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Abstract. This review focuses on the known factors
required for selenocysteine (Sec) incorporation in eu-
karyotes and highlights recent findings that have com-
pelled us to propose a new model for the mecha-
nism of Sec incorporation. In light of this data we also
review the controversial aspects of the previous model-
specifically regarding the proposed interaction between
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Selenium and selenocysteine

Most trace elements function as cofactors for various en-
zymes and are thus essential for their activity. Unlike
other cofactors which interact with their cognate protein
through post-translational modifications, selenium is in-
corporated into proteins co-translationally. Selenium is
unique because it is biologically active in the form of the
amino acid selenocysteine (Sec), which is incorporated
into at least 25 selenoproteins in humans. Despite its ex-
clusion from many textbooks, Sec is widely considered to
be the 21st amino acid and exists in all three lineages of
life. The significance of the properties that it imparts on
selenoenzymes, such as the glutathione peroxidases, is
found in the simple fact that the pKa of Sec is much lower
than that of Cys, allowing a much greater nucleophilic
activity at physiological pH [reviewed in ref. 1]. Sec has
captured the attention of researchers in the protein syn-
thesis field because unlike other amino acids, its insertion
into proteins requires a translational recoding event that
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SBP2 and eEFSec. In addition, the relevance of two re-
cently discovered factors in the recoding of Sec are
reviewed. The role of the ribosome in this process is
emphasized along with a detailed analysis of kink-
turn structures present in the ribosome and the L7Ae
RNA-binding motif present in SBP2 and other proteins.

occurs at select UGA codons, which usually signal trans-
lation termination. While the mechanism governing in-
sertion of Sec in prokaryotes has been fairly well deci-
phered [reviewed in ref. 2], the mechanism in eukaryotes
has proven more difficult to discern. The topic of seleno-
protein biology and the general mechanisms of eukary-
otic Sec incorporation have been thoroughly reviewed in
recent years [3—8]. This work will focus on the biochem-
ical details regarding each of the known protein factors
involved in Sec incorporation, assembling the latest find-
ings into the larger picture of how the ribosome switches
languages midstream.

The factors

SECIS elements

Common to both the prokaryotic and the eukaryotic sys-
tem are the two known cis-acting factors required for
Sec incorporation: the UGA codon and a stable stem-
loop structure referred to as the selenocysteine insertion
sequence (SECIS) element. Likewise, both systems uti-
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Figure 1. Comparison of the consensus kink-turn motif (left) and
the GPX4 SECIS element (right). The SECIS core motif is boxed,
emphasizing the SBP2- and rpL30-binding site. The conserved
AAR motif is also noted within the apical bulge.

lize a SECIS-binding protein and a Sec-specific elonga-
tion factor-functions embodied in a single factor in
bacteria (SelB) and by two factors in eukaryotes (SBP2
and eEFSec/mSelB, respectively). Eukaryotic SECIS el-
ements are exclusively found in the 3’ untranslated re-
gion (UTR) of every selenoprotein mRNA. In the case of
selenoprotein P, the 3' UTR contains two SECIS ele-
ments in tandem, the concerted action of which is prob-
ably required for the efficient decoding of the ten Sec
codons found in mammalian Sel P. Part of the SECIS el-
ement is strikingly similar to an RNA structural motif re-
cently dubbed the kink-turn [9]. As such, it contains a
motif that is found in several RNA species including
rRNA, small nuclear RNAs (snRNAs) and small nucleo-
lar RNAs (snoRNAs). Figure 1 illustrates the SECIS el-
ement found in the selenoprotein glutahione peroxidase
4 (GPX4) next to the consensus kink-turn sequence de-
rived from those found in the crystal structure of the
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large ribosomal subunit derived from Haloarcula maris-
mortui [9]. While the kink-turn motif within the SECIS
element (refered to as the SECIS core) clearly functions
as the SBP2-binding site [10], the apical stem and loop,
which contain the conserved AAR sequence (see fig. 1),
have no known function. As discussed below, they make
an attractive target for the controversial idea that eEFSec
physically interacts with the SECIS element at the termi-
nal loop region.

SECIS-binding factors

The most widely studied protein required for Sec incor-
poration is SECIS-binding protein-2 (SBP2). Rat SBP2
contains 846 amino acids and has three domains which
were identified by structure/function analysis as well as
sequence homology [11]. The three identified functions
for SBP2 include Sec incorporation in vitro, binding to
the SECIS core, and binding to the ribosome. The N-ter-
minal 400 amino acids of this protein have no known
function, and this domain is not conserved in the SBP2
found in lower eukaryotes (i.e., insects and worms). Since
this domain possesses a predicted nuclear localization
signal, nuclear retention may somehow contribute to or
regulate SBP2 function. The current data do not support
that idea, but are limited to the detection of strictly cyto-
plasmic SBP2 in transiently transfected rat hepatoma
cells [12]. In addition, C-terminal SBP2 and full-length
SBP2 have nearly identical Sec incorporation activities in
vitro. The C-terminal 450 amino acids of this protein are
sufficient for all three of the aforementioned functions.
Amino acids 399-517 contain a functional domain re-
quired for Sec incorporation and amino acids 517-777
contain the SECIS-binding domain. Within this SECIS-
binding domain is an L7Ae RNA-binding motif found in
several proteins including the ribosomal protein L30
(rpL30) and the eukaryotic translation termination re-
lease factor 1 (eRF1). SBP2 and the SECIS element are
believed to provide specificity for the incorporation of
Sec at select UGA codons as opposed to the UGAs at the
end of coding regions. Exactly how this specificity is
achieved remains unclear but is likely to rely on the con-
certed action of all of the cis- and trans-acting factors de-
scribed, and since the system has not been reconstituted
in vitro, other as yet undiscovered factors could be re-
quired as well.

eEFSec/mSelB

The Sec-specific elongation factor was independently
identified by two groups nearly simultaneously and
termed either mSelB [13] or eEFSec [14]. This protein
bears strong similarity to the canonical translation elon-
gation factor eEF1A but contains a C-terminal extension
that has been reported to interact with SBP2 but only
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when expressed as an isolated fragment [15]. Interest-
ingly, bacterial SelB also contains a C-terminal extension
relative to EF-Tu that is known to be required for binding
to the bacterial SECIS element [16]; however, the bacter-
ial and eukaryotic C-terminal extensions are not related
[7]. In addition, the archaeal SelB protein lacks a C-ter-
minal extension and does not possess SECIS element-
binding activity [17]. eEFSec has been shown to specifi-
cally bind the Sec-tRNAB«ISe« and is predicted to act
independently of a guanine nucleotide exchange factor
based on relatively high intrinsic GTP affinity [13, 14].
Whether eEFSec interacts with the SECIS element and/or
SBP2 is addressed in detail below.

Multimerization state of SBP2

Based on evidence of complex formation in glycerol gra-
dients, SBP2 was hypothesized to self-associate and
function as a homomultimer [11]. The fact that SBP2 has
only one canonical RNA-binding domain but is known to
interact with both the SECIS element and rRNA sup-
ported this idea, such that in a head-to-head dimer con-
figuration, SBP2 would have two RNA-binding domains
available to interact simultaneously with both compo-
nents and provide a means for communication between
the ribosome and SECIS elements downstream in the 3’
UTR.

Recent findings have challenged several aspects of this
notion. Using a combination of gel filtration and pull-
down assays, it was found that SBP2 did not self-associ-
ate [18]. Self-association and complex formation were at-
tributed to a tag-tag interaction resulting from the Strep-
tagged version of SBP2 which was shown to form a large
salt-sensitive complex. Furthermore, a sucrose cushion
assay demonstrated that SBP2 could not simultaneously
interact with the ribosome and the SECIS element in
vitro. The presence of a 2.5-fold excess of a wild-type
SECIS element to ribosome, but not a mutant lacking the
SECIS core, was able to effectively compete some of
the SBP2 off of the ribosome. 32P-labeled SECIS element
was present in supernatant fractions and not in the pel-
let fractions, suggesting that the competition observed
was due to SBP2/SECIS interactions. Furthermore, when
SECIS was incubated with ribosomes in the absence of
SBP2, no pelleting of SECIS elements was observed, ver-
ifying that the SECIS element cannot independently as-
sociate with purified ribosomes.

These results are consistent with the fact that SBP2 is
monomeric and contains only one canonical RNA-bind-
ing domain and further support the idea that the SBP2/
ribosome interaction occurs at a kink-turn motif on the ri-
bosome. The indication is that SBP2 function is dynamic
and that the exchange of SBP2 between the ribosome and
the SECIS element during translation may be important
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for the incorporation of Sec. If true, this would support
the idea that the SBP2/ribosome interaction is somehow
making ribosomes competent for the incorporation of
Sec.

Kink-turns and SBP2

The most under-studied contributor of the Sec recoding
mechanism is the ribosome. This lack of attention stems
largely from the fact that although SBP2 has been shown
to bind to the ribosome at the level of 28S rRNA [11], the
significance of this interaction for the incorporation of
Sec is unknown. SBP2 is known to interact stably and
quantitatively both in vivo and in vitro with the ribosome
[11,18]. This interaction is likely to occur at the level of
the recently classified rRNA structures called kink-turns,
described above (fig. 1). This strong structural resem-
blance provides the best explanation for an interaction be-
tween the SBP2 SECIS-binding domain and both the
SECIS element and rRNA.

The kink-turn was described as a ‘new’ structural motifin
2001 [9] at about the same time as it was described as the
‘GA motif” [19] by a separate group. These reports
should not be confused with the original descriptions of
GA base pairing which date back to the early 1980s [20,
21]. In fact, evidence for a kinked structure associated
with sheared GA base pairs was provided by chemical
and enzymatic analysis of SECIS elements in 1996 [22].
Rather, the more recent studies provide definitive struc-
tural data on multiple iterations of the motif. All of the
known non-ribosomal kink-turn motifs have correspond-
ing binding partners that possess a conserved binding
motif (see below). Nine of the 28 large subunit ribosomal
proteins in H. marismortui interact with at least some part
of the six 23S kink-turns [9], but only one is bound by
a protein possessing the conserved motif (L7Ae). This
raises the intriguing possibility that the ribosome may
support interactions with non-ribosomal proteins using
exposed kink-turns as binding sites.

As mentioned above, the current evidence suggests that
SBP2 may interact with a kink-turn on the ribosome. In-
direct support of this idea is the fact that SBP2 is one
member of a small family of proteins that possess a so-
called L7Ae RNA-binding motif. This motif was first
identified in 1994 in a purely computational study in
which the RNA-binding function was proposed but not
tested [23]. Table 1 lists the members of this group that
are found in humans, illustrating both the similarities and
differences in function associated with this motif. All of
these factors seem to play a role in translation or splicing
and most are somehow associated with ribosome or
rRNA interactions. The structure of the 15.5-kDa U4
snRNA-binding protein complexed with its target RNA
has been solved by X-ray crystallography [24]. In addi-



76 K. Caban and P. R. Copeland

Selenocysteine incorporation

Table 1. List of human proteins containing the L7Ae RNA-binding motif.

Common Accession Size Function Reference
name (GD (kDa)
rpL7Ae 4506661 30 core ribosomal protein, contacts 28S helix 15 26
rpL30e 63100761 13 core ribosomal protein, autoregulation of splicing, targets:

288 helix 34 and rpL30 mRNA 40
rpS12e 14277700 15 core ribosomal protein, contacts unknown 23
15.5 kDa 72086684 10 spliceasome component, binds U4 snRNA and Box C/D snoRNA 24
RNAse P (p38) 13124513 32 tRNA processing 41
NHP2 68565945 17 rRNA modification, ribosome biogenesis 42
Gadd45p 120751 18 DNA damage induced factor, JNK pathway inhibitor 43
eRF1 4759034 49 translation termination 44
SBP2 21359955 95 Sec incorporation 4
SLP
(KIAA0256) 59803102 122 unknown function 11

tion, the crystal structure of L7Ae has been solved both
on the ribosome [25] and in association with Box C/D
snoRNAs [26], and the solution structure of rpL30 in
complex with its own mRNA has been solved by nuclear
magnetic resonance, (NMR) spectroscopy. Figure 2
shows an alignment of human sequences from SBP2,
rpL30, and L7Ae along with information derived from
crystallographic data regarding the specific RNA/protein
contacts. In addition, based on the work of Allmang et al.
[27], the residues that have been mutated to alanine in hu-
man SBP2 are also noted by either red (mutations that
resulted in little or no SECIS element binding) or green
(resulting in between 46—64% binding). None of the mu-
tant proteins bound as well as the wild-type control in that
study. Together, these data paint a fairly clear picture of
how SBP2 might interact with both the SECIS element
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and the ribosome, but there are a few inconsistencies that
should be pointed out. First, SBP2 binding has been re-
ported to be magnesium intolerant. Initial reports indi-
cated an inhibitory concentration of about 4 mM [28],
while a more recent study put that figure at about 20 mM
[29]. Both SBP2 and rpL.30 will bind the SECIS element
in the absence of magnesium, and the former has been
shown to be insensitive to high concentrations (>5 mM)
of EDTA [28]. Recent work indicates that the kink-turn
RNA structure is regulated by divalent cation concen-
tration, where increasing magnesium concentrations
resulted in stabilization of the kinked structure [30].
If this is the case, then SBP2 appears to favor the low-
magnesium, unkinked state. Since all of the kink-turns
described within the H. marismortui and Thermus ther-
mophilus TRNA are by definition in the kinked confor-
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Figure 2. Alignment of the core L7Ae bindmg motif in the human versions of the 15.5-kDa snRNA-bmdmg protein, rpL30 and SBP2.
Residues shaded in black represent identities, those shaded in gray represent conservative substitutions. The secondary-structure motifs,
derived from the 15.5-kDa co-crystal analysis [24] are illustrated above the sequence. Red arrows indicate alanine substitutions in SBP2
that inactivated SECIS element-binding activity. Green arrows indicate alanine substitutions in SBP2 that had a minimal affect on SECIS

element binding [27].
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mation, it is perhaps unlikely that SBP2 is interacting
with one of these unless crystallization procedures in-
duced stable kinks that are flexible in vivo. Interestingly,
the presence of kink-turns in the H. marismortui ribo-
some appears to be magnesium independent because sub-
sequent analysis of the positions of all divalent cations in
the structure showed no indication of magnesium near the
kink-turns [31]. This is consistent with the idea that the
kink is actually protein induced as has been shown for the
L7Ae/snoRNA interaction [26]. Thus, SBP2 may interact
with a helix that contains potential G: A base pairs distinct
from those identified in the archaeal large ribosomal sub-
unit, and the kinked structure may be induced by SBP2
binding — an attractive scenario considering that our
model of SBP2 function relies on ribosome conforma-
tional changes.

Another apparently unique feature of the known SECIS
element interactions is the fact that a much larger piece of
RNA is required for optimal binding than has been sug-
gested by the co-crystal data. Both SBP2 and rpL30 pre-
fer to bind to a SECIS element with an extended stem that
totals 105 nucleotides of the GPX4 SECIS [28, 29]. This
structure is considerably larger than that used in the co-
crystal and NMR studies, perhaps suggesting that SECIS
element interactions are fundamentally different than
those that occur on rRNA or snRNAs. Indeed, this phe-
nomenon combined with the implications surrounding
magnesium sensitivity may be the basis for the ability of
SBP2 to discriminate between the ribosome and the SE-
CIS element during incorporation (see below).

In sum, the body of information regarding the L7Ae fam-
ily of proteins likely provides some information about
how SBP2 interacts with its target RNAs, but little, if any,
information about how SBP2 actually works to support
Sec incorporation. One intriguing aspect of this story is
that the translation termination factor eRF1 also pos-
sesses an L7Ae RNA-binding domain. While the function
of this domain with respect to the termination reaction is
not known, it is an obvious target for future investigation,
since at some level, SBP2 and eRF1 may compete for the
same binding site.

The SBP2/ribosome interaction. One observation that
supports the idea that the SBP2/ribosome interaction is
essential is the fact that the ribosomal binding site for
SBP2 appears to be conserved. We have observed that
SBP2 also binds Escherichia coli ribosomes and yeast ri-
bosomes [S. A. Kinzy and P. R. Copeland, unpublished
observation], the latter being an organism that does not
synthesize selenoproteins. Unfortunately, the interaction
between SBP2 and the ribosome is not as straightforward
as one would initially predict. Although truncation analy-
sis reveals that the SECIS-binding domain of SBP2 is
necessary for its interaction with the ribosome, a single
point mutant in the L7Ae RNA-binding motif (G669R)
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had no effect on ribosome binding. This same mutation
resulted in a dramatic loss of SBP2 binding to the SECIS
element which indicates that the SECIS-binding and ri-
bosome-binding domains overlap but are not identical. In
addition, truncations within the functional domain of
SBP2 also affect ribosome binding while leaving SECIS
element binding intact [11]. Together these results paint a
convoluted picture that goes beyond a simple competitive
model where SBP2 either binds to 28S rRNA via a kink-
turn or to the SECIS element. Clearly, the interaction is
more complex, and in that complexity most likely lies the
heart of SBP2 function in promoting Sec incorporation, a
concept in limbo until formal proof of the requirement for
an SBP2/ribosome interaction is provided. To determine
definitively whether the SBP2/ribosome interaction is es-
sential requires identifying a point mutant with properties
opposite to that of the G669R mutant described above.
That is, a mutant of SBP2 that fails to bind the ribosome
yet retains its SECIS-binding capability. Such a mutant
version of SBP2 has not yet been reported.

New factors

Until recently, the UGA recoding machinery was thought
to be comprised of the two cis-acting factors and the three
trans-acting factors described above. As previously men-
tioned, Sec incorporation in vivo is likely to be an effi-
cient event, but to date all studies of efficiency using
transfection systems or in vitro translation of reporter
mRNAs have produced values in the range of 1-10% [12,
32, 33]. These studies suggest that other factors may be
required for efficient Sec incorporation.

Numerous cases of programmed frameshifting allowing
stop codon read-through have been shown, and in many
cases, frameshifting efficiency is determined by mRNA
elements near the stop codon [34]. In an effort to learn
how similar elements within the coding region of seleno-
protein mRNAs may affect Sec incorporation, Howard et
al. [35] sought to identify other elements that may be in-
volved in read-through in selenoprotein mRNAs. Using a
combination of comparative sequence analysis and site-
directed mutagenesis, they discovered an element in the
vicinity of the selenoprotein N UGA codon. When cloned
into a luciferase construct, this stem-loop was found to
increase read-through in the absence of a SECIS element.
Interestingly, several mutants that changed base identity
but not overall structure failed to restore read-through, in-
dicating the importance of sequence identity and hinting
at the potential for the existence of a factor that binds in
a sequence-dependent manner. The addition of a SECIS
element to the 3' UTR further stimulated read-through in
an additive fashion. As pointed out by the authors, a ma-
jor limitation to these findings is the fact that Sec incor-
poration per se was not analyzed and the effect was not
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specific for UGA, since a UAG codon also supported
read-through. The absence of this redefinition element in
selenoprotein P is also troubling since it would seem to be
a logical recipient of the aid of a potential efficiency ele-
ment. The contribution of this element in the context of
Sec incorporation awaits further research to clarify its
role in read-through mediated by the insertion of Sec at
the UGA codons in selenoprotein mRNAs.

Chavatte et al. [29] recently showed that rpL30 can
bind to a SECIS element in vitro an in vivo and enhance
the incorporation of Sec in transfected cells. The in-
volvement of rpL30 is not entirely surprising since, like
SBP2, it also contains an L7Ae RNA-binding motif.
The rpL30/SECIS element interaction is specific, how-
ever, since several other proteins containing the L7Ae
motif were shown not to bind under the same condi-
tions. The authors propose that the SECIS element is
acting as a molecular switch that binds to rpL30 under
conditions where it forms a kink-turn. Alternatively,
rpL30 has been suggested to function as a tether for
communication between the ribosome at the upstream
in-frame UGA codon and the SECIS element found far
downstream [36]. The latter is interesting in the context
of our recent observation that SBP2 does not appear to
be interacting simultaneously with the ribosome and
the SECIS element, but both rpL30 and SBP2 seem
to be capable of providing communication with the ri-
bosome. The potential role of rpL30 for the incorpora-
tion of Sec is reviewed below in the context of our re-
vised model.

Interactions

The most controversial aspect of all the current models
pertaining to Sec incorporation is the proposed interac-
tion between the Sec-specific elongation factor eEFSec
and both SBP2 and the SECIS element. First, with re-
gard to the eEFSec/SECIS interaction, the papers often
cited for evidence of a lack of an interaction between
eEFSec and the SECIS element actually show an inter-
action in the absence of other factors. In one case, the
binding persisted, albeit at a lower level, when mutations
were present in the SECIS core [13], while in the other
case, a mutation in the SECIS core had no effect on SE-
CIS element binding except when SBP2 was added to
the reaction, in which case no binding was observed at
all [14]. A mutation in the conserved AAR motif in the
apical loop has not been tested but the motif seems like
a reasonable binding site since no factors have been
identified that bind there, including SBP2, and muta-
tions in this motif are sufficient to prevent Sec incorpo-
ration [37].

The contribution of other cellular factors to the eEFSec/
SECIS interaction was investigated by analyzing binding
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in the presence of HeLLa whole-cell extracts [13]. The au-
thors suggest that the binding of eEFSec is enhanced in
the presence of a factor that anchors eEFSec to the SECIS
element, as demonstrated by a supershift during ele-
crophoretic mobility shift assays (EMSAs). Interestingly,
when the experiment was repeated using a SECIS ele-
ment with a point mutation in the SECIS core, the extent
of super shifting observed was significantly reduced, al-
though some complexes were still detected. From these
data, the authors conclude that this anchor may be SBP2,
however, the involvement of an as yet unidentified factor
was not ruled out. An alternative possibility is that this
other factor and eEFSec simultaneously but indepen-
dently bind the SECIS element.

In keeping with the idea that Sec incorporation requires
the tethering of elongation and SECIS binding as is the
case in bacteria, initial analysis of an SBP2/eEFSec inter-
action by co-immunoprecipiation from cells overexpress-
ing both factors indicated that the two proteins do inter-
act but that complex formation was RNA dependent
(i.e. RNAse A sensitive [14]). As described above, both
eEFSec and SBP2 have been shown to independently
bind the SECIS element. The expectation, then, was that
if these two components were simultaneously binding the
SECIS element, then a super shift would be observed.
Unfortunately, EMSA assays containing both SBP2 and
eEFSec did not clearly demonstrate that these factors
were bound to the SECIS element at the same time since
no super shifting could be observed [14], but further in-
vestigation will be required to settle the question defini-
tively. Together, these results indicate that eEFSec does
bind the SECIS element independently of SBP2, but
whether this accounts for the co-immunoprecipitation of
the two proteins from cell extracts remains to be deter-
mined.

An important consideration that had not been addressed
was the contribution, if any, of the Sec-tRNABeIS« to the
eEFSec/SBP2 interaction. Recently, however, it was
shown that SBP2 and eEFSec can be co-immunoprecipi-
tated in HEK-293 cells overexpressing these two pro-
teins, an interaction that was significantly enhanced when
Sec-tRNABeISec was overexpresed as well [15]. This in-
teraction could not be replicated in rabbit reticulocyte
lysate unless truncations of eEFSec were utilized. The au-
thors suggest that the reticulocyte was limiting for some
cellular factor that allowed for this interaction and they
predicted that this factor was Sec-tRNAB1Sec. The bind-
ing of Sec-tRNAISeIS¢« to eEFSec was hypothesized to al-
ter the conformation of the C-terminal extension of eEF-
Sec such that it could interact with SBP2. However, a ma-
jor limitation to this idea is that rabbit reticulocyte is only
limiting for SBP2 and is not limiting for Sec-tRNAISe15e
[12]. The inability to immunoprecipitate SBP2 and eEF-
Sec in rabbit reticulocytes could be attributed to the poor
expression of SBP2 seen in those reactions [15]; however,
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even when SBP2 is overexpressed relative to eEFSec in
rabbit reticulocyte lysate, co-immunoprecipitation is not
observed [P. R. Copeland, unpublished data]. The contra-
dictory data derived from transfected cells and in vitro
translation remain an unresolved issue, but strongly sug-
gest that the interaction between SBP2 and eEFSec is not
direct.

The cumulative data suggest that eEFSec does, in fact,
bind the SECIS element, but biochemical detail is lack-
ing to address the location of binding or whether the
C-terminal extension in eEFSec is responsible for the
interaction as it is in the case of bacterial SelB. As
for the eEFSec/SBP2 interaction, more work needs to
be done to clarify the conflicting data described above.
The function of eEFSec outside its role as an elongation
factor awaits further investigation to determine pre-
cisely where and when it acts, and whether these puta-
tive interactions are essential for the recoding of UGA
to Sec.
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Current models for the mechanism
of Sec incorporation

The incorporation of Sec into a distinct class of essential
proteins requires a modification of the standard transla-
tion machinery such that UGA ceases to function as a
stop codon. Currently, two distinct models have been pro-
posed to describe Sec incorporation. The most commonly
cited model speculates that SBP2 is bound to the SECIS
element prior to translation. In this scenario, the SBP2-
SECIS complex recruits eEFSec/Sec-tRNABISe to the
SECIS element. Consequently, the Sec-tRNASeSec js de-
livered to the ribosomal A-site (fig. 3A).

The recent finding that rpL.30 specifically binds the SECIS
element has stimulated discussion regarding its role in
Sec incorporation. With this finding, an updated version
of this model has been offered in which rpL30 was pro-
posed to function as an anchor between the SECIS ele-
ment and the ribosome. It has been further suggested that

A SBP2/SECIS Model
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Figure 3. Contrasting models for Sec incorporation. (4) A common model for Sec incorporation. An SBP2-bound SECIS element recruits
the eEFSec/Sec-tRNASeISe« complex. After association with the ribosome, SBP2 is exchanged for rpL30 resulting from a kinked SECIS
element. This conformational change in the SECIS element is hypothesized to trigger the release of the Sec-tRNASeISccand GTP hydroly-
sis. (B) A model of Sec incorporation based on the topics discussed in this review. SBP2 is pre-bound to the ribosome. Upon arrival at a
UGA codon, ribosome stalling allows for a distant SECIS element to find and interact with SBP2. Movement of SBP2 may trigger con-
formational changes in the ribosomal A-site that favor the binding of eEFSec/Sec-tRNAS1Sec and the subsequent insertion of Sec. After
incorporation, rpL30 may function to displace SBP2 off the SECIS element and back to its original position on the ribosome.
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rpL30 displaces SBP2 from the SECIS element during
the recoding event, but biochemical data with regard to
the mechanism of rpL.30 function during Sec incorpora-
tion are thus far lacking [29].

As described above, the current data do not support many
features of the model shown in figure 3A. We propose an
alternative model for the insertion of Sec, where SBP2 re-
mains ribosome bound and only interacts with the SECIS
element during active translation or perhaps only during
Sec incorporation (fig. 3B). SBP2 has been shown to sta-
bly and quantitatively bind to ribosomes, which indicates
that there is no cytoplasmic pool of SBP2 that is interact-
ing with the SECIS element in the absence of translation.
The fact that SBP2 binds to ribosomes suggests that it is
selecting a subset of ribosomes and making them com-
petent for Sec insertion. Although a SECIS element was
able to compete for SBP2 binding to the ribosome, it
could not do so completely even when SBP2 was pre-
incubated with SECIS prior to the addition of ribosomes
[K. Caban and P. R. Copeland, unpublished observation].
Further studies will be required to determine the binding
affinity for SBP2/SECIS interactions versus SBP2/ribo-
some binding to determine whether this phenomenon is
due to preferential binding as opposed to a purely mass
action event due to the abundance of ribosomes com-
pared to SECIS-containing mRNA. Assuming that the
SBP2/ribosome interaction is essential, a major function
of this interaction may be to prevent release factor bind-
ing and/or to increase the stalling time at the UGA to give
time for the SBP2/SECIS interaction to take place. Alter-
natively (or additionally), the SECIS-induced movement
of SBP2 off the ribosome may allow conformational
changes within the ribosomal A-site that provide an opti-
mal environment for eEFSec/Sec-tRNABS1S« binding,
thus allowing Sec-tRNAPSIS« the freedom to act like a
true suppressor tRNA.

The role of eEFSec in delivering the Sec-tRNASerISe jg
clear, but how it receives the specificity information it
needs to find the right UGA codon is not obvious. It does
seem that an indirect eEFSec/SBP2 interaction is medi-
ated by an RNA component, and although preliminary
evidence points to a role for tRNA in linking eEFSec with
SBP2 [15], whether the link is provided by tRNA, rRNA,
the SECIS element, or even simply selenoprotein mRNA
has not been examined thoroughly. A formal possibility
is that eEFSec does not require any interaction with
the SBP2/SECIS complex since, as an elongation factor,
its affinity for the ribosomal A-site is inherent. In this
scenario, SECIS element-dependent specificity is con-
ferred solely on the ribosome which undergoes an A-site
conformation change that accommodates eEFSec/Sec-
tRNASerSee,

Although the role of rpL30 is entirely speculative for ei-
ther model, the fact that it can compete with SBP2 for SE-
CIS element binding suggests it may displace SBP2 off

Selenocysteine incorporation

the SECIS element allowing it to reassociate with the ri-
bosome so that the ribosome remains competent for sub-
sequent recoding events. In combination with the circular
mRNA model of translation initiation [38], which may
provide optimal SBP2/SECIS proximity, SBP2 cycling
between the ribosome and SECIS element may allow for
processive Sec incorporation. Despite recent criticism
levied at this ‘closed loop’ model of translation initiation
[39], the overwhelming dataset that supports it provides a
good model for how a ribosome could be ‘primed’ to de-
code UGA as Sec during the initiation event. This is an
important concept considering the fact that selenoprotein
P contains multiple Sec residues and would require ribo-
somes to remain competent after recoding of the first
UGA to Sec.

Conclusions

The question whether SBP2 is pre-bound to, and thus
modifying, a subset of ribosomes or whether it preferen-
tially binds the SECIS element and serves as a docking
site for other trans-acting factors may seem too fine a
point, but the sequence of events may turn out to have
very important implications in determining the proces-
sivity and hence the efficiency UGA recoding.

As is usually the case, this review has dredged up many
more questions than answers, but the basic requirements
for Sec incorporation are taking shape. A complete un-
derstanding of this system will enable manipulations de-
signed to maximize the benefits of selenoprotein function
— a goal that remains elusive but one that is beginning to
seem achievable.
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