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Selenocysteine (Sec) incorporation is an essential process required for the
production of at least 25 human selenoproteins. This unique amino acid is
co-translationally incorporated at specific UGA codons that normally serve
as termination signals. Recoding from stop to Sec involves a cis-acting Sec
insertion sequence element in the 3′ untranslated region of selenoprotein
mRNAs as well as Sec insertion sequence binding protein 2, Sec-tRNASec,
and the Sec-specific elongation factor, eEFSec. The interplay between
recoding and termination at Sec codons has served as a focal point in
researching the mechanism of Sec insertion, but the role of translation
initiation has not been addressed. In this report, we show that the cricket
paralysis virus intergenic internal ribosome entry site is able to support Sec
incorporation, thus providing evidence that the canonical functions of
translation initiation factors are not required. Additionally, we show that
neither a 5′ cap nor a 3′ poly(A) tail enhances Sec incorporation.
Interestingly, however, the presence of the internal ribosome entry site
significantly decreases Sec incorporation efficiency, suggesting a role for
translation initiation in regulating the efficiency of UGA recoding.
© 2010 Elsevier Ltd. All rights reserved.
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The incorporation of selenocysteine (Sec) into
nascent selenoproteins represents a deviation from
the ‘standard’ genetic code by recoding UGA from a
translation termination codon to specify Sec. In
eukaryotes, UGA recoding is accomplished by a Sec
insertion sequence (SECIS) element in the 3′
untranslated region (UTR) of selenoprotein
mRNAs. SECIS elements have two conserved
motifs: an AUGA (SECIS core) motif on the 5′ side
of the stem and an apical AAR motif. Disruption of
either of these motifs inhibits Sec incorporation.1

The trans-acting factors SECIS binding protein 2
(SBP2), a Sec-specific translation elongation factor
(eEFSec), and Sec-tRNASec are also required for Sec
incorporation.2,3 SBP2 interacts with the SECIS core
motif4 and the SBP2–SECIS complex recruits
eEFSec.5 SBP2 is also thought to function at the
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level of the ribosome to regulate access of eEFSec–
Sec-tRNASec–GTP ternary complex to the A-site.5,6

Aside from SBP2–SECIS-dependent regulation, eEF-
Sec is presumed to function similarly to eEF1A.
Several groups have investigated the interplay

between Sec incorporation and translation
termination.7–11 One facet of the Sec incorporation
process suggests, however, that translation initia-
tion may be involved: SECIS elements are likely
brought in proximity to initiation factors via the
established poly(A) binding protein, eIF4G
interaction.12,13 In addition, polysome analysis has
shown that a significant portion of endogenous
GPX4 mRNA remains associated with the 80S peak
in both the presence and the absence of sufficient
selenium in contrast to a similarly sized non-
selenoprotein mRNA, suggesting a lower rate of
initiation.14

Cap-dependent translation initiation is a highly
regulated process requiring an array of initiation
factors (eIFs). Briefly, the eIF4F complex binds the 5′
cap structure and interacts with the 3′ poly(A) tail
via poly(A)-binding protein. This messenger ribo-
nucleoprotein recruits the 43S pre-initiation complex
containing the 40S ribosomal subunit and several
d.
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initiation factors, including Met-tRNAi-bound
eIF2α. This 43S complex then scans the 5′ end of
the mRNA until the appropriate start codon is
selected. This results in GTP hydrolysis by eIF2α,
initiator tRNA release to the ribosomal P-site, eIF
release, and 60S ribosome recruitment to form the
80S ribosome.15 Much of this process can be
circumvented by internal ribosome entry sites
(IRESs) that are frequently found in viral mRNAs.
The intergenic IRES from cricket paralysis virus
(CrPV IRES) bypasses the requirement for all
initiation factors and directly recruits 60S and 40S
ribosomal subunits. Additionally, the CrPV IRES
occupies the P- and E-sites and initiates translation
from the A-site at a GCU codon.16,17

In this report, we investigated the relationship of
translation initiation and Sec incorporation using
capped or uncapped firefly luciferase Sec incorpo-
ration reporter mRNAs containing or lacking a poly
(A) tail. Additionally, we utilized a dicistronic
luciferase reporter containing a CrPV IRES between
Renilla and firefly luciferase cDNAs, the latter
possessing a Sec codon and the GPX4 SECIS element
in its 3′UTR. We found that Sec incorporation can
occur when translation initiation was driven by the
CrPV IRES and that Sec incorporation requires
neither a capped mRNA nor a poly(A) tail.
Polyadenylated mRNAs and IRES-containing
mRNAs, however, displayed less efficient Sec
incorporation. Thus, Sec incorporation does not
require the canonical roles of initiation factors but
Fig. 1. Constructs used to test Sec incorporation for the re
monocistronic firefly luciferase (FLuc) reporters (FLuc-Sec/wt
wild-type (wt) or mutant (mut) GPx4 SECIS element. The posi
FLuc-Sec/wt, which is annotated as FLuc-Sec/wt/p(A) in the t
cistron (RLuc) and a 3′ FLuc cistron. The intercistronic region
contain (IRES) or lack (ΔIRES) the CrPV intergenic IRES. The
paralysis virus intergenic IRES (CrPV IRES) were generously
and are described by Wilson et al.18 Variations of the dual luci
Sec codon at position 258 and a wild-type or mutant GPx4 SE
may yet be influenced by an event at initiation that
regulates efficiency.
To determine the effect of the m7G cap and poly

(A) tail on Sec incorporation efficiency, we utilized a
previously described firefly luciferase Sec incorpo-
ration reporter (FLuc-Sec/wt) containing a UGA
codon at position 258 and the GPX4 SECIS element
in the 3′UTR.10 Polyadenylated versions of this
construct were generated by subcloning poly(A102)
downstream of the SECIS element [Fig. 1; FLuc-Sec/
wt/p(A)]. Translation of the FLuc-Sec/wt reporter is
known to produce a stable pre-Sec peptide resulting
from termination at the Sec codon that serves as an
internal control for RNA levels and loading. In
addition, full-length luciferase is produced as a
result of Sec incorporation.10 Capped or uncapped
mRNA containing or lacking a poly(A) tail were in
vitro transcribed and then translated in rabbit
reticulocyte lysate in the presence or absence of
saturating CT-SBP2 (120 nM) and [35S]Met. Figure
2a shows that SBP2-dependent Sec incorporation, as
measured by full-length FLuc production, occurred
regardless of the cap or poly(A) status of the reporter
mRNA. To determine if the 5′ cap or poly(A) tail can
influence Sec incorporation efficiency, we normal-
ized band densities to the number of Met residues
per peptide and calculated the ratio of full-length
luciferase to the sum of pre-Sec peptide and full-
length FLuc products expressed as a percentage. Sec
incorporation efficiencies for capped and uncapped
mRNAs lacking a poly(A) tail were calculated to be
quirement of canonical translation initiation factors. The
or mut) have an in-frame UGA codon at position 258 and a
tion of the poly(A) tract for poly(A)+ variants is shown for
ext. All dual luciferase constructs have 5′ Renilla luciferase
consists of highly structured RNA (ΔEMCV) and either

dual luciferase constructs containing or lacking the cricket
provided by Dr. Eric Jan (University of British Columbia)
ferase reporters were generated such that FLuc contains a
CIS element in the 3′UTR.



Fig. 2. 5′ cap and 3′ poly(A) tail are not required for
Sec incorporation. (a) SDS-PAGE gel of [35S]methionine
labeled in vitro translated capped and uncapped FLuc-
Sec/wt mRNAs with or without a poly(A) tail, as
indicated, in the presence or absence of 120 nM recombi-
nant CT-SBP2. The mock reaction lacks both mRNA and
CT-SBP2. SDS-PAGE gels were visualized by Phosphor-
Imaging and quantitated with ImageQuant software (GE
Healthcare). (b) The Sec incorporation efficiencies for
reactions containing CT-SBP2 were calculated as percent
readthrough=FLuc/(FLuc+pre-Sec peptide)×100 after
correction for the number of methionine residues per
peptide. The asterisk denotes that the +cap pA value is
significantly less than the +cap by Student's t test
(p=0.009). Data are mean±standard error of the mean,
n=3.
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9% and 8.4%, respectively (Fig. 2b). On this occasion,
the presence of a poly(A) tail, regardless of cap
status, resulted in a small but statistically significant
∼30% reduction in Sec incorporation yielding 6.4%
efficiency (p=0.009). Subsequent analyses with
different batches of reticulocyte lysate show varying
levels of this poly(A) effect, which may correlate
with batch-specific differential poly(A) stability
(data not shown).
In order to investigate whether or not initiation

factors are required for Sec incorporation, we
utilized uncapped reporter mRNAs depicted in
Fig. 1. Monocistronic control constructs are identical
to those used for Fig. 2 (FLuc-Sec/wt or mut).
Dicistronic reporter constructs contain a 5′ Renilla
luciferase cDNA (RLuc) and a 3′ FLuc cDNA. The
intercistronic region contains an inactive EMCV
IRES (ΔEMCV) that provides a highly structured
RNA to prevent ribosomal scanning to the FLuc
cistron after termination at the RLuc cistron.18 The
intercistronic region also contains or lacks the CrPV
intergenic IRES (IRES and ΔIRES, respectively; see
Fig. 1 for construct nomenclature). To test IRES-
mediated Sec incorporation, we modified the RLuc/
IRES/FLuc and RLuc/ΔIRES/FLuc constructs to
contain a Sec (UGA) codon corresponding to amino
acid 258 in FLuc and a wild-type or mutant GPX4
SECIS element in the 3′UTR (e.g., RLuc/IRES/FLuc-
Sec/wt; Fig. 1). All mutant SECIS elements have the
SECIS core motif (AUGA) mutated to AUCC, which
prevents Sec incorporation.9

In order to determine if Sec incorporation can
occur when translation is driven by the CrPV IRES,
we translated each of the uncapped dicistronic
reporter mRNAs in rabbit reticulocyte lysate in the
presence of [35S]methionine and the presence or
absence of 120 nM recombinant CT-SBP2. The eIF-
dependent RLuc translation remained constant,
indicating that the presence of a Sec codon,
SECIS element, and CT-SBP2 had no impact on
translation of the first cistron (Fig. 3a, lanes 7–18).
The eIF-independent production of wild-type FLuc
(no Sec codon) was highly IRES-dependent (com-
pare lanes 7 and 8 to lanes 9 and 10). Likewise,
pre-Sec peptide production was also highly IRES-
dependent (compare pre-Sec peptide levels in lanes
11–14 to those in lanes 15–18). Importantly, Fig. 3a
also shows IRES-driven Sec incorporation since
FLuc production is both SBP2-dependent (compare
lanes 11 and 12) and SECIS-dependent (compare
lanes 12 and 14), demonstrating that Sec incorpo-
ration can result from eIF-independent translation.
To quantitatively measure the efficiency of IRES-
driven Sec incorporation, we performed separate in
vitro translation reactions of uncapped FLuc-Sec/
wt and RLuc/IRES/FLuc-Sec/wt and measured
pre-Sec peptide and FLuc levels directly using
PhosphorImager analysis of SDS-PAGE gels and
found that the average efficiency of Sec incorpora-
tion was 3.8% for RLuc/IRES/FLuc-Sec/wt com-
pared to 8.8% for the Fluc-Sec/wt control (Fig. 3b),
with a Student's t test yielding a p value of 0.006.
In addition, the ratio of FLuc to RLuc enzyme
activities (F/R) was used to control for mRNA
levels and loading as shown in Fig. 3c. Interest-
ingly, the F/R ratio for the RLuc/IRES/FLuc-Sec/
wt construct was ∼25 times lower than that for the
non-Sec-containing RLuc/IRES/FLuc, also indi-
cating an efficiency of only 4%. To determine if
the reduced Sec incorporation efficiency observed
with IRES-driven translation was a consequence of
inefficient translation initiation, we translated
capped FLuc-Sec/wt mRNA in the presence of
m7G(5′)ppp(5′)G cap analog. Increasing amounts
of cap analog to 1 mM resulted in an approxi-
mately twofold decrease in total translation (Fig. 4a
and b). However, Sec incorporation efficiency was
not altered by the presence of cap analog (Fig. 4c).
Similar results were obtained when a G(5′)ppp(5′)
A cap analog was used (data not shown). These
data suggest that the inefficient Sec incorporation
as a result of IRES-driven translation is specific for
the CrPV IRES and potentially implicates an
initiation factor in determining Sec incorporation
rates. The lack of an effect on Sec insertion



Fig. 3. Sec incorporation does not require translation initiation factors. (a) Representative SDS-PAGE gel of [35S]
methionine labeled in vitro translation reactions of the indicated uncapped mRNAs in the presence or absence of 120 nM
CT-SBP2. Translation products are indicated by the arrows. (b) Sec incorporation efficiencies for uncapped FLuc-Sec/wt
and RLuc/IRES/FLuc-Sec/wt in the presence of 120 nM CT-SBP2 were calculated as percent readthrough=FLuc/
(FLuc+pre-Sec peptide)×100 after correction for the number of methionine residues per peptide. Data are mean
±standard error of the mean, n=3. (c) FLuc/RLuc activity ratios (F/R) for the same reactions as in (a). Dark and light bars
represent the absence or presence of 120 nM CT-SBP2, respectively. Data are mean±standard error of the mean, n=3,
except for RLuc/IRES/FLuc-Sec/mut where n=2.
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efficiency in the presence of cap analog suggests that
such a regulatory event occurs downstream of eIF4F
binding to the 5′ cap of the mRNA. One possibility
would be regulation of 60S subunit joining to the 43S
preinitiation complex to regulate 80s ribosome
loading. This model would be consistent with that
proposed by Fixsen et al.19 where reduced ribosome
loading as a result of programmed UAG read-
through resulted in increased Sec incorporation
efficiency.
In vivo regulation of Sec incorporation at the

level of translation initiation could have several
advantages. Several selenoproteins, notably the
glutathione peroxidases, are key proteins in miti-
gating intracellular oxidative stress.20 Under high
stress conditions where Sec incorporation in these
proteins would be preferential to that in other
selenoproteins, a selective step at initiation could
conserve energy. Further evidence for regulation of
selenoprotein translation at the level of initiation
comes from Ufer et al.21 who recently reported that
Grsf1 upregulates GPX4 expression by binding to
the GPX4 5′UTR and increasing loading onto
polysomes. However, it is not known whether
Grsf1 increases GPX4 expression by increasing Sec
incorporation efficiency or by increasing total
translation of GPX4 by increased ribosome loading,
or both. Selenoprotein P (SelP) presents another
case where regulating Sec incorporation at the level
of translation initiation is an attractive model.
Human SelP differs from other selenoproteins in
that its open reading frame contains 10 Sec codons
and its 3′UTR has 2 SECIS elements.22 SelP is the
major carrier of selenium in plasma and distributes
selenium throughout the body.23 Given the ineffi-
cient nature of Sec incorporation in vitro, it is likely



Fig. 4. Inefficient translation initiation does not reduce
Sec incorporation. (a) Representative SDS-PAGE gel of
[35S]methionine labeled in vitro translation reactions of
capped FLuc-Sec/wt mRNA in the presence of 120 nM
CT-SBP2 and 0–1 mM m7G(5′)ppp(5′)G cap analog.
Reactions supplemented with cap analog contained
0.8 mol MgCl2 per mole of cap. (b) Quantitation of total
translation in the presence of cap analog as measured by
band densitometry (arbitrary units). (c) Quantitation of
Sec incorporation efficiency, as described for previous
figures, in the presence of cap analog. Data are mean±
standard error of the mean, n=3.
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that SelP translation involves as yet unidentified
factors, possibly involved at initiation, in order to
achieve efficient and processive Sec incorporation
(i.e., successful incorporation of more than one Sec
residue per open reading frame). While the
preceding hypothesis still warrants investigation,
Fixsen and Howard recently reported that in the
context of more than one UGA codon in a dual
luciferase reporter, the first UGA codon is recoded
inefficiently (7%) while all downstream UGA
codons exhibit ∼70% Sec incorporation efficiency,
thus suggesting additional mechanisms for deter-
mining Sec incorporation efficiency.19 Future stud-
ies will be aimed at identifying the step in
translation initiation that is regulated during Sec
incorporation.
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