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Abstract

The co-translational incorporation of selenocysteine (Sec) requires that UGA be recognized as a sense rather than
a nonsense codon. This is accomplished by the concerted action of a Sec insertion sequence (SECIS) element,
SECIS binding protein 2, and a ternary complex of the Sec specific elongation factor, Sec-tRNA%*, and GTP. The
mechanism by which they alter the canonical protein synthesis reaction has been elusive. Here we present an
overview of the mechanistic perspective on Sec incorporation, highlighting recent advances in the field. Antioxid.

Redox Signal. 12, 881-892.

Introduction

ELENOCYSTEINE (SEC), the key biologically active form of

dietary selenium, is the 21st genetically encoded amino
acid and is found in all domains of life. In eukaryotes, many
Sec-containing proteins (selenoproteins) function to maintain
a reducing environment in the cell, a process in which the Sec
residue is critical for their enzymatic activity. Loss of seleno-
protein function in humans can lead to myopathy, male ste-
rility, and impaired thyroid hormone metabolism (reviewed
in 42). Deletion of the selenocystenyl tRNA gene in mice is
embryonic lethal (5), thus highlighting the biological signifi-
cance of the Sec incorporation process. In addition, the long-
term goal of pharmacologic manipulation of selenoprotein
production (either inhibition in Sec-dependent pathogens or
enhanced expression for an antioxidant boost) requires a
complete molecular understanding of the mechanism behind
Sec incorporation.

Sec is a unique amino acid in that it is encoded by a UGA
codon, which typically serves as a translation termination
signal. In all domains of life, recoding of UGA from Stop to Sec
requires a cis-acting Sec insertion sequence (SECIS) element,
Sec-tRNA®*, and a Sec-specific translation elongation factor.
In prokaryotes the SECIS element is immediately 3’ of the
UGA codon and Sec-tRNA®* is delivered to the ribosome by
the elongation factor SelB, which binds both the SECIS ele-
ment and ribosome (20). Eukaryotic Sec incorporation differs
from that in prokaryotes by the location of the SECIS element
in the 3’'UTR. Additionally, the function of SelB in eukaryotes
is carried out by two proteins: the Sec specific elongation fac-
tor, eEFSec, and the SECIS binding protein, SBP2. The mech-
anism of eukaryotic Sec incorporation is poorly understood

compared to that in prokaryotes, particularly how two trans-
acting factors work in concert with a distal SECIS element to
decode UGA. The complex dynamics in Sec incorporation is
highlighted by the recent observation in Euplotes crassus
where UGA can code for cysteine and Sec within the same
mRNA (73). Below we provide current information regarding
each of the Sec incorporation factors and propose a model for
the Sec incorporation event that incorporates the recent
findings.

Cis-Acting Elements
SECIS elements

Eukaryotic SECIS elements are the only cis-elements
known to be required for Sec incorporation, and they are al-
most exclusively found in the 3" UTR. A recently identified
exception to the rule is the functional SECIS element from a
glutathione peroxidase 4 homologue found in fowlpox virus
that resides in the coding region, albeit at the 3’ end of the
open reading frame (47). SECIS elements have three con-
served sequence motifs that are required for Sec incorporation
(Fig. 1): the SECIS core (RUGA, where R= A or G) on the 5’
side of the stem, an apical AAR motif and a GA on the 3’ side
of the stem forming a pair of noncanonical base pairs with the
GA in the RUGA motif. Based on sequence conservation and
secondary structure predictions (75, 76), the SECIS element is
a member of a recently described class of RNA structures
known as kink-turns, which are found in rRNA (34), snRNAs,
and snoRNAs (reviewed in ref. 24), archaeal sSRNAs (34), and
various mRNAs (43, 70). To date, only one protein domain has
been identified as a kink-turn binding motif. Commonly
referred to as the L7Ae RNA binding domain (Conserved
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FIG.1. Comparison of K-turn and SECIS elements. (A) The consensus K-turn as described (34). The canonical Watson—
Crick base-paired stem is separated from the noncanonical, sheared tandem GA pairs containing, stem. Base pairing marked
by dots indicate non-Watson—Crick interactions. (B) Canonical form I and form II SECIS elements are depicted here by the
human GPX1 and SelW SECIS elements, respectively. The SECIS core and AAR motifs are in shown in bold and indicated by
brackets and arrows. (C) The mouse SelM SECIS element with apical unpaired cytidines is shown for comparison with the
canonical SECIS elements in (B). SECIS elements were drawn with the SECISearch program (37) and orientation of the RNAs

is indicated by the 5’ arrow at the base of the SECIS elements.

Domain Database entry: ribosomal protein L7Ae/L30e/S12e/
Gadd45 family), it was first identified computationally in 1994
(35). This domain is found in many kink-turn interacting
proteins including SBP2 (7).

SECIS elements have been classified into two groups
(Forms I and II) based on the structure of the apical portion of
the stem. Form I SECIS elements consist of helix 1, an internal
loop, helix 2, and an apical loop with the AAR motif at the 5’
side. The apical loop of form II SECIS elements is separated
from helix 2 by a bulge and a third helix. Additionally, the
AAR motif of form II SECIS elements resides in the bulge 5’
of helix 3 rather than in the apical loop (Fig. 1) (21). Initial
reports of these two SECIS forms relied on in silico second-
ary structure prediction, but NMR and chemical/enzymatic
probing validated the distinction between form I and II
SECIS elements (19, 59). A recent survey of eukaryotic SECIS
elements showed that the majority of SECIS elements are
form 1II (10). To date, there has not been a report of a func-
tional difference between the two SECIS forms. Takeuchi ef al.
(69), however, recently reported mutations in human SBP2
that affected affinity for form I SECIS elements to a greater
extent than a form II SECIS element. Since this study only
used three different SECIS elements, it remains to be seen if
such SBP2 mutations universally affect form I versus form II
binding.

One of the most significant outstanding issues regarding
the SECIS element is the function of the conserved AAR motif.
The conservation of this motif has led to speculation that it
may interact with a protein factor, but this idea is confounded
by the fact that two human SECIS elements (SelO and SelM),
as well as several from unicellular eukaryotes (e.g., Chlamy-
domonas and Leishmania), possess unpaired C residues in place
of the AAR motif (36, 37, 53, 54). In addition, this region of the
SelM SECIS element has been shown to support Sec incor-

poration and can tolerate substitution of the cytidines with
adenosines, but not uracil or guanosine. Conversely, it was
reported that substitution of the unpaired adenosines in a
canonical form II SECIS with cytidines disrupted its ability to
direct Sec incorporation (53), indicating that the presence of C
residues represents an loosening of constraints in a few iso-
lated cases rather than a change in specificity.

Exceptions to the rule of conservation in the SECIS element
also extend to the RUGA motif where it has recently been
shown that SECIS elements with a GGGA core motif exist in
the apicomplexan parasites Toxoplasma gondii and Neospora
crassa (52). These SECIS elements, from selenoprotein T and
selenoprotein S homologues, were able to direct Sec incor-
poration in a GFP-selenoprotein H reporter in transfected
NIH-3T3 and HEK-293 cells and their activity was stimulated
by co-transfection of rat SBP2. Furthermore, the efficiency of
these SECIS elements in directing Sec incorporation, as mea-
sured by the relative abundance of truncated to full-length
GFP, was similar to that of the same reporter bearing a
mammalian SelH SECIS (52). The ability of these variant
apicomplexan SECIS elements to promote Sec incorporation
in mammalian cells highlights the conservation of eukaryotic
Sec incorporation machinery and confirms the flexibility of the
nucleotide identity in the first and second positions of the
RUGA motif (19).

Sec redefinition element

In 2005, Howard et al. (29) reported the existence of the Sec
redefinition element (SRE), a non-SECIS enhancer of Sec in-
corporation. The SRE is a conserved predicted hairpin struc-
ture in the selenoprotein N (SEPN1;SelN) mRNA that lies 3’ of
the UGA codon. In the absence of a SECIS element, the SRE
induces UGA read-through by ~ 6-fold. The inclusion of an
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SRE into a Sec incorporation reporter system increased SECIS-
dependent UGA read-through by about twofold, while mu-
tations in the SRE that disrupted base pairing eliminated that
enhancement, thus suggesting that increasing nonspecific
UGA suppression at Sec codons has the ability to enhance Sec
incorporation. To prove that the increase in read-through was
actually due to increased Sec incorporation, a subsequent
study reported ">Se radio-labeling showing that disruption of
base pairing in the SRE indeed leads to about a twofold re-
duction of Sec incorporation in in vitro translation reactions
(30). Mutations in the SelN SRE have been found in patients
with SEPNI-related myopathy (44). One such mutation,
G1397A, when tested in a transfected dual-luciferase reporter,
reduced read-through by >50% compared to a wild-type SRE.
Importantly, however the G1397A mutation confers an
R446Q amino acid substitution and these patients also har-
bored another missense mutation at nucleotide position 943
(G943A resulting in a G315S substitution), so the reported
phenotype likely results from a combination of reduced SelN
protein and defects that may be associated with this and an-
other amino acid change. Nevertheless, cultured primary
fibroblasts from a SEPNI-related myopathy patient hetero-
zygous for G1397A and G943A had normal levels of SelN
mRNA but reduced levels of SelN protein. The in vitro and
in vivo data together support the SRE as a bona fide RNA
structural element in regulating SelN expression. The function
of this element as an inducer of nonspecific read-through at
UGA codons brings up an interesting mechanistic point that
decreasing fidelity at a non-Sec UGA codon inherently makes
that codon more efficiently decoded as Sec. While this may
seem an obvious conclusion in hindsight, there was not a
mechanistic basis to assume a priori that reducing translational
fidelity would necessarily improve Sec incorporation effi-
ciency. In addition, since the enhancement in Sec incorporation
was significantly less than that of nonspecific UGA suppres-
sion, one could argue that the Sec incorporation process ac-
tually recovers some of the lost fidelity. The question about
SRE function, then, lies at the mechanism by which it reduces
fidelity at UGA codons. The two most likely reasons for in-
creased read-through are a) reduced stringency for codon/
anticodon interactions and/or b) reduced efficacy of transla-
tion termination, allowing more time for near-cognate inter-
actions to take place. The recent finding that the antibiotic
G418 is able to dramatically induce nonspecific UGA sup-
pression without any enhancement of Sec incorporation il-
lustrates that the mechanism by which the SRE reduces fidelity
is distinct from that of the antibiotics that directly affect A site
conformation (23). The missing link between these types of
suppression events is likely at the level of the translation ter-
mination factors. It remains to be seen how altering eRF1/eRF3
levels may affect the functionality of the SRE.

Protein Factors
SECIS binding protein 2

SECIS binding protein 2 (SBP2) is the most studied of the
Sec incorporation factors. SBP2 was identified as a protein that
specifically cross-linked to the GPX4 3'UTR with a wild-type
SECIS core and was subsequently shown to be required for
Sec incorporation (15, 40). Investigation of SBP2 has been
greatly facilitated by the rabbit reticulocyte lysate (RRL)
in vitro translation system that is replete with all Sec incor-
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poration factors except SBP2, as evidenced by the fact that up
to a 200-fold increase in Sec incorporation occurs on addition
of exogenous SBP2 (15, 46). Recent in vitro structure/function
studies have greatly expanded our knowledge of SBP2. Sev-
eral groups have also investigated SBP2 in a broader sense by
examining its subcellular localization in order to ascertain
how SBP2 regulation influences selenoprotein expression.
Lastly, SBP2 has also been purported to play a role regulating
the turnover of selenoprotein mRNAs. In the sections that
follow, we highlight some of these findings.

Domain architecture of SBP2

Largely through the use of the in vitro Sec incorporation in
rabbit reticulocyte lysate, it has been determined that SBP2
possesses three assayable activities: Sec incorporation, SECIS
binding, and ribosome binding (15). As mentioned above,
SBP2 contains an L7Ae RNA binding motif, but this is the only
portion of its sequence that provides any clues about function.
Early mutagenesis quickly established that the highly con-
served Gly residue within the L7Ae motif was essential for
SECIS binding (15), but further dissection of SBP2 domain
structure has required extensive mutagenesis and functional
analysis. Based on the cumulative mutational analysis and
sequence alignments, mammalian SBP2 is reported to consists
of three domains: An N-terminal domain (aa 1-398, rat
numbering) that is dispensable for Sec incorporation and has
no known function, a central Sec incorporation domain (SID;
aa 433-537) that is required for Sec incorporation and wild-
type levels of SECIS binding, and the C-terminal L7Ae RNA
binding domain (RBD; aa 616-777) that is required for SECIS
binding (1, 6, 8, 15-17, 39, 69). Full ribosome binding activity
was shown to require both the SID and RBD (16), but the
intervening nonconserved region (aa 546—611) was shown to
be dispensable (6). The C-terminal half of SBP2 (Fig. 2A),
containing only the SID and RBD is fully sufficient for Sec
incorporation activity, and the recent finding that they are
able to support wild-type levels of Sec incorporation when
provided in trans provides strong support for the designation
of these two regions as legitimate protein domains (17). In
addition, most invertebrates possess a version of SBP2 that
lacks an N-terminal domain (17a).

More detailed mutagenesis studies revealed that resi-
dues at the N-terminus of the SID (e.g., LGGML**™** and
PLMKK®%*%) do not contribute to ribosome or SECIS
binding but are required for Sec incorporation. Interestingly,
residues in the C-terminus of the SID (aa 517-535) contribute
to SECIS binding by increasing the affinity of the RBD for
SECIS elements. This was demonstrated by assessing the
functions of the SID and RBD as separate recombinant pro-
teins and assaying their ability to direct Sec incorporation and
SECIS binding. Co-immunoprecipitation demonstrated that
the SID and RBD interact in a SECIS-dependent manner and
mutation of residues ITLKE>?*"53? to alanine prevented the SID
from interacting with the RBD. Further analysis by electro-
phoretic mobility shift assays (EMSAs) showed that the RBD
has about a fourfold lower SECIS affinity relative to CTSBP2
but that addition of the SID restores wild-type SECIS affinity,
forming a stable SID-RBD-SECIS complex. Interestingly, a
SID bearing a penta-alanine mutation at TLKE***">** was able
to induce high affinity SECIS element binding but without
forming a stable SID-RBD-SECIS complex, demonstrating
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FIG. 2. Proposed models for SBP2-SECIS interactions and SBP2 domain structure. (A) Schematic of SBP2 outlining
current domain definitions as well as the nuclear localization signal (NLS) and nuclear export signal (NES) described by Papp
et al. (56). (B) A cartoon for a model of SBP2 binding the SECIS element. In this model, SBP2 initially interacts with the SECIS
via low affinity contacts indicated by the equilibrium arrows. The affinity interaction triggers a conformational change in the
RBD that recruits the SID (middle). Subsequent high affinity SECIS interactions and stabilization of the SID-RBD interaction by
the residues ITLKE***% results in an active complex and conformational changes in the SID (right). NCR designates the
nonconserved region between the SID and RBD that is not essential for Sec incorporation or SECIS binding (6).

that a transient SID-RBD interaction is sufficient to promote
high affinity SECIS binding, but the residues IILKE**** are
needed to stabilize SID-RBD interactions. Importantly, the
IILKE®2*"%%% penta-alanine mutation in the SID also prevents
Sec incorporation, suggesting that stable SID-RBD interaction
is required for Sec incorporation. However, penta-alanine
mutations at other SID residues, such as LGGML**3* and
PLMKK>**%, prevented Sec incorporation but still permit-
ted stable association of the SID and RBD as well as high
affinity SECIS binding, thus establishing two biochemical
intermediates in the Sec incorporation pathway (17). Together
these data suggest that stable SID-RBD interactions as well as
high affinity SECIS binding are necessary but not sufficient for
Sec incorporation and may well indicate that conformational
changes downstream of SECIS binding are required. We
propose a model for SECIS binding in which the RBD makes
low affinity contacts with the SECIS element that induce a
conformational change and recruit the SID (Fig. 2B). In this
state, the SID stabilizes SECIS-RBD interactions. It is possible
that this may be due in part to SID-SECIS contacts, but
protein—-RNA interaction between the SID and SECIS ele-
ments has not been demonstrated by EMSA or UV cross-
linking (17). Once the stable SBP2-SECIS complex is formed, it
would then be competent to recruit eEFSec (see below for
discussion of SBP2-eEFSec interactions).

SBP2-ribosome interactions

Early work on SBP2 reported that it fractionates in glycerol
gradients with large ribosomal subunits in lysates from

transfected cells, as well as with purified ribosomes and
rRNA. In addition, an analysis of truncation and point mu-
tants indicated that the SECIS and ribosome binding domains
within SBP2 overlapped but were not identical (16). It has
since been shown that SBP2 cannot stably interact with the
SECIS element and ribosome at the same time (33). These
findings drove the hypothesis that SBP2 may interact with an
exposed K-turn in ribosomal RNA via its L7Ae RNA binding
motif. Indeed, ribosomal kink-turns are conserved, are lo-
cated at the surface of the ribosome, and most of them do not
interact with ribosomal proteins (34), thus making ideal tar-
gets for kink-turn binding proteins. A more detailed study of
the requirements for ribosome binding within the SBP2 RBD
confirmed the overlap between the SECIS and ribosome
binding domains, but also revealed that a penta-alanine mu-
tation at REQDR®*" %! resulted in a version of SBP2 that lost
60% of ribosome binding relative to wild-type CT-SBP2 and
had less than 20% Sec incorporation activity, but maintained
wild-type levels of SECIS binding. This prompted the authors
to conclude that the stable ribosome binding activity of SBP2
is required for Sec incorporation activity (8).

The notion that stable ribosome binding was required for
Sec incorporation in vitro came into question, however, when
it was shown that the SID and RBD, when expressed as sep-
arate proteins, did not stably bind the ribosome in su-
crose cushion assays, yet still promoted Sec incorporation to
the same levels observed with intact CT-SBP2 (17). One pos-
sible explanation for this discrepancy is that stable ribosome
binding is a function of the physical constraints imposed by
linking the two domains, suggesting that the ribosome bind-
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ing activity may serve to “activate” the domains by altering
conformation. Another explanation may simply be that
splitting the domains results in a reduction of overall affinity
but a retention of a transient association of one or both of the
domains with the ribosome. Interestingly, the use of formal-
dehyde cross-linking to stabilize potential transient com-
plexes and then pelleting the ribosomes through a sucrose
cushion containing SDS (to prevent non-cross-linked proteins
from pelleting) demonstrated that the SID, rather than the
RBD, more readily associated with the ribosome (17). To-
gether these data suggest that SBP2 may have two ribosome
binding activities: a stable activity that is only observable
when the SID and RBD are physically linked and a transient
SID-based interaction that may represent a “downstream”
function related to ribosome conformation. The formaldehyde
cross-linking data and the fact that most mutations in the SID
affected Sec incorporation but not SECIS or ribosome binding
(17) support the SID as a signaling switch at the ribosome to
allow Sec incorporation.

eEFSec. The incorporation of selenocysteine into an
elongating peptide chain requires the action of a translation
elongation factor. The canonical eukaryotic translation elon-
gation factor, eEF1A, delivers amino-acyl tRNAs to the ri-
bosomal A site. When the ribosome recognizes that the
appropriate tRNA has been delivered, eEF1A hydrolyzes
GTP, releases the tRNA, and dissociates from the ribosome.
Before it can participate in translation again, the guanine
nucleotide exchange factor (GEF) eEF1Bx must facilitate
binding of a new GTP molecule to eEF1A. eEF1A is comprised
of three domains: Domain I is required both for direct binding
to the ribosome as well as GTPase activity. Domain II in
eEF1A is involved in aa-tRNA binding and eEF1Bu« binding,
which are mutually exclusive (2). This represents significant
divergence from the bacterial counterpart, EF-Tu, in which
domain I1I is the exchange factor (EF-Ts) binding site. Domain
III in eEF1A has not been extensively characterized, but one
face presumably makes nonspecific contacts with the T arm of
aa-tRNA as in the case of EF-Tu (reviewed in 51).

Identification of the eukaryotic Sec specific translation
elongation factor by homology to EF-Tu, eEF1A, and archaeal
SelB was reported independently by two groups. Multiple
sequence alignments in these reports showed that eEFSec has
similar domain structure to eEF1A, but has a C-terminal ex-
tension termed domain IV which is proposed to interact with
SBP2 (18, 71, 78). These studies demonstrated that eEFSec
binds Sec-tRNAS but not its precursor, Ser-tRN A%, and that
like other translation elongation factors it is a GTP binding
protein. Confirmation of eEFSec as the functional Sec specific
elongation factor came from eEFSec knockout in Drosophila
which lost the ability to synthesize selenoproteins (27). In
contrast to eEF1A, eEFSec has higher affinity for GTP than
GDP which likely explains why no eEFSec specific GEF has
been identified. Further evidence that eEFSec lacks a GEF lies
in the observation that it has several deletions relative to
eEF1A corresponding to residues that interact with eEF1Ba
(13, 71).

The crystal structure of the Methanococcus maripaludis eEF-
Sec homologue, SelB, was recently solved (38). Overall, ar-
chaeal SelB domains I-IIT were structurally similar to EF-Tu
suggesting SelB (and by extension eEFSec) interacts with the
ribosome in an analogous manner. Archaeal Sec incorpora-
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tion is similar to that in eukaryotes in that SECIS elements are
located in the 3'UTR, but archaeal SelB lacks SECIS binding
activity, thus prompting the hypothesis that archaea also have
a dedicated SECIS binding protein, but it has not yet been
identified. In addition, the amino acid sequence of the C-
terminal extension in archaeal SelB is more closely related to
mammalian eEFSec than to bacterial SelB (38, 60, one excep-
tion has a 5’'UTR SECIS; 64, 66). Considering these similarities
between mammalian eEFSec and archaeal SelB, we modeled
the crystal structure of GDPNP (a nonhydrolyzable GTP
analog) bound M. maripaludis SelB onto the cryo-EM map of
the 70S ribosome bound to EF-Tu in the pre-accommodation
state (Fig. 3). In this model, domain IV is positioned such that
it would be accessible for interaction with SBP2 and/or SECIS
elements.

SBP2—eEFSec interactions

Juxtaposition of prokaryotic and eukaryotic Sec incorpo-
ration illustrates why SBP2 and eEFSec are likely to physically
interact. In bacteria, SelB delivers Sec-tRNA>* by binding the
SECIS element, which is in the coding region immediately 3’
of the UGA codon, thus placing SelB in proximity of the
translating ribosome (3). Sec incorporation then occurs when
the Sec-tRNA®* and SECIS bound SelB interacts with the
ribosome that stimulates GTP hydrolysis and release of
Sec-tRNAS (31). The location of the SECIS in the 3UTR in

GTPase activating center

Domain IV

Helix 38

E-site tRNA

FIG. 3. Modeling eEFSec on the ribosome. The cryo-
EM model of EF-Tu/Phe-tRNA in the ribosomal pre-
accommodated state (PDB coordinates 3EP2) was overlayed
onto the high resolution crystal structure of the T. thermo-
philus 70S ribosome in a post-translocation state containing E
and P-site tRNAs and an empty A site (PDB coordinates
1VSP[50S] and 2QNH][30S]). Once the pre-accommodated
cryoEM structure was aligned, we then overlaid the crystal
structure of GDPNP bound archaeal SelB ( PDB coordinates
1W3B; 38) to derive the final high resolution model shown
here. Archaeal SelB is shown in green. 50S and 30S ribosomal
subunits are indicated. The GTPase activating center (light
blue), Helix 38 of the 50S subunit (dark blue), and E-site tRNA
(red) are shown as landmarks. (For interpretation of the re-
ferences 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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archaea and eukaryotes relieves coding constraints but makes
Sec incorporation more complex. Extrapolating information
from bacterial systems prompted the questions: (a) Does
eEFSec bind the SECIS element? and (b) Does eEFSec interact
with SBP2? Co-immunoprecipitation experiments in trans-
fected mammalian cells showed that eEFSec and SBP2 inter-
acted in an RNA-dependent manner (71). In the same report,
EMSAs with SECIS RNA indicated that eEFSec bound the
SECIS element and addition of SBP2 did not alter band mi-
gration. A SECIS core mutant was still able to bind eEFSec but
addition of SBP2 resulted in a loss of eEFSec-SECIS binding,
suggesting an interaction between the two proteins. Lescure
and colleagues (39) reported that inclusion of eEFSec in EM-
SAs with SBP2 and SECIS elements enhanced SBP2-SECIS
affinity but that no ‘super-shifted” complex that would be
suggestive of a stable SBP2-eEFSec interaction was observed.
In 2003, it was reported that full length eEFSec did not co-
immunoprecipitate with SBP2 from reticulocyte lysate, but
that a 135 amino acid C-terminal fragment (lacking the
N-terminal 448 amino acids) did. Full-length and truncated
eEFSec did co-immunoprecipitate with SBP2 from transfected
cells, and co-transfection of the tRNAS® gene significantly
enhanced the amount of co-immunoprecipitation of both
forms of eEFSec (78). This tRNA enhancement is likely indi-
rect since the truncated eEFSec lacks the conserved tRNA
binding domain. In addition, since rabbit reticulocyte lysate
has been shown to contain a nonlimiting amount of Sec-
tRNAS® (46), it is not clear why the eEFSec/SBP2 interaction
was not observable from this system. Subsequent work has
employed an in vitro approach to studying the SBP2-eEFSec
interaction employing multifactorial EMSAs. Here it was
shown that the addition of eEFSec to a CTSBP2-SECIS com-
plex resulted in the formation of a complex migrating slower
than either SBP2 or eEFSec alone (17), suggesting the existence
of a stable eEFSec-SBP2-SECIS complex in the absence of Sec-
tRNAS. As discussed above, the penta-alanine mutations at
LGGML*** and PLMKK***°% in the SBP2 SID disrupted
Sec incorporation but not SECIS binding and were thus
considered likely candidates for sequences required for the
eEFSec interaction. These mutations, however, were not del-
eterious to SBP2—-eEFSec interaction by EMSA. Additionally,
EMSAs demonstrated that eEFSec appears to interact with
both the SID and RBD independently, thus adding significant
complexity to determining the amino acid requirements for
the interaction (17). Overall, it is important to consider the
data regarding SBP2-eEFSec interactions in the context of
the SBP2 domains and their interaction with the SECIS
element as well as with the ribosome. As discussed above,
SECIS-induced conformational changes are hypothesized to
“activate” SBP2. We extend this model to suggest that SECIS-
bound SBP2 recruits eEFSec and that the SBP2—-eEFSec-SECIS
complex signals the ribosome via the SID, to allow eEFSec
access to the A-site and subsequently hydrolyze GTP and
release its Sec-tRN A cargo.

A model for Sec Incorporation. Based on the currently
available information, we propose a model for Sec incorpo-
ration where ribosome-bound SBP2 (Fig. 4A), upon encoun-
tering a UGA codon, makes primary contacts with the SECIS
through the RBD which induces a conformational change in
the SID that results in increased SECIS affinity and a SID/RBD
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interaction. This SBP2-SECIS complex then recruits eEFSec
(Fig. 4B) which induces a further conformational change in the
SID that transmits a signal to the ribosome that allows eEFSec
access to the elongation factor binding site (Fig. 4C), followed
by GTP hydrolysis, Sec-tRNA%* accommodation, and eEFSec
dissociation (Fig. 4D). One of the primary unanswered ques-
tions in this model is what releases SBP2 from the SECIS
element. It is tempting to speculate that this is somehow ac-
complished by conformational changes in the SECIS element,
dictated by the essential AAR loop in complex with either the
ribosome or an as yet unidentified factor. Taking this specu-
lation one step further, it may be that preventing the release
step, thus creating a constitutively active eEFSec binding site,
is required for the processive Sec incorporation observed in
selenoprotein P (see below).

Does SBP2 influence susceptibility of selenoprotein
mRNA to nonsense mediate decay?

Nonsense mediated decay (NMD) is an mRNA quality
control mechanism that occurs when a translating ribosome
encounters a premature termination codon (PTC). Upon rec-
ognition, the PTC containing mRNA is then degraded. In
order to be recognized as premature, the stop codon typically
resides 50 bases upstream of the last exon-exon junction in an
mRNA (reviewed in ref. 61). Selenoprotein mRNAs present a
unique case in the duality of the Sec/stop codon. Indeed it has
been shown that selenoprotein mRNA stability is differentially
regulated by selenium status. Notably, GPX1 mRNA in rat
liver and testis is downregulated during selenium deficiency
while GPX4 mRNA remains stable (67). Furthermore, the loss
of GPX1 mRNA in selenium deprivation is not due to reduced
transcription rates (12). Additionally it has been reported that
the 3'UTR as well as the presence of an intron downstream of
the UGA codon, have been shown to influence GPX1 reporter
mRNA stability in selenium deprivation of cultured cells and
that such decay is likely due to NMD (49, 50, 77).

Squires et al. (63) recently examined the correlation between
SBP2 levels and the mRNA levels for each of the 19 human
selenoproteins expressed in human embryonic kidney cells
(HEK-293). Overexpression of SBP2 in HEK-293 cells had
modest, if any effect, on selenoprotein mRNA levels as de-
termined by real-time PCR (most showed no change while
SelS, GPX4, SelH, and Sell showed 1.5-fold increases). The
authors also assessed selenoprotein mRNA levels upon
transient and stable knockdown of SBP2 in MSTO-211H cells.
Transient SBP2 knockdown had the greatest effect on SelH
and GPX1 mRNA levels that were reduced by 50%. Similarly,
stable SBP2 knockdown had varying effects on selenoprotein
mRNA levels with some, such as GPX4 and SelN, being re-
duced by 60-75%. In these stable knockdowns the authors
also observed a 5-fold increase in the mRNA of the NMD
factor Upf2. While these results clearly demonstrate SBP2-
dependent changes in selenoprotein mRNA levels, the au-
thors’ case that the observed decreases were due to NMD is
not explicitly shown by co-knockdown of SBP2 and NMD
factors or transfection of a dominant negative NMD factor
(i.e., human Upfl R844C) that has previously been shown to
allow a selenoprotein mRNA to escape NMD (67). It is also
important to note that in conditions permissive for Sec in-
corporation (i.e., all factors present and selenium replete)
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FIG. 4. A model for Sec incorporation. In the absence of an SBP2-SECIS complex, eEFSec does not have access to the
ribosomal A-site (A). Arrow 1 serves to indicate SECIS binding by SBP2 as described in Fig. 2A. SECIS bound SBP2 is
competent to recruit eEFSec (B) which results in a conformational in the SID that signals the ribosome to allow eEFSec to
deliver Sec-tRNA>* (arrow 2 and C). Arrow 3 indicates GTP hydrolysis by eEFSec and which results in tRNA release and
dissociation of eEFSec from the ribosome (D). The fate of SBP2 after Sec incorporation is not known, as noted by the arrow and

question mark in D.

NMD evasion would occur by default because during the
Sec incorporation event the UGA codon is not a nonsense
codon.

SBP2 subcellular localization

Elucidation of the SBP2 amino acid sequence revealed the
presence of a putative nuclear localization signal (NLS). Since
translation is a cytoplasmic process, it has been proposed that
nuclear localization of SBP2 could serve to rapidly down-
regulate selenoprotein expression or aid in assembling sele-
noprotein messenger ribonucleoprotein complexes prior to
nuclear export. Several groups have investigated whether
SBP2 is nuclear and its relevance to selenoprotein expression.
Immunofluorescence of transfected Vb5-tagged SBP2 in
McArdle7777 cells showed that transfected SBP2 is cytoplas-
mic (15, 46, 56, 62). Subsequent studies of SBP2 localization
demonstrated that endogenous SBP2 appeared to be both

cytoplasmic and nuclear while transfected tagged SBP2 was
cytoplasmic (32). The nuclear localization of SBP2 was more
prominent in cell lines with high levels of endogenous SBP2
(MSTO-211H and HepG2). In addition, it was shown that the
minimum functional SBP2 fragment (rat aa 399-777) ex-
hibited nuclear—cytoplasmic shuttling in a heterokaryon assay
(32), despite the fact that this fragment lacks the NLS that was
predicted by computational methods, suggesting the possi-
bility that other NLS sequences are present in CT-SBP2.

The shuttling of full-length SBP2 was verified by Papp and
colleagues (56) by inhibiting Crm1-dependent nuclear export
with leptomycin B (LMB) that resulted in nuclear accumula-
tion of GFP tagged SBP2, while untreated cells showed no
accumulation. Additionally, subcellular fractionation showed
that the majority of endogenous SBP2 in HEK-293T cells is
associated with ribosomes and the endoplasmic reticulum
(presumably the ribosome-containing rough ER) with a small
portion (~10%) being nuclear. The authors also validated the
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NLS predicted by Copeland and colleagues (15) and identi-
fied a functional nuclear export signal. Interestingly, oxidative
stress, in the form of hydrogen peroxide, sodium selenite, or
UVA irradiation, resulted in nuclear localization of SBP2 and
reduction in selenoprotein synthesis. Additionally, it was
shown that this stress resulted in oxidation of cysteine resi-
dues in SBP2. Since oxidized SBP2 has previously been shown
to be unable to bind SECIS elements (14), it may be that SECIS
and ribosome binding are sufficient to maintain the cyto-
plasmic concentration of SBP2 and that disruption of binding
by oxidation results in nuclear accumulation. The potential
physiological relevance of this phenomenon is a matter of
speculation, but it may be that under conditions of acute ox-
idative stress, Sec incorporation is shut down, just as is the
case for general translation, in order to conserve resources for
the global stress response or induction of apoptosis. Alter-
natively, it may be a specific phenomenon related to the ac-
cumulation of undesirable selenium species when Sec
incorporation is active. As far as a function for nuclear SBP2
under normal conditions, some have proposed that SBP2 as-
sociates with Sec synthesis factors on selenoprotein mRNAs
prior to nuclear export (32, 62), but without evidence that
nuclear SBP2 is associated with mRNA, it is difficult to put
together a cogent story about its role there.

The localization of SBP2 to the ribosomes and nucleus has
been established over the past several years. Recently, how-
ever, several alternatively spliced SBP2 mRNA isoforms were
identified in EST databases that code for proteins with dif-
fering N-termini. The most abundant of these transcripts
codes for an SBP2 variant with a predicted mitochondrial
targeting sequence (mtSBP2). Indeed, localization experi-
ments demonstrated that an mtSBP2-GFP fusion protein as
well as a small fraction of endogenous SBP2 localized to mi-
tochondria. These results led to speculation that mtSBP2 di-
rects mRNAs of mitochondrial selenoprotein isoforms to their
destination or participates in Sec incorporation directed by
mRNAs translated at the cytosolic surface of the outer mito-
chondrial membrane (57). Since all of the identified SBP2
isoforms retain the entirety of the SID and RBD, it seems likely
that mtSBP2 is participating in Sec incorporation.

Other aspects of Sec incorporation

Ribosomal protein L30. Ribosomal protein (RP) L30, like
SBP2, is a member of the L7Ae superfamily. Chavatte et al. (11)
found that RPL30 binds the SECIS element in a SECIS core-
dependent manner and can compete with SBP2 for SECIS
binding. Additionally, V5-tagged RPL30 transfected into
McArdle 7777 cells was able to immunoprecipitate mRNAs of
the selenoproteins GPX4 and GPX1. Lastly, co-transfection of
RPL30 with a luciferase Sec incorporation reporter yielded a
2-fold increase in reporter activity. Based on these data it has
been hypothesized that RPL30 plays a role in Sec incorpora-
tion, perhaps as a factor to cycle SBP2 off the SECIS element.
However, since a reconstituted system with purified factors
has not been developed, the precise role of RPL30 in Sec in-
corporation remains unclear.

Efficiency and processive Sec incorporation. The UGA
codon in a selenoprotein mRNA can have two translational
outcomes: termination and the release of a truncated peptide
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(pre-Sec peptide) or Sec incorporation and subsequent syn-
thesis of full-length protein. The efficiency of recoding UGA to
Sec, as measured by the ratio of full-length protein to the sum
of full length and pre-Sec peptides, ranges from 7% to 10% in
bacteria, and similar efficiencies were observed with a lucif-
erase reporter construct bearing a GPX4 SECIS element in
rabbit reticulocyte lysate (46, 68). The impetus for studying
the efficiency of Sec incorporation is highlighted by seleno-
protein P (SelP) that represents a unique case of translational
recoding in that the full-length human protein contains 10 Sec
residues while all other human selenoproteins contain just
one (37, 72). SelP is predominantly expressed in the liver and
is responsible for delivering selenium to the brain and testis in
mammals via its Sec-rich C-terminal domain (26). SelP is
further differentiated from other selenoproteins by its mRNA
that has two SECIS elements in the 3'UTR (25). Thus the open
question is how does the translational machinery accomplish
processive Sec incorporation (i.e., more than one Sec incorpo-
ration event per round of translation) when the general pro-
cess is inefficient? To date there has only been one study
investigating processivity in the native SelP coding region.
Using a GST-SelP fusion reporter in transfected HEK-293 cells,
Stoytcheva and colleagues (65) showed that SelP SECIS 2 can
promote Sec incorporation at the first UGA codon but not
those downstream, while SECIS 1 is required for production
of full-length protein. This prompted a model in which the
SECIS elements are positioned such that SECIS 2 is proximal
to the first Sec codon while SECIS 1 is near the closely spaced
Sec codons at the 3’ end of the open reading frame. This model
is consistent with the data but a simple positional model is not
adequate since the reporter gene with two copies of SECIS 2
did not yield full-length protein, further suggesting each
SECIS element is functionally distinct.

This report provided a first step toward understanding
processive Sec incorporation but finer details remain to be
discerned, specifically regarding the potential requirement of
additional protein or RNA factors for processive Sec incor-
poration. In the case of codon context (i.e., the identity of bases
surrounding the UGA codon), a report has recently shown
that each of the SelP UGA codons, together with their re-
spective 25 nucleotide contexts, is decoded as Sec in rabbit
reticulocyte lysate with efficiencies differing by as much as
8-fold under conditions of limiting SBP2 (23). Interestingly,
when mRNAs containing two in-frame UGA codons in their
native context were translated in vitro, the overall efficiency
was cut by a factor of three, even in the presence of saturating
amounts of SBP2. This suggests that whatever conditions are
required for processive Sec incorporation, they may be lack-
ing in rabbit reticulocyte lysate, but this contradicts an earlier
finding that full-length SelP can be produced in rabbit retic-
ulocyte lysate with a total Sec incorporation efficiency calcu-
lated to be over 40% (46). Overall, it is becoming clear that a
primary limitation for processive Sec incorporation may re-
side in the use of reporter constructs that lack elements within
the coding region such as the SRE. Additional support for
novel factors or elements influencing selenoprotein expres-
sion (including but not limited to Sec incorporation efficiency)
comes from Ottaviano et al. (55) who reported that a trans-
fected GPX3 construct with the 3'UTR containing only a 100 nt
version of the GPX3 SECIS is not sufficient to drive expres-
sion. The mechanistic basis for this finding is unclear as it
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could be either at the level of SBP2 binding or at an as yet
unidentified downstream step. Another unique modification
of the system was described by Ufer et al. (74) who reported
that translation of the mitochondrial isoform of GPX4 is up-
regulated in mouse embryo brains by an as yet unidentified
5'UTR binding protein. Thus, outside the realm of the basic
mechanism of Sec incorporation lies an emerging and highly
complex field of the regulatory network that controls sele-
noprotein synthesis. This concept is well-exemplified by the
finding that SBP2 is regulated by HSP90 induction and in-
teracts with proteins known to form other L7Ae-containing
scaffolds such as Nupif and hPih1 (4).

Drosophila as an emerging model
system for Sec incorporation

Many of the unknowns regarding the process of eukaryotic
Sec incorporation present difficult challenges for traditional
molecular and biochemical approaches. Thus, the develop-
ment of a genetically manipulable system is highly desirable.
There are three well-established model systems that fit the bill:
Drosophila, zebrafish, and C. elegans. While zebrafish, which
has significant overlap with the mammalian selenoproteome,
is arguably the best model for human selenoprotein function,
Drosophila is perhaps a preferable system for the study of basic
mechanism because of its higher degree of manipulability and
the larger number of resources currently available including
both eEFSec and SBP2 null strains. The main disadvantage to
the Drosophila system is that insect SBP2 lacks the N-terminal
domain that is present in all vertebrate versions of the protein,
but on the other hand, it provides a system in which to test the
functionality of the N-terminus in a “naive” system as its role
in Sec incorporation is uncovered.

Work on selenium utilization in Drosophila began when a
homologue of the bacterial selenophosphate synthetase (SelD)
gene was identified and characterized. As it contained an Arg
residue in place of the active site Cys residue found in bacteria,
the protein was found to have no detectable selenophosphate
synthetase activity (58). Interestingly, however, when this
gene was deleted in a subsequent study, selenoprotein syn-
thesis was reduced or eliminated (as determined by "Se la-
beling in larvae), and several other phenotypes were noted,
including embryonic lethality, increased ROS production, and
cell cycle defects. This led the authors to conclude that sele-
noproteins were essential in Drosophila (1a). Subsequent
studies have shown that this protein is a homologue of
mammalian SPS1, which is not involved in Sec incorporation
(41), and that the bona fide Drosophila selenophosphate syn-
thase (SPS2) is a selenoprotein (28), just as it is in mammals
(22). Although the previously established link between SPS1
and selenoprotein expression in Drosophila has not been ex-
plained, it has since been shown that selenoprotein synthesis
is not essential, as a deletion of the gene encoding eEFSec
resulted a complete loss in selenoprotein expression but no
discernible phenotype (27). Interestingly, however, a prior
study showed that selenium deprivation reduced lifespan and
fertility in Drosophila (45), suggesting a non-selenoprotein-
related function for selenium in insects. In addition, no overt
abnormal phenotype was observed when SBP2 was deleted as
part of a study of a neighboring gene (48), further substanti-
ating the lack of essentiality for selenoprotein expression.

889

Importantly, this finding also rules out an essential function
for SBP2 outside the realm of Sec incorporation, confirming
the conclusion reached by genomic studies that established a
tight correlation between the existence of selenoproteins and
Sec incorporation factors in insects (9, 41). Together these re-
sults set the stage for rapid progress in determining the re-
quirements for efficient Sec incorporation in vivo.

Conclusions

Despite the rapidly expanding knowledge of Sec incor-
poration factors and how they interact with one another, a
detailed mechanism for the process remains nebulous. In-
teractions between the SBP2 and the SECIS element have
been worked out in detail and perhaps the last step in un-
derstanding their interaction would be solving a co-crystal
structure of SBP2 and the SECIS element. Or course, this feat
would also benefit greatly from elucidation the structure of
apo-SBP2 and an unbound SECIS element. The greatest gap
in the current understanding of Sec incorporation is how
delivery of Sec-tRNA>* to the ribosome by eEFSec is reg-
ulated. The fields of Sec incorporation and general transla-
tion would both benefit greatly from focused efforts on this
front.
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