Chapter 3
Molecular Mechanism of Eukaryotic
Selenocysteine Incorporation

Michael T. Howard, Jonathan N. Gonzales-Flores, and Paul R. Copeland

Abstract Although substantial progress has been made in determining which
factors are required for eukaryotic Sec incorporation, the mechanism by which the fac-
tors are able to alter the coding potential of an mRNA at specific UGA codons is still
not known. What is clear is that a complex interplay between cis- and trans-acting
factors regulates the selenocysteine (Sec) incorporation event both at the basal level
and in determining the efficiency of the process. In this chapter, we dissect the current
state of knowledge regarding this interplay and delve into the increasingly important
role that in vitro systems will play in determining the precise mechanism by which
Sec is incorporated into selenoproteins.

3.1 Introduction

The a priori assumption upon discovery of the genetic code, over 4 decades ago,
was that it would be universal in nature [1]. Any change in the code would result in
global changes in the proteome and likely be cataclysmic to the fitness of the organ-
ism; consequently, the code once established would be immutable and fixed.
Subsequent discoveries of organisms and organelles that reassign codons on a
genome-wide level, as well as a growing number of examples of cis- and trans-
acting signals that alter decoding of select codons in specific mRNAs, and the addi-
tion of selenocysteine (Sec) and pyrrolysine to the list of 20 cotranslationally
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inserted amino-acids dispelled the notion of a fixed universal genetic code (reviewed
in [2-4]). The genetic code is evolving. The standard rules of decoding in most
organisms dictate that the ribosome will terminate translation upon encountering
any one of the three stop codons, UAA, UAG, or UGA. It may be no coincidence
that gene-specific redefinition of codons occurs most often with stop codons.
Termination codons occur only once per gene; consequently, assigning a dual
meaning to these codons in an organism would minimize the impact on existing
coding sequences and the resulting proteome. Further, impact on global protein
expression is reduced by the evolution of cis-acting sequence elements and trans-
acting factors that direct stop codon redefinition to select mRNAs in an organism.
To date there are two trans-acting factors and one cis-acting RNA sequence that are
required for converting specific UGA codons from signaling termination to one that
signals Sec incorporation. In 1991 it was reported that type 1 iodothyronine deiodi-
nase (DIO1) 3" UTR contained a sparsely conserved sequence, termed the Sec
insertion sequence (SECIS) element, that was required for the translation of full-
length DIOI1 both in vitro and in injected Xenopus oocytes [5]. Subsequent studies
clarified that the SECIS element consisted of three small regions of conservation
surrounded by an overall similar topology as shown in Fig. 3.1 [6-10]. In 1997 a
protein was shown to specifically bind to the conserved AUGA motif, and in 2000
this protein was identified as a novel factor that was required for the Sec incorpora-
tion reaction in vitro. Because a previous study had reported a nonspecific SECIS-
binding activity that they termed SECIS-binding protein (SBP) [11], the SBP
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identified in 2000 was termed SBP2. That same year saw the identification of the
Sec-specific elongation factor, eEFSec [12, 13], and there has been no further iden-
tification of factors that are required for Sec incorporation. Layered over the core of
required components are other factors, both cis and trans-acting, which have been
reported to modulate the Sec incorporation reaction. These include the novel SBPs
discussed in Chap. 4 of this book as well as mRNA sequences in the coding regions
of some selenoprotein genes that have dramatic effects on the efficiency of Sec
incorporation both in vitro and in vivo, which are discussed in detail below.

In this chapter, we review current developments in our understanding of the Sec
incorporation mechanism with an emphasis on the known roles of each of the
required factors, the cis-acting elements that facilitate Sec incorporation, and describe
potential in vitro systems that could prove to be essential in further deciphering the
molecular mechanism(s) controlling UGA redefinition and Sec incorporation.

3.2 The Core Factors

3.2.1 SECIS Elements

The basic structure and function of SECIS elements has been extensively reviewed
in the previous editions of this book [14, 15] and elsewhere [16—18]. The impor-
tance of SECIS function in vivo was underscored recently when it was found that a
mutation in the Selenoprotein N gene (SEPNT) that caused SEPN1-related myopa-
thy was mapped to the SECIS element. The AUGA — ACGA mutation was severe
enough to completely eliminate detectable SEPN1 expression as determined by
immunoblot of patient samples [19]. Recent investigations into SECIS function
have shown dramatic variability in the efficiency with which different SECIS ele-
ments function in the context of a reporter gene where the difference in Sec inser-
tion efficiency between high- and low-efficiency SECIS elements spanned more
than three orders of magnitude [20]. This effect was shown to be primarily dictated
by the sequence of the SECIS core, helix 2, and the apical loop (see Fig. 3.1)
Although there was a generally similar trend across SECIS elements, the cell type
in which the experiment was done, or the use of a cell free in vitro translation sys-
tem (rabbit reticulocyte lysate), had a significant effect on which SECIS elements
were strongest and the total difference between high- and low-efficiency sequences.
Interestingly, the differences in SECIS efficiency could not be attributed to differen-
tial SBP2 binding. Together these findings strongly suggest the existence of other
cell-specific factors that regulate the efficiency of Sec incorporation in vivo. One
caveat to this study, however, is that these SECIS elements were taken out of their
natural contexts, so any stabilizing or modulating effects mediated by the surround-
ing 3" UTR sequence or more distant cis-acting elements were not considered.
Indeed, the idea that a so-called “efficiency factor” could be a cis-acting RNA
sequence is a possibility discussed in detail below.
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The SECIS element has also recently been shown to be a platform for complex
formation as it was found to be required for the association of two independently
expressed SBP2 domains (see below) and for recruitment of eEFSec to form a stable
SBP2/SECIS/eEFSec complex [21]. This finding provides valuable mechanistic
insight into the process of Sec incorporation and implicates SBP2 and the SECIS in
driving an eEFSec conformation that can be recognized by the ribosome. Future
work designed to decipher the conformational changes that accompany complex
formation will be required to build a molecular model of the events required for Sec
incorporation.

In the 20 years that have passed since the discovery of the SECIS element, one
of its features remains a mystery. The conserved sequence in the apical loop, the
AAR motif, is absolutely required for Sec incorporation, but its function remains
elusive. To date, no AAR sequence-specific binding proteins have been identified,
and this is not for a lack of attempts (P.R. Copeland, unpublished observation). The
fact that two SECIS elements (SelM and SelO) have C residues in place of the AAR
motif reduces the likelihood that a sequence-specific RNA-binding protein is inter-
acting with the terminal loop [22, 23]. This gives support to an as-yet unsubstanti-
ated model where the terminal loop may be playing a role directly on the ribosome,
likely assisting with eEFSec binding to the ribosomal A site and/or with Sec-tRNAS«
accommodation.

3.2.2 SECIS-Binding Protein 2

SBP2 possesses three biochemically distinct domains (Fig. 3.2), the C-terminal half
of the protein comprised of a Sec incorporation domain (SID), which is evolutionarily
unique, and an RNA-binding domain (RBD), which is a member of the L7Ae RNA-
binding family of proteins that interact with a variety of RNAs, specifically at kink
turn motifs such as those found in rRNA, snRNA, and SECIS elements. These two
domains, the SID and RBD, are sufficient for all three of the known functions of
SBP2: SECIS element binding, ribosome binding, and Sec incorporation. The
N-terminal half of the protein is also evolutionarily unique and has no known func-
tion, but presumably serves a regulatory role since SBP2 in many organisms (e.g.,
insects, protists, and worms) lacks the N-terminal domain entirely [24]. Although
much is known about the RNA-binding properties of SBP2, little progress has been
made in determining how it works to promote Sec incorporation. One model proposes
that SBP2 stably binds ribosomes and upon SECIS element binding promotes a con-
formational change in the ribosome that allows eEFSec binding at the expense of the
translation termination factor eRF1 [25]. Two findings have recently posed significant
challenges to this model. First, it was found that the SID and RBD domains, when
expressed as separate proteins, are fully active in Sec incorporation in vitro, but they
do not stably interact with ribosomes, providing fairly clear evidence that the stable
ribosome-binding activity is not required for Sec incorporation [21]. Second, it was
found that SBP2 forms a stable SECIS-dependent, Sec-tRNAS*-independent complex
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SBP2 domain definition

| Minimal functional protein (SBP2399-846) |

1 399 585 846
Sec incorporation RNA binding domain

domain (SID) (RBD)

® Dispensable for Sec | |® Required for Sec ® Required for Sec
incorporation incorporation incorporation
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® Required in vivo? binding ® Contains L7Ae region
® cEFSec binding

eEFSec domain definition
1 208 294 441 583

® Ribosome binding ® SBP2 binding?

® GTPase activity |® Sec-tRNA binding|  |e SECIS binding?

® Sec-tRNA binding?
® SRE binding?

Fig. 3.2 SBP2 and eEFSec domain structures. Known or putative functions for each domain are
indicated

with eEFSec, suggesting that SBP2 may act directly on eEFSec conformation upstream
of the actual incorporation event, perhaps prior to ribosome binding [21].

Progress has been made in determining how the SID in SBP2 may function with
respect to the RBD. Using the SID and RBD domains as separate proteins, it was
shown that they form a SECIS-dependent complex and that the SID is involved in
enhancing the SECIS-binding activity of the RBD. Since the SID does not exhibit a
stable binding activity toward the SECIS element, it follows that the SID and RBD
make direct contacts that are conformationally driven by SECIS binding. Interestingly
when the conserved SID residues IILKE*% (rat numbering -NP_076492.1) are
mutated to alanine, the enhancement of RBD SECIS-binding activity is preserved,
but the stable interaction between the SID and RBD is lost [21]. Surprisingly, the
IILKE®*%-53% mutant protein that contains both the SID and RBD domains completely
lacks SECIS-binding activity, indicating that the presence of the mutated sequence is
“blocking” access to the SECIS element. This finding aligns nicely with a separate
study showing that the IILKE?¢% residues are a determinant for SECIS specificity.
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In that case it was found that the corresponding residues in the Drosophila version
of SBP2 (SVRVY), which are not highly conserved, are necessary for binding to the
form 2 SECIS elements found in Drosophila [26]. Based on these findings, this
region of the SBP2 SID has clearly been identified as an indirect regulator of SECIS
element affinity, making it a likely focus for determining the molecular basis for
selective SECIS binding.

Beyond the SECIS and ribosome-binding activities of SBP2, two regions have
been identified as being critical for an as-yet unidentified function that is likely
proximal to the Sec incorporation event (i.e., driving a conformational change in
eEFSec and/or the ribosome). One of these lies just upstream of the IILKE6-530
sequence and was identified when the PLMKK>*% sequence was mutated to ala-
nines. This version of SBP2 has neither SECIS nor ribosome-binding defects and
yet is completely unable to support Sec incorporation. An identical phenotype was
found when a sequence at the N-terminus of the RBD (FQ®®%¥) was mutated, sug-
gesting that these two regions form a single functional interface or that they perform
two separate but essential functions. The latter scenario would fit with a model
where SBP2 is required to promote conformational changes in both the ribosome
and eEFSec either simultaneously or even sequentially.

3.2.3 Sec-Specific Elongation Factor

The Sec-specific elongation factor (eEFSec) in eukaryotes is a GTPase that is the
exclusive carrier of the Sec-tRNAS* [12, 13]. The binding affinity of eEFSec to
GTP is approximately three times higher than to GDP, thus it may not require a
guanine nucleotide exchange factor (GEF). As for its tRNA-binding properties,
eEFSec can only interact with Sec-tRNAS*, but not the serylated-tRNAS* precursor
or the canonical aminoacyl-tRNAs [12, 13].

eEFSec consists of four domains (Fig. 3.2). Leibundgut et al. reported the com-
plete crystal structure of archaeal EFSec [27]. This revealed a “chalice-like” struc-
ture consisting of Domains I, II, and III forming the cup of the chalice, whereas
Domain IV is separated from the first three domains and forms the base of the chal-
ice. The function of each eEFSec domain remains untested, but based on sequence
conservation, the first three domains in eEFSec may have similar properties to the
eukaryotic translation elongation factor, eEF1 A. The elongation factor eEF1A is the
main protein carrier that delivers all canonical aminoacyl-tRNAs to the ribosomal
A-site during protein synthesis and is composed of three domains [28]. Domain I is
required for GTPase activity and ribosomal factor-binding site interaction. Domain
II is mainly involved in aminoacyl-tRNA binding, and Domain III is proposed to be
involved in interactions with the T arm of aminoacyl-tRNAs (reviewed in [29]).
Recently, it was shown that Sec-tRNAS* contains an anti-determinant for eEF1A
binding at the base of the T arm, thus providing evidence of Domain III importance
in tRNA recognition [30]. Domain IV in eEFSec, which is not present in eEF1A,



3 Molecular Mechanism of Eukaryotic Selenocysteine Incorporation 39

was proposed to be involved in interactions with SBP2 [31] and the “extra arm” of
the Sec-tRNAS¢ [32].

eEFSec and SBP2 were first demonstrated to interact by a co-immunoprecipita-
tion experiment in mammalian cells, forming a complex that was RNase sensitive
[13]. Further studies in mammalian cells showed that eEFSec and SBP2 interactions
were further enhanced by overexpression of the tRNAS® gene [31]. However, it was
later demonstrated in a pure component system that SBP2 could not form a complex
with eEFSec/GTP/Sec-tRNAS* and instead it caused Sec-tRNAS* release from
eEFSec, although, the addition of a SECIS element was not tested [33]. Recently,
Donovan et al. demonstrated in a native gel shift assay that eEFSec can form a com-
plex with SBP2 in the presence of a SECIS element without the requirement of
Sec-tRNAS* and/or GTP nucleotide [21]. This report also showed that the RBD of
SBP2 and the SECIS element are sufficient for eEFSec recruitment. This suggests
that the RBD of SBP2 and the SECIS element could form together a binding inter-
face that is favorable for eEFSec interaction. Thus, taking together the in vivo and
in vitro data so far, complex formation between eEFSec and SBP2 is driven by the
SECIS element and possibly stabilized in the presence of Sec-tRNAS*, Putting
together what is known about the function of SBP2, eEFSec, and the SECIS ele-
ment, it seems likely that they form a stable and “active” Sec-tRNAS* delivery com-
plex that can bind the ribosomal factor-binding site. Some elements in the complex
(e.g., the SECIS loop) may play roles downstream, e.g., in Sec-tRNAS* accommo-
dation into the A-site. This, however, is likely only half the story as the ribosome
may also need to be primed to accept this active complex as discussed in Chap. 5.

eEFSec must be denied general access to the ribosomal A-site to prevent the Sec-
tRNAS* from acting as a suppressor tRNA. Unlike eEFSec, eEF1A can obtain ribo-
somal A-site access without the requirement of additional factors. Near the ribosomal
A-site is found the elongation factor-binding site that is composed of two elements:
(1) the GTPase associating center (GAC) and (2) the sarcin-ricin loop (SRL). The
GAC and SRL main function is to activate GTP hydrolysis in elongation factors,
such as eEF1A and eEF2 [34]. Hiittenhofer et al. reported that the bacterial version
of eEFSec, SelB, obtains ribosome-dependent GTP hydrolysis only when a bacte-
rial SECIS element is added [35]. Their conclusion was that the bacterial SECIS
element, which resides immediately downstream of the UGA-Sec codon rather than
in the 3’ UTR, induces a conformational change within SelB to promote functional
interactions with the ribosome. Indeed, eEFSec could be using a similar mechanism
where SBP2 and the SECIS element act in concert to directly modify the eEFSec/
GTP/Sec-tRNAS* ternary complex. In addition to the basal activity of the core com-
plex and by analogy to the bacterial system, cis-acting RNA elements located imme-
diately downstream of eukaryotic UGA-Sec codons could be interacting with the
ternary complex to induce conformational changes that enhance the accommoda-
tion of Sec-tRNAS« (see Sect. 3.3). Further investigations are required to clarify the
activating mechanism(s) that promotes functional interactions between eEFSec and
the ribosome to allow Sec incorporation into nascent peptides during decoding of
in-frame UGA-Sec codons.
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3.3 C(is-Acting Elements Affecting Sec Incorporation

Although the efficiency of Sec incorporation is not known in vivo, the observation
that termination appears to be the predominant event for selenoprotein genes with a
single Sec-encoding UGA codon [5, 13, 36—39] has widely been interpreted as evi-
dence for competition between termination of translation by eRF1/3 and Sec-
tRNAS* decoding of the stop codon. Although the SECIS element itself can have a
large impact on Sec incorporation efficiency (as discussed above in Sect. 3.2.1 and
[40]), UGA-Sec sequence contexts that either favor eEFSec delivery of the Sec-
tRNAS* to the ribosome and Sec incorporation or antagonize release factor cata-
lyzed termination of translation are expected to increase redefinition efficiency.

3.3.1 Sequence Context Effects on Termination Efficiency

One factor known to effect termination efficiency is the identity of the stop codon,
where in mammals the order is: [UAA>UAG>UGA]. The differences likely stem
from the nature of direct contacts between the eukaryotic termination factor (eRF1)
and the stop codon that induce conformational changes in the ribosome complex
required to trigger peptide hydrolysis [41, 42]. In addition, multiple studies have
highlighted the importance of local stop codon sequence context, especially the two
codons preceding and the base following the stop codon, in determining termination
efficiency [43-46]. However, these cis-acting sequences alone are not sufficient to
predict termination efficiency [47], indicating that a larger sequence context is
involved. The nature of this effect is likely to be complex and may include RNA
secondary structure as well as the primary sequence, and even the composition of
the nascent peptide chain in the exit tunnel of the ribosome.

3.3.2 Sequence Context Effects on Sec Incorporation

In contrast to stop codon readthrough due to near-cognate tRNA decoding, redefi-
nition of UGA-Sec codons to encode Sec requires recruiting the eEFSec ternary
complex for cognate decoding by Sec-tRNAS*. Evidence for an effect of UGA-
sequence context on the efficiency of Sec insertion efficiency initially came from
studies where nucleotides adjacent to the UGA-Sec codons for the iodothyronine
deiodinase [48, 49] and PHGPx [39] were varied. In most cases, readthrough effi-
ciency was found to be increased in contexts that resulted in inefficient termination.
A thorough analysis of readthrough efficiency of the 10 UGA-Sec codons encoded
by the rat Selenoprotein P (SEPPI) gene (with each UGA-Sec codon containing
the surrounding native 24 nucleotide sequence context) in rabbit reticulocyte lysate
revealed a lack of correlation between Sec incorporation efficiency and the nucle-
otide immediately following the UGA-Sec codon [50]. This study illustrated that
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the sequence context effect is complex and supports a model in which a larger
cis-acting sequence context determines Sec insertion efficiency. Here, it was pro-
posed that this larger context may work together with Sec incorporation factors to
determine readthrough efficiency.

Further evidence for an extended context effect on Sec incorporation efficiency
comes from phylogenetic analysis demonstrating the potential for stable and con-
served RNA structures located downstream of the UGA-Sec codons in a subset of
selenoprotein genes [51]. In support of the importance of these elements, the same
RNA secondary structures were independently identified in two selenoprotein genes,
SEPNI and SELT, in a genome-wide search for deeply conserved functional RNA
structures [52]. Detailed experimental analysis of the larger sequence context sur-
rounding the SEPNI UGA-Sec codon demonstrated an effect on Sec incorporation
efficiency in vitro [51, 53] and in vivo [54] (also see Chap. 22). This cis-acting
element, designated the Sec codon redefinition element (SRE), consists of upstream
sequences and a highly conserved stem-loop structure that starts six nucleotides
downstream of the UGA-Sec codon. Using reporter assays in cultured mammalian
cells, the SEPNI SRE is sufficient to cause high level (4-6%) readthrough of UGA
and UAG codons in mammalian cells, which was not dependent on the presence of
the 3' UTR SECIS element [51, 53]. When the SEPN1 SECIS element was included
in the 3' UTR, the SRE was not required for readthrough but had a significant stimu-
latory effect. Experiments in rabbit reticulocyte lysates provided direct evidence that
the SRE stimulates Sec incorporation, rather than near-cognate tRNA decoding of
the UGA codon [53] suggesting it may play a direct role in recruiting or ribosomal
accommodation of the Sec-tRNAS*. In contrast to the cell-based model originally
used, SRE stimulation of readthrough was specific for UGA codons and required
both SBP2 supplementation and the 3' UTR SECIS element. Importantly, by supple-
menting the rabbit reticulocyte lysate with 75-Se labeled Sec-tRNAS®, it was also
shown that the SRE increased incorporation of Sec into the full-length product.

3.3.3 Sequence Context Effects from a Distance

Evidence that distant (non-SECIS) cis-acting elements can alter UGA redefinition
was recently discovered in selenoprotein mRNAs from the ciliate Euplotes crassus
[55]. Several genes were identified that contain multiple UGA codons. E. crassus
has the requisite Sec incorporation machinery as well as tRNAs capable of decoding
UGA codons as cysteine. The Euplotes thioredoxin reductase 1 (eTxnrdl) gene
contains seven UGA codons. Transfection experiments in HEK293 cells and mass
spectrometry analysis of the native protein purified from E. crassus revealed that the
first six UGA codons are decoded as cysteine and only the final UGA codon in the
penultimate codon position was decoded as Sec. Replacing the eTxnrdl 3" UTR
with the 3" UTR of SELT from Toxoplasma relaxed the positional requirement
allowing insertion of Sec at upstream UGA codons. The authors propose a model in
which the 3’ UTR from eTxnrd1 contains a cis-acting RNA structure that prevents
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the SECIS element from accessing the ribosome during decoding of upstream UGA
codons. The contribution of the local sequence context at each UGA codon was not
examined in this study.

Collectively, these results clearly demonstrate that an extended UGA-Sec
sequence context and even distant cis-acting elements can affect both termination
and Sec incorporation efficiency. It is unclear if these cis-acting elements share
common mechanisms with cis-acting elements stimulating near-cognate tRNA
decoding of stop codons as the mechanism(s) by which these elements act remains
uncertain. The intriguing possibility that the cis-acting elements in selenoprotein
mRNAs interact directly with components of the Sec insertion machinery or the
ribosome to facilitate decoding by Sec-tRNAS« is suggested by several lines of evi-
dence but requires further study.

3.3.4 Mechanism of Sec Incorporation in Transcripts
with Multiple UGA Codons

Several selenoprotein genes have now been identified with the potential to encode
more than one Sec residue. These include an alternatively spliced isoform of SEPNI
(alternate transcript 1) [56], selenoprotein L [57], and SEPPI. Surprisingly, the total
number of UGA-Sec codons in SEPPI ranges among species from 10 in humans to
as many as 28 in sea urchin [58]. As demonstrated in rabbit reticulocyte lysate, the
efficiency of Sec incorporation at each UGA-Sec codon when examined alone and
in its native context varies between ~5 and 25% [50]. Yet, purification of selenopro-
tein P from plasma reveals the majority of protein to be full-length with several
prematurely UGA-terminated species having been identified [59, 60]. In contrast to
the model whereby Sec incorporation competes inefficiently with termination, the
production of full-length protein from these messages would seem to demand highly
efficient Sec incorporation due to the compounding effect of termination at each
UGA-Sec codon.

It has been suggested that SEPP] may utilize a special mechanism for Sec incor-
poration due to the exceptional number of UGA-Sec codons and the observation that
SEPPI mRNAs are unique in having two conserved 3’ UTR SECIS elements. In one
model [61], it is proposed that each of the two SECIS elements in the SEPP1 RNA
has different functions with the distal SECIS element serving to incorporate Sec at
the first UGA inefficiently, acting as a checkpoint for Sec incorporation factors, and
the proximal SECIS dedicated to redefinition of the remaining UGA codons with
high efficiency. It was concluded that the SEPPI gene has evolved unique properties
to accommodate the incorporation of multiple Secs into one polypeptide.

A recent study examining Sec incorporation efficiency in messages containing
a subset of the SEPP1 UGA-Sec codons suggests that the ability to incorporate Sec
with high efficiency may not be a unique feature of the SEPP/ mRNA but rather
an intrinsic property of Sec incorporation [62]. In this study, it was found that
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incorporation of Sec was inefficient at a first UGA-Sec codon but increased by
roughly one order of magnitude at downstream UGA-Sec codons. The observed
increase in Sec incorporation “processivity” was not unique to SEPP1 SECIS, as
replacing the two SEPPI SECIS elements with single SECIS elements derived
from other selenoprotein genes revealed similar results. A modified model was
proposed in which the SECIS complex is loaded onto the ribosome prior to, or
during, decoding of the first UGA-Sec codon. Once assembled, the ribosome pro-
ceeds to the next UGA-Sec codon reprogrammed for highly efficient Sec incorpo-
ration. A key observation in this study was that the efficiency of Sec incorporation
at each UGA-Sec codon in the message was dependent on the identity and relative
strength of the SECIS in the 3’ UTR. This was interpreted as evidence for a contin-
ued interaction of the SECIS element with the ribosome at each UGA-Sec codon.
Consequently, it was proposed that the SECIS element and associated factors track
with the ribosome following Sec insertion at the first UGA-Sec codon. The high
level of termination at the first UGA-Sec codon could then be explained by the
preceding ribosomes encountering the first UGA-Sec codon without having access
to the SECIS element and the trans-acting factors associated with the ribosome
engaged in decoding the remainder of the open reading frame. Under this model,
ribosomes that have recruited the Sec incorporation machinery decode UGA-Sec
codons as Sec with high efficiency and termination at UGA codons is inefficient.

3.4 Putting It All Together: In Vitro Reconstitution

In this chapter, we have provided a “bottom up” perspective on Sec incorporation,
describing the factors, cis-sequences, and events most proximal to the actual Sec-
tRNAS* delivery event (see Fig. 3.3). One of the major hurdles in definitively deter-
mining the core mechanism of Sec incorporation is creating a system in which Sec
incorporation can be reconstituted from purified components. The use of rabbit
reticulocyte lysates has been a valuable intermediate in this endeavor as they are
naturally devoid of endogenous SBP2. Two recent studies highlight the utility of
rabbit reticulocyte lysates in not only helping to decipher the core mechanism but
also reproducing results obtained in living cells [20, 63]. Our efforts to find or create
a similar lysate that is devoid of both SBP2 and eEFSec have thus far been unsuc-
cessful, but current efforts to make home-made lysates from eEFSec-null Drosophila
embryos will likely yield favorable results and provide an alternative intermediate
system that will allow significant progress to be made with regard to eEFSec func-
tion (P.R. Copeland, unpublished results). The major hurdle in building a completely
reconstituted system is that in vitro reconstitution of eukaryotic translation initia-
tion is inefficient and technically challenging. One potential way to circumvent this
is to use a translation elongation system that bypasses the initiation phase by the
use of an internal ribosome entry site (IRES) from the cricket paralysis virus [64].
This cis-acting sequence allows for a complete bypass of translation initiation as it
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“Core” Sec incorporation Complex “Regulated” Sec incorporation Complex

UAA

Fig. 3.3 Models of Sec incorporation. The left panel shows a Sec incorporation event mediated by
the factors known to be required, while the right panel shows the factors (red) that may impact the
efficiency and/or processivity of the Sec incorporation reaction. These factors include the cis-
elements discussed in the text such as the SRE, codon context and distant 3' UTR-based elements
as well as trans-factors discussed in Chap. 4 such as nucleolin, ribosomal protein L30, and
eukaryotic initiation factor A3 (elF4A3)

directly recruits 80 S ribosomes. One potential caveat of such a system is that there
may be a role for translation initiation factors in supporting Sec incorporation.
A recent study has addressed this by determining that CrPV IRES-driven Sec incor-
poration is possible in vitro, albeit at a slight but consistently lower efficiency [65].
Ultimately, such a system will allow detailed molecular interaction studies based on
fluorescence resonance energy transfer (FRET) as well as the ability to create inter-
mediate Sec incorporation complexes that will reveal the steps required for the Sec
incorporation event and the role that newly identified cis- and frans-acting factors
play in modulating this process. One clear example of how this system may be uti-
lized is in carefully dissecting the interplay between translation termination and Sec
incorporation. By altering the ratios of Sec incorporation factors and termination
factors and assessing the ability of an active Sec incorporation complex to form on
purified ribosomes in the presence or absence of eRF1, one could gain clear insight
into how these two competing processes work in concert to provide regulated syn-
thesis of selenoproteins. This is just one of countless experiments that will reveal
the inner workings of the Sec incorporation machinery, ultimately shedding light on
how one might regulate this process in vivo.
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