residues, which are oxidized to
form four disulfide bonds. Theoretically, each of the
eight Cys residues can be replaced with Sec. Three
recombinant RNase A forms were obtained: one had
Sec in place of Cysl10, another had Sec in place of
Cys935, and a third one had both Cys110 and Cys95
replaced with Sec. Cysl110 is involved in disulfide
bonding with Cys58, and Cys95 binds with Cys40. The
two disulfide bonds were found to play a crucial role in
enzyme activity. Protein refolding is distorted in their
absence, which was used as a test to demonstrate the
formation of Se—S bonds.

Hondal and colleagues [24] used the semisynthetic
method to obtain thyoredoxin reductase TrxR. As
mentioned above, Sec occurs in the penultimate posi-
tion and belongs to the Gly-Cys-Sec-Gly redox motif
in mammalian TrxR, preventing the use of chemical
native peptide ligation in this case. A total of 487 TrxR
amino acid residues were obtained as an intein-tagged
polypeptide in a bacterial system. This intein-involv-
ing technique is known as an IMPACT system, being
developed by New England Biolabs. The IMPACT
system is designed to produce an intein-tagged protein
in Escherichia coli cells and includes affinity purifica-
tion of the protein on chitin agarose via the use of a
chitin-binding domain attached to the intein. The
purified protein is combined with the thiol N-methyl
mercaptoacetamide, which either attacks the thioester
in the TrxR—intein coplex to produce a thioester-
tagged thioredoxin reductase or keeps the tripeptide in
the reduced form. The tripeptide can then attack the
TrxR—intein—thioester complex or the N-methyl
mercaptoacetamide—TrxR—thioester complex. Once
the thioester forms, the free amino group at the N end
of the peptide can rapidly attack the carbonyl group to
produce a stable peptide bond, and the enzyme does
not undergo further modification after its formation.
The semisynthetic TrxR produced by this method has
high catalytic activity.

In addition to TrxR, the same research team pro-
duced semisynthetic methionine R-sulfoxide reduc-
tase (MsrB1), which is also known as the selenocyste-
ine-containing protein R (SelR) [25]. There are two
other proteins, MsrB2 and MsrB3, wherein Sec is
replaced with Cys; the replacement shows that Sec is
not chemically essential to catalyze the reduction of
methionine sulfoxide to methionine. In spite of the
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relatively small size of the protein (116 amino acid res-
idues) and the favorable position of Sec (95), the pro-
tein was synthesized in the form of separate modules,
which were then joined via chemical ligation. Region
1—94 was fused with an intein and produced in E. coli
cells, allowing for the formation of a reactive thioester
group (F94). The other region, 95—116, was then pro-
duced as a synthetic peptide with a Sec residue at the
N end. A selenoester and a peptide bond were then
formed. Chemical ligation of the two protein modules
was verified by SDS-PAGE.

CONCLUSIONS

It is beyond doubt now that the microelement sele-
nium and selenium-containing proteins are essential
for the normal function of organisms. The unique
character of selenocysteine and the complex mecha-
nism of its incorporation in nascent polypeptides
attract great interest, but many issues are still unclear
in the field. The functions of selenoproteins are diffi-
cult to study primarily because the proteins are diffi-
cult to obtain in preparative amounts, and this prob-
lem arises because selenocysteine is encoded by a
translation termination codon and because the seleno-
protein biosynthesis mechanism is unique. Several
recombinant selenocysteine-containing proteins have
been obtained to date, including mammalian thiore-
doxin reductase, SelR, SelP, glutathione peroxidase 4,
etc.

There are two main approaches to production of
selenocysteine-containing proteins, gene engineering
with expression of selenoprotein genes and chemical
methods. Main examples of their employment in pro-
ducing selenoproteins are considered in the review.

Although the methods to produce semisynthetic
and gene-engineering selenoproteins seem relatively
simple at first glance, certain problems are encoun-
tered when synthesizing selenoproteins. For instance,
the use of genetic constructs to obtain selenoproteins
still fails to ensure their high-level expression and syn-
thesis in preparative amounts. Optimal conditions are
to be selected and the techniques optimized for each
particular protein; i.e., the approach is not universal
enough to be broadly used in the field. Chemical
methods to produce selenoproteins are similarly nei-
ther ideal nor productive, each having substantial
drawbacks. In particular, certain components utilized
in the production are not involved in the natural
mechanism of selenoprotein biosynthesis, as is the
case with inteins, thiols, etc., potentially allowing the
structural and functional interactions that would be
impossible with routine recombinant methods.
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