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Abstract

Selenium is an essential trace element in mammals. The major biological form of this micronutrient is the amino
acid selenocysteine, which is present in the active sites of selenoenzymes. Seven of 25 mammalian selenoproteins
have been identified as residents of the endoplasmic reticulum, including the 15-kDa selenoprotein, type 2
iodothyronine deiodinase and selenoproteins K, M, N, S, and T. Most of these proteins are poorly characterized.
However, recent studies implicate some of them in quality control of protein folding in the ER, retrotranslocation
of misfolded proteins from the ER to the cytosol, metabolism of the thyroid hormone, and regulation of calcium
homeostasis. In addition, some of these proteins are involved in regulation of glucose metabolism and in-
flammation. This review discusses evolution and structure—function relations of the ER-resident selenoproteins
and summarizes recent findings on these proteins, which reveal the emerging important role of selenium and
selenoproteins in ER function. Antioxid. Redox Signal. 12, 839-849.

Introduction

SELENOCYSTEINE (Sec, one-letter code is U) is the 21st
amino acid in the genetic code; it is found in diverse
proteins, known as selenoproteins, in bacteria, archaea, and
eukaryotes. One major advantage of selenoproteins as en-
zymes is their higher catalytic activity, due to the presence of
the Sec residue, in comparison to cysteine (Cys)-containing
mutants (28) and often, but not always, to their natural Cys-
containing counterparts. Twenty-five selenoprotein genes
have been found in humans, whereas rodents have 24 such
genes (34). Mammalian selenoenzymes of known function
catalyze various thiol-dependent reactions and are involved
in antioxidant defense, intracellular redox homeostasis, and
thyroid hormone metabolism. More specifically, these pro-
teins (a) directly eliminate reactive oxygen species (ROS) by
catalyzing the reduction of hydrogen peroxide and phos-
pholipid hydroperoxides [e.g., the glutathione peroxidases
(GPxs) (72), selenoprotein H (SelH) (59) and the N-terminal
domain of selenoprotein P (SelP) (70)]; (b) remove the conse-
quences of ROS action by catalyzing the reduction of oxidized
cysteine and methionine residues in proteins [e.g., the thior-
edoxin reductases (TRs) (3) and methionine sulfoxide reduc-
tases (Msrs) (30)]; and (c¢) monodeiodinate the thyroid
prohormone thyroxine and convert it into the active hormone

triiodothyronine, as well as inactivate this hormone by further
deiodination [i.e., the iodothyronine deiodinases (DIs) (36)].

Physiological roles of GPxs, TRs, Msrs, and DIs (i.e., the
metabolic pathways that include these proteins, their effec-
tors, targets beyond enzymatic substrates, phenotypes asso-
ciated with impairment of their activities, and knockdown/
knockout of their genes) were recently reviewed (3, 6, 20, 24,
30, 36, 50, 63, 68, 72). Selenoproteins with partially charac-
terized biologic functions [i.e., SelH, Sell, SelM, SelN, SelS,
SelT, SelW, and the 15-kDa selenoprotein (Sep15)] or un-
known functions (i.e., SelK, SelO, SelV) have been less well
studied. However, most of them are likely redox enzymes, as
their active sites have selenocysteine, which thus far has al-
ways been associated with redox functions. Sec is a highly
reactive residue with lower pK, than that of Cys (5.2 vs. 8.3)
and is a better nucleophile at physiologic pH. In addition,
many of them possess a thioredoxin (Trx)-like fold [i.e., SelH,
SelT, SelV, SelW (13), SelM and Sep15 (15)]. The Trx fold,
described as a two-layer «/f/x sandwich with a fofiffo sec-
ondary structure pattern and a conserved CxxC (two Cys
separated by two residues) or CxxS/T (one Cys replaced with
serine or threonine) active-site motifs, is a characteristic fea-
ture of many oxidoreductases (e.g., Trxs, glutaredoxins, and
protein disulfide isomerases) involved in regulation of vari-
ous redox processes (51).
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In this review, we focus on mammalian selenoproteins that
are located in the endoplasmic reticulum (ER). To date, seven
ER-resident selenoproteins have been identified (Table 1). The
ER-resident selenoproteins include type 2 DI (D2), SelK, SelS,
Sep15, SelM, SelN and SelT. Five of these seven proteins were
identified through bioinformatics approaches before obtain-
ing experimental data, including SelK (34), SelS (34), SelM
(32), SelN (42), and SelT (35). Two other selenoproteins, D2
and Sepl5, were initially identified by using experimental
procedures (68, 21). Although no data describe their catalytic
activity and direct targets (except for D2), recent data sug-
gested their roles in the quality control of protein folding in
the ER (40), retrotranslocation of misfolded proteins from the
ER to the cytosol (43, 76) and regulation of calcium homeo-
stasis (23, 29). Here, we highlight the known biologic func-
tions and evolution of ER-resident selenoproteins, beginning
with a brief description of eukaryotic selenoprotein synthesis.
Then each of the ER selenoproteins and their roles in the
ER function are discussed in detail. Finally, we highlight
recent comparative evolutionary analyses of these ER
selenoproteins.

Eukaryotic Selenoprotein Synthesis in Brief

Eukaryotic cells have developed a complex machinery for
selenoprotein synthesis that has been thoroughly described in
a recently published book (24) and many reviews (e.g., 2, 22,
25, 61, 65). The Sec-incorporation machinery has been con-
served during evolution in eukaryotes, but many of these
organisms lack it (and therefore, also lack selenoproteins). Sec
is encoded by TGA, a codon that usually serves a translation-
termination function. Decoding TGA for Sec insertion re-
quires (a) Sec tRNA, tRNABerlSec; (b) a mRNA stem-loop
structure located in the 3’-UTR of eukaryotic selenoproteins
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genes, called the Sec insertion sequence (SECIS) element; and
(c) Sec-decoding protein factors: Sec-specific elongation factor
eEFSec, SECIS-binding protein 2 (SBP2), L30 ribosome protein
(rpL30), the 43-kDa RNA-binding protein (SECp43), and
SECIS-interacting nucleolin (see 2, 22, 24, 25, 61, 65, and ref-
erences therein). The free Sec pool in cells is extremely low
[Sec, as well as selenide, reacts with oxygen, leading to ROS
formation (37)], and this free amino acid is not used for spe-
cific Sec insertion into proteins. Instead, Sec is synthesized
on its tRNABe and several enzymes are required for
its synthesis, including phosphoseryl-tRNAS15¢ kinase
(PSTK), pyridoxal-phosphate—dependent Sec synthase (SecS),
and selenophosphate synthetase 2 (SPS2) (2, 8, 24, 61, 65, 75).

Selenoproteins in the Endoplasmic Reticulum

The ER is responsible for various functions in eukaryotic
cells, including synthesis of secretory and membrane proteins;
transport of these proteins (e.g., transmembrane receptors and
integral proteins); membrane trafficking; synthesis of phos-
pholipids, steroids, glycogen, and other molecules; and se-
questration of calcium ions and their regulated release into
cytosol. At the same time, the ER lumen is a major site for
protein folding, disulfide bond formation, N-linked glyco-
sylation, and glycophosphatidylinositol-anchor addition in
eukaryotic cells (14). Polypeptides co-translationally inserted
into the ER lumen achieve a properly folded mature structure
with the aid of ER-resident factors, such as chaperones (e.g.,
BiP, calnexin, calreticulin, and glucose-regulated protein
GRP94) and thiol-disulfide oxidoreductases (e.g., ERp57 and
protein disulfide isomerase) (14). Improperly folded proteins
are recognized by the ER quality-control machinery and ex-
ported from the ER to the cytosol in the process termed ret-
rotranslocation or ER-associated protein degradation (ERAD)

TABLE 1. HUMAN SELENOPROTEINS

Selenoproteins

Accession number Subcellular location

Deiodinase 1 (D1)

Deiodinase 2 (D2)

Deiodinase 3 (D3)

Glutathione peroxidase 1 (GPx1)

Glutathione peroxidase 2 (GPx2)

Glutathione peroxidase 3 (GPx3)

Glutathione peroxidase 4 (GPx4)

Glutathione peroxidase 6 (GPx6)

Methionine sulfoxide reductase (MsrB1, SelR, SelX)
Selenoprotein H (SelH)

Selenoprotein I (Sell)

Selenoprotein K (SelK)

Selenoprotein M (SelM)

Selenoprotein N (SelN)

Selenoprotein O (SelO)

Selenoprotein P (SelP)

Selenoprotein S (SelS)

Selenoprotein T (SelT)

Selenoprotein V (SelV)

Selenoprotein W (SelW)

15-kDa selenoprotein (Sep15)

Selenophosphate synthase 2 (SPS2)
Thioredoxin reductase 1 (TR1, TrxR1, TxnRd1)
Thioredoxin glutathione reductase (TGR, TR2, TrxnRd3)
Thioredoxin reductase 3 (TR3, TxnRd2)

NP_000783.2 Plasma membrane
NP_054644.1 ER membrane
NP_001353.3 Plasma membrane
CAA68491.1 Cytosol, mitochondria
NP_002074.2 Cytosol

NP_002075.2 Secreted

NP_002076.2 Cytosol, mitochondria, nucleus
NP_874360.1 Unknown

NP_057416.1 Cytosol, nucleus
NP_734467.1 Nucleus

NP_277040.1 Unknown

NP_067060.2 ER and plasma membrane
NP_536355.1 ER lumen

NP_996809.1 ER membrane
NP_113642.1 Unknown
NP_001087195.1 Secreted

NP_060915.2 ER and plasma membrane
NP_057359.2 ER membrane
NP_874363.1 Unknown

NP_003000.1 Cytosol

NP_004252.2 ER lumen

NP_036380.2 Cytosol

NP_001087240.1 Cytosol, nucleus
XP_001130163.1 Cytosol

NP_006431.2 Mitochondria
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(54). As discussed in this review, ER-resident selenoproteins
are involved in some of these processes.

Type 2 iodothyronine deiodinase

D2 is a member of a well-described deiodinase family (for
reviews, see 4, 5, 20, 36, 68). This protein catalyzes the acti-
vation of thyroid prohormone thyroxine (T,) to the biologi-
cally active form, 3, 5, 3’-triiodothyronine (T3). D2, the major
Ts-activating deiodinase, could also catalyze monodeiod-
ination of reverse-T;. T3 effectively binds to the nuclear
thyroid hormone receptor that regulates transcription of Ts-
dependent genes. Various developmental and metabolic
processes are affected by this regulation.

Human D2 monomer (31 kDa, 272 aa) is a single-spanning
membrane protein, oriented with a short N-terminal region
(~20aa) in the ER lumen and a catalytic globular domain in
the cytosol (4, 36) (a schematic representation of D2-domain
arrangement is shown in Fig. 1). The hydrophobic nature of
the N-terminus suggests that this part of the D2 molecule is an
uncleaved sequence combining both signal and retention
functions (4). The entire deiodinase family (D1 to D3) has the
same domain organization with homologous sequences in the
area surrounding the active site containing an SxxU motif (4,
7,36). The catalytic domain of these proteins has two parts of
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the Trx fold (fuf and pfa), separated by o-L-iduronidase
(IDUA)-like sequence (7). The IDUA-like sequence is critical
for iodothyronine binding in the active center (7). A unique
feature of D2 cDNA in the deiodinase family is a presence of
two in-frame TGA codons. The second TGA codon is known
as a place for Sec insertion (64); however, this Sec (Fig. 1) and
the remaining seven C-terminal amino acids are neither con-
served nor critical for deiodination (64), and the specific
function of this second Sec is unknown.

D2 is active as an enzyme in a homodimeric form because
proper conformation for each active center can be achieved
only in the dimeric state (20). The proposed catalytic mecha-
nism for D1 to D3 includes generation of iodinated enzyme
(D-Sel) followed by reduction with an unidentified endoge-
nous reductant and release of iodide (36). The proximity of
ER-resident D2 to the nucleus (4, 20) gives D2-generated,
biologically active T easier access to the nuclear thyroid
hormone receptor than T3 generated by D1 at the plasma
membrane. This may be viewed as a mechanism developed
by the cell for efficient transcriptional and translational reg-
ulation of T3-dependent genes.

Thyroid hormone produced by D2 is important for cochlear
development and hearing, and is particularly important for
brain development under conditions of thyroid insufficiency
in mice (65). In humans, D2 is an important source of T in the
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FIG. 1. Domain organization of ER-resident mammalian selenoproteins. D2, SelK, SelS, and SelN are single-spanning
membrane proteins containing an N-terminal transmembrane (TM) region (violet). The TM region begins 20 to 25 amino
acids downstream from the initiator Met residue for D2, SelK, SelS, and SelN. A possible TM region of SelT also is shown in
violet. Thioredoxin-like fold is known for D2 [fuf motif (42aa) and ff« motif (41 aa)], Sep15 (72 aa), SelM (72 aa), and SelT
(141 aa) (yellow). The N-terminal signal peptide detected for Sep15 (32 aa) and SelM (24 aa) is shown in pink. Other annotated
domains or predicted elements include the IDUA-like sequence in D2 (blue), the coiled-coil domain in SelS (colored in gray),
UGGT-binding domain in Sep15 (green), the ER retention signal in SelM (grey), and EF-hand motif (dark blue) and three
predicted N-glycosylated sites (residues 482, 504, and 530) in SelN (brown). Location of Sec (U) in all selenoproteins is shown
in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article

at www liebertonline.com/ars).
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anterior pituitary and thyroid glands, skeletal and heart
muscle, placental and brown adipose tissue, and is the only
5'-deiodinase in the adult central nervous system (5, 20, 36).
Further information about the regulation of D2 synthesis and
degradation, posttranslational regulation, catalytic mecha-
nism, D2-regulated thyroid hormone signaling pathways, D2
knockout and transgenic mouse models, and roles of D2 in
development and energy homeostasis can be found in the
following reviews (4, 5, 20, 36, 68).

Selenoprotein K

Human SelK is a small protein (11kDa, 94aa) with no
assigned biochemical or biologic functions. SelK is a single-
spanning integral protein, containing a short N-terminal
sequence (~20 amino acids) in the ER lumen and Sec-
containing C-terminal sequence in the cytosol (Fig. 1). The Sec
residue in human SelK is the 92nd amino acid. The topology
of SelK was determined by using Drosophila Sec-containing
homologue (10). SelK is an ER- (10) and plasma membrane-
located protein (34). The cytosolic tail of SelK does not have a
pronounced secondary structure and is extremely rich in
glycine (16%), proline (15%), and the positively charged
amino acids lysine, arginine, and histidine (22%). Such an
unstructured, positively charged polypeptide might be an
attractive target for negatively charged surfaces of other
proteins. However, no SelK-binding partners have been
found to date. It appears that the N-terminal transmembrane
domain is responsible for SelK targeting to the ER membrane
and its retention in the ER, as no N-terminal signal and C-
terminal ER-retention sequences were found by analysis of
SelK sequences.

Only one published study linked SelK to a possible func-
tion in cellular redox homeostasis (45). Overexpression of an
N-terminal myc-tagged human SelK in neonatal rat cardio-
myocytes reduced ROS production and protected cells from
oxidative stress induced by hydrogen peroxide. However, it is
not clear from the description of these experiments which
form of human SelK (i.e., Sec- or Cys-containing) was used in
this study (45). Knockdown of SelK expression in Drosophila
embryos and in cultured Drosophila Schneider S2 cells by
RNAI did not reveal changes in total antioxidant status of
embryos and cells (56). It should be noted that Drosophila se-
lenoproteins are not critical for protection against oxidative
stress (29), and the role of mammalian SelK in these processes
should be clarified by further experimental approaches.

Northern blot analysis of eight human tissues (heart, brain,
placenta, lung, liver, skeletal muscle, kidney, and pancreas)
displayed ubiquitous SelK mRNA distribution, with particu-
larly high levels in heart, skeletal muscle, and pancreas (45). A
recent study measured SelK mRNA levels in mouse tissues by
real-time PCR (27), which again revealed the ubiquitous ex-
pression of this protein, which was particularly high in testes
and high in intestine, kidney, liver, and spleen, and medium in
brain, heart, and lung. Detectable SelK in all tested adult mouse
and human tissues (12 in total) suggested a role of this protein
in a biologic process common to many if not all cell types.

Selenoprotein S

Human SelS (also designated as SEPS1, Tanis, VIMP, and
SELENOS) is a single-spanning membrane protein (21 kDa,
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189 aa) with a short luminal segment and a longer cytosolic
Sec-containing tail of ~132 amino acids (Fig. 1). The Sec res-
idue is the 188th amino acid. The topology of SelS was de-
termined by co-precipitation of the recombinant GST-fused
SelS cytosolic fragment (amino acids 48 to 187) with the re-
combinant ATPase p97 or with endogenous rat ATPase p97
(p97 is a cytosolic enzyme and a binding partner of SelS
in ERAD; Fig. 2) (76). SelS is an ER (76) and plasma (34)
membrane-located protein. The SelS cytosolic tail contains a
coiled-coil domain (amino acids 52 to 122; PDB ID: 2Q2F)
that is probably responsible for dimerization (oligomeriza-
tion) of SelS (76) or for binding other proteins. The C-terminal
end downstream of the coiled-coil domain does not have a
pronounced secondary structure and is rich in glycine (21%),
proline (10%), and lysine plus arginine (19%). This unstruc-
tured part might be needed for binding an unknown nega-
tively charged target. The function of the C-terminal
penultimate Sec is unknown. No N-terminal signal and
C-terminal ER retention sequences were found by analysis of
SelS sequences.

SelS was identified as a component of mammalian ERAD
machinery (43, 76). The ERAD pathway is responsible for the
transport of unfolded and misfolded proteins from the ER to
the cytosol, followed by ubiquitin-proteasome system deg-
radation (Fig. 2). In 2004, two groups discovered a new type of
retrotranslocation channel that contains Derlin-1, a mamma-
lian homologue of yeast Derl (43, 76). In this pathway, SelS is
proposed to mediate the interaction of cytosolic p97 ATPase
and Derlin-1 (43, 76). The C-terminal cytosolic tail of SelS
weakly interacts with the cytosolic tail of Derlin-1 (76), indi-
cating that the interactions between SelS and Derlin-1 are
mostly mediated by their membrane domains [Derlin-1 con-
tains four transmembrane regions (43)]. Ubiquitin ligases E3
(gp78, Hrd1, SEL1L) identified as p97 binding partners did
not interact with SelS (44, 78) (Fig. 2). Subsequently, Derlin-2
and Derlin-3, which are additional components of the ERAD
complex, were found (44, 60). Endogenous Derlin-1 and
Derlin-2 (44) and Derlin-2 and Derlin-3 (60) form hetero- and
oligomers and have been proposed as components of two
groups of transmembrane channels (60). SelS also was found
as a Derlin-2 binding partner (44, 60), suggesting that it par-
ticipates in both types of the proposed channels. Derlins
contain two Cys residues per molecule; however, their to-
pology is unknown, and a role of SelS in the reduction of
disulfides or other forms of oxidized Cys in Derlins is possi-
ble. Interestingly, the latter study showed that the interaction
between p97 and Derlin-1 was not affected when SelS levels
were reduced by shRNA (44). These data indicate that the
proposed function of SelS (i.e., binding p97 to Derlins) may be
dispensable and that additional partners of SelS in the ERAD
complex must be identified to elucidate the function of SelS in
retrotranslocation.

The function of SelS in ERAD that plays a critical role in
neutralizing ER stress and cell survival may explain the pre-
viously observed upregulation of SelS under three diverse
conditions: glucose deprivation and treatments with N-
glycosylation inhibitor tunicamycin and Ca®*-ATPase blocker
thapsigargin (18, 19). All these conditions induce aggregation
of improperly folded proteins in the ER due to accumulation
of underglycosylated proteins, formation of unspecific dis-
ulfide bonds, or Ca®* depletion in the ER. To overcome ER
stress, cells induce expression of ERAD machinery compo-
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FIG. 2. ER-associated protein degradation mediated by the Derlin-1 channel. In step 1, unfolded proteins, recognized by
the ER chaperone BiP, are targeted to the multispanning Derlin-1. In step 2, retro-translocation is initiated when an unfolded
polypeptide emerges in cytosol through the channel postulated to contain Derlin-1 (43, 76). In step 3, which likely occurs
simultaneous with step 4, a complex containing SelS, ubiquitin ligase (E3), and p97 ATPase, together with cofactors Ufd1 and
Npl4, is assembled. In step 4, the emerging polypeptide is captured in the cytosol by p97 with a complex formed in step 3. In
step 5, the polypeptide undergoes polyubiquitination [shown as Ub(n)] by E3 and recognized by both p97 and Ufd1. In step
6, p97 extracts the polypeptide from the ER. Finally, the polyubiquitinated polypeptide is delivered to proteasome for
degradation. The figure was adopted from (44, 76, 77). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article at www .liebertonline.com/ars).

nents through transcriptional activation (60). Based on the role
of SelS in ERAD, two additional effects of SelS overexpression,
(a) protection of Min6 pancreatic cells from oxidative stress
(19), and (b) protection of RAW264.7 murine macrophages
from ER-induced apoptosis (31), could be clarified. It appears
that one consequence of systemic oxidative stress (that results
in the ER stress) can be effectively overcome by the retro-
translocation mechanism. Participation of SelS in ERAD may
be a better mechanism to protect cells from oxidative stress
than the previously proposed antioxidant function of SelS.
Interestingly, Kim et al. (31) did not observe a correlation
between SelS expression in RAW264.7 cells and apoptotic
agents (staurosporine, anti-Fas) that do not cause ER stress,
whereas a clear effect was found in the case of pharmacologic
ER-stress agents (tunicamycin and thapsigargin). However,
SelS-dependent protective mechanisms against ER stress—
induced apoptosis are not yet sufficiently understood, and it
is possible that other ERAD components than SelS may protect
against the ER stress-induced apoptosis.

Before SelS identification as a selenoprotein (34) and as a
component of ERAD machinery (44, 76), the TGA codon in
SelS was interpreted as a stop signal (74). We further briefly
discuss these prior studies, as they are important for under-
standing the possible function of SelS. One study (74) identi-
fied SelS in a type II diabetes animal model Psammonys obesus
(Israeli sand rat) and named it Tanis (Hebrew word for
“fasting”). SelS was found to be expressed in many rat and
mouse tissues (27, 74). Expression of SelS was downregulated
in liver, adipose tissue, and skeletal muscle in fed state of

diabetic P. obesus in comparison to healthy animals (74). This
selenoprotein was markedly increased in fasting diabetic, but
not in nondiabetic animals (74). Based on the yeast two-
hybrid screen with GST-tagged C-terminal end of SelS (i.e.,
truncated form) as a bait and transformants from a human
liver cDNA library, serum amyloid A1f (SAA1p) protein was
found as an SelS-binding partner (74).

SAA proteins are a family of apolipoproteins associated
with high-density lipoprotein in plasma. SAA1 is secreted by
liver and adipose tissue during the acute phase of inflam-
mation and is thought to be involved in chronic diseases as-
sociated with diabetes. SelS was proposed as a receptor for
SAA1p (74). The topology of SelS on the plasma membrane is
unknown, but interaction of the SelS cytosolic tail with SAA
was detected (74), suggesting that the C-terminal Sec-
containing end of SelS may be located outside the cell. The
function of plasma membrane SelS is unknown.

Other evidence for the role of SelS in mediating inflam-
mation came from the study of the SelS promoter region. A
promoter polymorphism, —105G — A, has been shown to
increase the proinflammatory cytokine expression (12). Sev-
eral clinical studies have shown the association of this SelS
polymorphism with coronary heart disease and ischemic
stroke (1), preeclampsia (57), and gastric cancer (66). How-
ever, another case study showed the lack of association be-
tween SelS polymorphism and type I diabetes, rheumatoid
arthritis, or inflammatory bowel disease (53). Association of
SelS and inflammatory response must be clarified in further
studies.
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15-kDa selenoprotein and selenoprotein M

Human Sep15 (18 kDa, 165 aa, with an ER signal peptide)
and SelM (16 kDa, 145aa, with an ER signal peptide) share
31% sequence identity and form a evolutionarily distinct
selenoprotein family within the Trx superfamily (15). Analysis
of tissue expression patterns in mammals revealed that Sep15
and SelM have different, but overlapping distributions. Sep15
showed high expression levels in prostate, testes, brain, liver,
and kidney, whereas the highest level of SelM expression was
observed in the brain (32, 38). Both Sep15 and SelM encode an
N-terminal signal sequence that is likely cleaved after trans-
location into the ER and a single Sec residue within the redox-
active CxxU (SelM) or CxU (Sep15) motif (see Fig. 1 for
structural elements). In addition, Sep15 contains a distinct
Cys-rich domain in the N-terminal part of the protein (39).
SelM lacks this Cys-rich domain, but, in contrast to Sep15, it
has a C-terminal ER retention signal. The structural studies
demonstrated that both Sep15 and SelM have a Trx-like fold,
suggesting an oxidoreductase function for these selenopro-
teins (15).

UDP-glucose:glycoprotein glucosyltransferase (UGGT) has
been identified as a binding partner of Sep15 (33). This ER-
localized chaperone is involved in the quality control of pro-
tein folding in the ER. UGGT functions primarily as a folding
sensor and initiates prolonged association of incorrectly fol-
ded glycoproteins with calnexin (CNX) and protein disulfide
isomerase ERp57, which facilitate protein folding and cata-
lyze thiol-disulfide bond exchange. However, recent studies
demonstrated that UGGT may also directly assist folding of a
group of CNX substrates. This group of glycoproteins re-
quires UGGT or associated factors or both for correct folding,
as the rate of their release from CNX was delayed in UGGT-
deficient mouse embryonic fibroblasts (67). Sepl5 forms a
tight 1:1 complex with UGGT through its N-terminal Cys-rich
domain (39). Association of Sep15 with UGGT suggests the
possibility that Sepl5 may function as a protein disulfide
isomerase that targets glycoproteins in this class of CNX
substrates (40, 67).

The redox potential of Sepl5 was determined for recom-
binant Drosophila Sep15 (15), which is not a selenoprotein and
contains a CxC motif in the active site. This potential was
found to be —225mV and corresponded to the lowest redox
potential among known thiol-dependent oxidoreductases
that reside in the ER and assist in protein folding (15). Oxi-
doreductases involved in reduction of disulfide bonds in the
ER of eukaryotic cells have not previously been reported.
Recently, ER-resident protein ERdj5 (73) was proposed to be a
major enzyme with reductase activity in the ER. ERdj5 was
found to be responsible for the reduction of disulfide bonds in
misfolded proteins targeted for retrotranslocation. However,
the redox potential of mouse ERd;j5 is approximately the same
as that of Drosophila Sep15 (—218 mV vs. —225mV), and the
Cys-containing Sep15 could be considered a strong reductant
in the ER (selenodisulfides usually have lower redox potential
than their disulfide homologues). A reductant that is able to
reduce proteins with such low redox potential as Sep15 and
ERdj5 is unknown, as the ER does not have a major reductant
such as cytosolic Trx (—270mV). The question “Which sys-
tems reduce selenenylsulfide bonds involving Sec and a re-
solving Cys in the ER-resident selenoproteins?” could be
asked for all selenoproteins with Sec in the ER lumen.
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Selenoprotein N

Initially, two isoforms of human SelN (also known as
SEPN1 and SepN) were deduced from cDNA analyses (55).
Isoform 1 corresponded to the full-length sequence with two
in-frame TGA codons, whereas isoform 2 had a segment
containing the first TGA codon deleted and therefore had only
one in-frame TGA codon. However, subsequent analysis of
SelN expression in six various human adult and fetal tissues
(liver, brain, heart, diaphragm, skeletal muscle, and stomach)
by Western blotting with three different anti-SelN antibodies
revealed the presence of only one protein corresponding to
isoform 2 (62).

SelN (66 kDa, 590 aa) is an integral ER-membrane protein
(62) with a recently determined topology that was reported as
unpublished data (41). It is a single-spanning membrane
protein (Fig. 1) with a small N-terminus in the cytosol and the
major part of the protein, including the predicted active site, in
the ER lumen (41). The SelN Sec residue is located 458 amino
acids downstream from the initiator Met in a CUGS redox
motif (Fig. 1). A similar motif is present in TRs (3, 34). The
presence of a transmembrane region in the N-terminal se-
quence was indirectly and unintentionally confirmed in one of
the initial studies on this protein (62), when the first 61 amino
acids corresponding to the first exon were removed and
localization of the truncated SelN was found to be mostly
nuclear. Initially, the N-terminus was considered the ER-
targeting and -retention sequence of SelN (62). SelN has a
candidate calcium-binding EF-hand motif that was predicted
by bioinformatics analyses (62). It was proposed that this
motif contributes to the overall structure and does not serve
for signaling purposes (41). Deglycosylation assays involving
SelN have demonstrated that this selenoprotein is a glyco-
protein (62). Five putative N-glycosylated asparagines (resi-
dues 126, 189, 482, 504, and 530) in Asn-Xaa-Ser/Thr motifs
were predicted by NetNGlyc 1.0, and three of them are shown
in Fig. 1.

SelN attracted much attention from the scientific commu-
nity when several research groups linked mutations in the
SeIN gene to various muscular disorders now collectively
known as SEPNI-related myopathy (for review, see 41). It
includes disorders ranging from congenital muscular dys-
trophy to rigid-spine muscular dystrophy (55), the classic
form of multiminicore disease (17), desmin-related myopa-
thy with Mallory body-like inclusions (16), and congenital
fiber-type disproportion myopathy (11). Patients with SEPN1-
related myopathy are characterized by scoliosis, neck weak-
ness, spinal rigidity, severe respiratory insufficiency, and poor
axial muscle strength (11, 16, 17, 54). SelN point mutations
identified in patients with SEPN1-related myopathy are
scattered throughout the coding region of SelN (41). These
mutations lead to premature termination of translation or
decreased Sec-insertion efficiency that significantly reduce
SelN levels (2, 41).

A recent innovative study (29) linked SelN insufficiency
and muscular myopathy at the molecular level. An associa-
tion of rabbit SelN with the ryanodine receptor (RyR) intra-
cellular calcium-release channel was demonstrated in vivo
through immunoprecipitation and colocalization experi-
ments (29). In addition, both SelN and RyR were required for
calcium-flux activity in zebrafish embryos (29). It was pro-
posed that SeIlN and RyR are part of a common complex.
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Moreover, SelN was required for RyR activity (i.e., a decrease
in the RyR activity was detected in SelN-depleted muscles).
Thus, SeIN may serve a reductase function for a homo-
tetrameric RyR channel that has ~400Cys residues and
whose activity is known to be subject to redox regulation (29).
In this regard, SelN could be viewed as a redox regulator of
calcium homeostasis in muscle.

Finally, SelN is a ubiquitously expressed protein, and its
function in other tissues is not characterized. SelN expression
is increased in mouse fetal tissues (in liver, stomach, heart,
and muscle) in comparison with adult tissues (62).

Selenoprotein T

Human SelT is a 22-kDa protein consisting of 195 aa with
no assigned function. The proposed Trx-like catalytic domain
of the protein has two parts of the Trx fold, foff and Sfa,
separated by an a-helical insertion and a CxxU redox motif in
the fof motif (Fig. 1) (13). Localization of SelT in the ER was
shown in two studies (13, 23), but a GFP-fused N-terminal
SelT was localized predominantly in the Golgi, with a possible
occurrence in the ER and cytosol (13). The N-terminal signal
sequence predicted by SignalP at the ExPASy server with a
probability of 100% was tested in two studies (13, 23), which
showed that SelT distribution was independent of the pres-
ence of its N-terminal sequence. However, a hydrophobic
region located in the insertion between two parts of the Trx
fold at positions 87 to 102 was found to be required for tar-
geting SelT to the ER (23) (Fig. 1). It is likely that this hydro-
phobic region may be responsible, not only for targeting SelT
to the ER, but also for the integration and maintenance of SelT
in this compartment (23). The length of the a-helical insertion
(67 aa) separating the two Trx parts is sufficient to pass the ER
membrane twice and form the globular Trx-fold domain on
either the ER lumen or the cytosolic sides (Fig. 3A and B,
respectively). A possibility also exists that SelT is not a
transmembrane protein (Fig. 3C). If the hydrophobic regions
indeed form the transmembrane domain, SelT would be a
double-spanning membrane protein.

SelT mRNA was detected in all tested mouse adult tissues
examined with Northern blot analysis, with the highest levels
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observed in kidney, followed by brain, heart, thymus, and
testes (13). Real time PCR analysis revealed the highest SelT
mRNA levels in mouse testes (27), in rat testes, and in the
anterior lobe of the pituitary (23, 27). In situ hybridization of
rat embryo showed that SelT was ubiquitously expressed at
the E14 and E21 development stages (23). Widespread dis-
tribution observed in early as well as late stages of embryo-
genesis and in adults suggests a basic and general function of
SelT in various tissues of developing and adult animals.

A recent study (23) implicated SelT in the regulation of
Ca”" homeostasis and neuroendocrine secretion in response
to a neuropeptide, pituitary adenylate cyclase-activating
polypeptide (PACAP). PACAP induces the differentiation of
rat pheochromocytoma PC12 cells and regulates the secretion
of neuropeptides. Initially, it was found that PACAP and
cAMP induced a rapid and long-lasting increase in SelT ex-
pression in PC12 cells. Subsequent experiments showed that
overexpression of Sec-containing SelT in PC12 cells increased
the intracellular Ca®" concentration, and overexpression
of the Sec-to-Ala mutant of SelT prevented the effect of SelT
on Ca”" release, implying that SelT could regulate Ca®"
homeostasis through a redox mechanism (23). Conversely,
knockdown of SelT expression by shRNA inhibited the PA-
CAP-induced increase in intracellular Ca®" and decreased the
growth and hormone secretion, suggesting that SelT is in-
volved in the signaling pathway activated by PACAP, per-
haps through calcium regulation (23). Neither targets of SelT
nor the SelT-linked intracellular Ca®* channel have been
identified.

Evolutionary Trends of Mammalian
ER-Resident Selenoproteins

In the past decade, dramatic advances in genomics have led
to the generation of complete or almost complete genomic
sequences for a large number of organisms from the three
domains of life. Comparative genomics, which examines the
relations of genome structure and its genes and other func-
tional elements across species, plays an increasingly impor-
tant role in providing new insights into understanding the
evolution of ancestral and modern species, which in turn

A B ER lumen c
Cytosol

ER lumen ER lumen

Cytosol Cytosol

FIG. 3. Three possible variants of SelT topology in the ER. The 3D structure of mouse SelT was modeled with Modeler 9
v6 based on N- and C-terminal sequence similarity to mouse SelW (PDB 2NPB). The o-helical insertion separating two Trx-
motifs (13) was removed from the SelT sequence before modeling. It consists of four predicted a-helixes that are depicted by
squares. (A, B) SelT, shown as a membrane protein, Sec-containing globular domain may be localized in the ER lumen (A) or
cytosol (B). (C) SelT is shown as ER-resident protein, but not an integral ER membrane protein.
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helps us to understand gene/protein functions, metabolic and
signaling pathways, and other biologic processes in living
organisms. Recently, several comparative genomic analyses
have been carried out to examine selenoproteins and selenium
utilization (47, 79, 80). These studies have improved our un-
derstanding of the occurrence and evolutionary trends in the
use of selenoproteins, including those localized to the ER.
The selenoproteomes (set of selenoproteins) of several re-
cently sequenced organisms, such as Ostreococcus tauri (26
selenoproteins), O. lucimarinus (29 selenoproteins), Dictyoste-
lium discoideum (five selenoproteins), Drosophila pseudoobscura
(three selenoproteins), Thalassiosira pseudonana (16 seleno-
proteins), fish (32 to 37 selenoproteins), and several other or-
ganisms with complete genomes were recently described (46,
47). Combined with the previously characterized selenopro-
teomes of mammals (34), D. melanogaster (9, 52), Caenorhabditis
elegans (71), Chlamydomonas reinhardtii (58), Trypanosoma and
Leishmania (48), and Plasmodium (49), these studies revealed
general patterns in the use of selenoproteins. The size of eu-
karyotic selenoproteome varies from zero (e.g., plants, fungi
and some protists) to more than 30 (fish and algae). Significant
differences in the composition of selenoproteomes could be
seen even among related organisms. The distribution of ER-
resident selenoproteins and their Cys-containing homologues
in representative model eukaryotes is shown in Fig. 4.
Among ER selenoproteins, SelK is the most widespread
selenoprotein (47). This protein of unknown function is
present in nearly all eukaryotes that use Sec, but it is replaced
with a Cys-containing homologue in nematodes and several
other organisms. Thus, SelK appears to be an ancient sele-
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noprotein that evolved in the early ancestor of eukaryotes.
Other ER selenoproteins, including SelT, SelS, Sepl5, and
SelM, also were detected in both lower eukaryotes (e.g., Os-
treococcus, Dictyostelium, and/or Thalassiosira) and in mam-
mals. In contrast, SelN has a more narrow distribution and
appears to be specific to vertebrates. Thus, most of the
mammalian ER-resident selenoproteins can be traced back to
the ancestral, unicellular eukaryotes. Almost all organisms
containing D2 (as well as D1 and D3) are vertebrates. How-
ever, recent studies have identified the presence of a Sec-
containing deiodinase-like protein in D. discoideum (47) and
several Sec-containing deiodinase-like proteins in prokary-
otes (80) and lower eukaryotes. This may suggest that, despite
the functions different from those of human D1-3, members of
the deiodinase family may have evolved in the ancestral
single-celled organism, but were lost in most eukaryotic
clades. This is consistent with a general evolutionary trend of
selenoproteins in eukaryotes: core selenoprotein families (like
SelK) evolved first, followed by the origin of additional sele-
noproteins in narrower groups of organisms (like SelN).

Open Questions

The identity, evolution, and function of mammalian sele-
noproteins have received considerable attention in recent
years. However, the unexpected enrichment of these proteins
in the ER has largely been overlooked. This compartment is
known for its redox processes, the most prominent of which
is the disulfide bond—formation system, but how selenopro-
teins fit into this function is not known. The specific functions
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FIG. 4. Occurrence of ER-resident selenoproteins in eukaryotes. A set of model organisms (from unicellular organisms to
humans) was selected to illustrate the distribution of these selenoproteins in eukaryotes. In each organism, the presence of Sec
(U)- or Cys (C)-containing forms of each ER-resident selenoprotein family is indicated. Homologues of Sep15 were detected in
land plants, Arabidopsis thaliana and Oryza sativa, which contain arginine (R) in place of Sec/Cys.
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of the majority of ER-resident selenoproteins are not known,
but recent studies identified unique linkages of individual
selenoproteins to particular redox processes in the ER. SelN
appears to serve as a redox cofactor for ryanodine receptor,
whereas the oxidoreductase Sep15 associates with the protein
involved in the quality control of protein folding. D2 is in-
volved in the metabolism of thyroid hormones, also catalyz-
ing a redox reaction. SelS has been linked to retrotranslocation
of proteins from the ER for their subsequent degradation.
Whether redox processes play a role in this function is not
known, but we note that currently no functional informa-
tion exists regarding the Sec residue in SelS. It would be im-
portant to understand the specific function of each of the ER
selenoproteins. Such studies will surely lead to a better un-
derstanding of the role of selenium in biology and human
health.
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