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Abstract

Background—Selenium, an essential dietary micronutrient, is incorporated into proteins as the
amino acid selenocysteine (Sec) in response to in-frame UGA codons. Complex machinery
ensures accurate recoding of Sec codons in higher organisms. A specialized elongation factor
eEFSec is central to the process.

Scope of review—Selenoprotein synthesis relies on selenocysteinyl-tRNASEC (Sec-tRNASEC),
selenocysteine inserting sequence (SECIS) and other selenoprotein mRNA elements, an in-trans
SECIS binding protein 2 (SBP2) protein factor, and eEFSec. The exact mechanisms of discrete
steps of the Sec UGA recoding are not well understood. However, recent studies on mammalian
model systems have revealed the first insights into these mechanisms. Herein, we summarize the
current knowledge about the structure and role of mammalian eEFSec.

Major conclusions—eEFSec folds into a chalice-like structure resembling that of the archaeal
and bacterial orthologues SelB and the initiation protein factor IF2/elF5B. The three N-terminal
domains harbor major functional sites and adopt an EF-Tu-like fold. The C-terminal domain 4
binds to Sec-tRNASEC and SBP2, senses distinct binding domains, and modulates the GTPase
activity. Remarkably, GTP hydrolysis does not induce a canonical conformational change in
eEFSec, but instead promotes a slight ratchet of domains 1 and 2 and a lever-like movement of
domain 4, which may be critical for the release of Sec-tRNASEC on the ribosome.

General significance—Based on current findings, a non-canonical mechanism for elongation
of selenoprotein synthesis at the Sec UGA codon is proposed. Although incomplete, our
understanding of this fundamental biological process is significantly improved, and it is being
harnessed for biomedical and synthetic biology initiatives. This article is part of a Special Issue
entitled “Selenium research” in celebration of 200 years of selenium discovery, edited by Dr. Elias
Arnér and Dr. Regina Brigelius-Flohe.
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1. Introduction

Intricate machinery is responsible for Sec synthesis and recoding of the Sec UGA codon.
Selenium (Se), an essential dietary micronutrient, is found in two dozen human
selenoproteins and selenoenzymes [1] that are pivotal for protecting the cell membrane and
DNA from oxidative damage, maintaining redox balance and selenium homeostasis, and
aiding protein folding and gene expression [2-4]. The biological function of Se is primarily
exerted in a form of the amino acid, selenocysteine (Sec), which is required for function and
structure of all selenoproteins and selenoenzymes. An intricate process evolved over time
that orchestrates extraction of Se from various metabolites, incorporation of Se into Sec, and
precise insertion of Sec into the growing selenoprotein chain.

The remarkable ability of Se to alternate between the oxidized and reduced states with ease
[5] provides the basis for catalytic superiority of selenoenzymes over the thiol containing
counterparts. Whereas thiol-based enzymes are often inactivated through irreversible
oxidation and thus require specific enzymes to revert the abysmal situation, selenium-
containing enzymes escape such a trap. This resistance to irreversible oxidation makes
selenoenzymes advantageous in redox reactions and explains why they are so crucial for the
removal of reactive oxygen species. Failure to incorporate Sec diminishes the catalytic
prowess of selenoenzymes [6—14] and compromises the structure of selenoproteins, and
introduction of Sec improves function of artificial selenoenzymes and confers resistance to
inactivation by oxidation (reviewed in [5]). Consistent with its redox and antioxidant
function, levels of many selenoprotein genes and selenoproteins are significantly increased
under oxidative stress [15,16]. Disruption or deletion of genes encoding selenocysteine
tRNA (tRNASEC), glutathione peroxidase 4 (GPx4), and thioredoxin reductase 1 (Trx1) and 3
(Trx3) causes embryonically lethal phenotypes in mice, accentuating the significance of
maintaining selenoproteome integrity [17-20]. Furthermore, mutations in enzymes
facilitating Sec and selenoprotein synthesis cause systemic disorders [3,4,21-27], including
severe early childhood degeneration of the human brain [28-30]. Recently, a mutation in
tRNASEC has been shown to cause deficit in stress-related, but not housekeeping,
selenoproteins resulting in a complex clinical profile [31]. Lastly, Se deficiency, low levels
of selenoproteins, and mutations in selenoprotein genes cause pathologies of cardiac,
muscular, nervous, endocrine, immune, and reproductive systems (reviewed in [2,32-39]).
Thus, faithful insertion of Se and Sec into proteins is an essential biological process.
Surprisingly, this process is still poorly understood [4,40] and is largely being modeled using
the general mechanism of bacterial protein synthesis (reviewed in [41]). While these models
permit extrapolations to be drawn, they are often insufficient in their capacity to explain
observations and, even worse, may be misleading. The absence of detailed models of
selenoprotein synthesis is a consequence of only recent focus on the system and the sheer
complexity of the Sec system which presents a number of technical and intellectual
challenges.
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The Sec UGA recoding process is intimately interlocked with the elaborate cycle of Sec
synthesis (Fig. 1). This anabolic cycle provides the obligate substrate for selenoprotein
synthesis, but it is so embroidered with particularities that it is prudent to provide a brief
mention. In a classical case, proteinogenic amino acids are coupled to cognate tRNAs via
specific aminoacyl-tRNA synthetases (aaRSs). However, in case of Sec, indirect
aminoacylation is the only pathway to its synthesis and subsequent incorporation into
protein. This is because the putative SecRS that would attach Sec onto tRNASEC is the only
aaRs that never arose during evolution. Also, a cellular pool of free Sec necessary for the
direct coupling does not exist due to its high reactivity. Hence, each organism that relies on
Sec had to devise a different mechanism for Sec synthesis. The solution involves a multistep
process during which Sec is synthesized from a serine (Ser) precursor on the cognate tRNA
while utilizing a Se donor molecule [42]. In all organisms, the process begins with tRNASEC
serylation (Fig. 1), which is catalyzed by a promiscuous SerRS (acts primarily on tRNASE"),
Subsequently, a single bacterial Sec synthase (SelA) directly converts the seryl moiety to
Sec in a reaction mechanism that requires a pyridoxal phosphate (PLP) co-factor and
selenophosphate [43] (top panel, Fig. 1). Conversely, in archaea and eukaryotes, the
conversion occurs in two steps (bottom panel, Fig. 1). First, a specialized kinase (PSTK)
phosphorylates Ser [44,45], and then, the Sec synthase (SepSecS) replaces the phosphoryl
group with a selenol moiety using the mechanism analogous to that of the bacterial SelA
[44,46,47]. To ensure process fidelity, Sec synthetic enzymes recognize and ‘read’ the
distinct fold and structure of tRNASEC [43,48-51], the largest and truly remarkable molecule
among elongator tRNAs. But where does Se come from and in what form for reactions
catalyzed by SelA and SepSecS? Another PLP enzyme, Sec lyase, extracts Se from Sec [52]
and releases selenide, which is then used by selenophosphate synthetase (SPS or SPS2) to
form selenophosphate [53,54], the major Se donor. In the end, the process achieves its goals:
Sec is “attached’ to its tRNA while circumventing both the need for free Sec and the absent
SecRS.

Once formed, Sec-tRNASEC is delivered to the ribosome in response to a context-dependent
in-frame UGA codon (Fig. 1). The delivery and recoding is delegated to a specialized
elongation factor, SelB in prokaryotes [55] and eEFSec in eukaryotes [56], which evolved to
bind only Sec-tRNASEC and no other aa-tRNA. Initially, the name of the bacterial se/B gene
was born out of a set of pleiotropic, and at the time unmapped, mutations in £. colithat had
caused inactivation of formate dehydrogenase [57]. One of these later turned out to be the
Sec elongation factor and the name SelB was then used irrespective of the organism. It is
now more widely accepted that SelB is used when bacterial and archaeal Sec systems are
discussed, and that eEFSec is used in conjunction with the eukaryaotic process. Hence, to
simplify matters, in the next few sections we shall use SelB, aSelB, and eEFSec for
bacterial, archaeal, and eukaryotic Sec elongation factors, respectively.

The deletion of EEFSEC obliterates selenoprotein synthesis in fruit flies [58], further
emphasizing the significance of this specialized elongation factor. Intriguingly, eEFSec and
SelB cannot recode the Sec UGA on its own. Instead, they require an accessory RNA and/or
protein factors. The first such element identified was designated as the SElenoCysteine
Insertion Sequence (SECIS). This /n-cis element forms a hairpin structure and is present in
selenoprotein mRNAs across kingdoms [59-62]. In bacteria, it resides in an open reading
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frame (ORF) immediately downstream of the Sec UGA, while in archaea and eukaryotes, it
is located in the 3’-UTR at variable distances (104-5200 nucleotides) from the Sec codon
(Fig. 1). Despite the sequence divergence, SECIS elements share a general structure that is
comprised of two RNA helices, an internal loop, and an apical loop. SECIS hairpins can
adopt two slightly different forms: (/) Form 1 is composed of a 12-14 base-pair (bp) stem
that separates a large apical loop and a single internal loop, and (/7)) Form 2 contains an
additional 2-7 bp stem, a smaller apical loop, and an additional internal bulge. Both forms
harbor a conserved AAR sequence in the apical loop that is essential for Sec incorporation.
The internal loop carries unpaired AUGA and UGR sequences at its 5'- and 3" sides,
respectively. The 5"-UGA-3"/5"-GAU-3" base pairs in the 12-14 bp stem are predicted to
adopt a kink turn (K-turn) motif [63,64] that serves as SBP2-binding motif (see below) [65].
It is thought that SECIS aids the differentiation between the Sec and stop UGA codons.
Recent findings, however, argue that in some instances SECIS facilitates processive
recoding, while in other it prevents mMRNA decay [66]. It has also been suggested that certain
selenoprotein genes harbor other regulatory sequences within their ORFs in conjunction
with SECIS [67,68].

As if this process was already not complex enough, another layer was unearthed in
eukaryotes. It was shown that for successful recoding eEFSec requires yet another /in-trans
factor. The SECIS Binding Protein 2 (SBP2) was identified to be essential for binding to
SECIS [69]. Human SBP2 is a protein composed of 854 amino acids that fold into three
major domains: (&) the N-Terminal Domain (NTD; residues 1-398), () the central Sec-
Incorporation Domain (SID; residues 399-584), and (¢) the C-terminal RNA-Binding
Domain (RBD; residues 585-854) [70,71]. NTD is dispensable for recoding [72] and is
completely missing in lower eukaryotes [73]. By contrast, SID and RBD represent the
functional end of SBP2. SID is important for Sec insertion and binding to eEFSec, and RBD
is essential for binding to the ribosome and SECIS, most likely through interactions with K-
turn motifs [70,71]. Importantly, the SID and RBD form a complex with SECIS and support
Sec incorporation in-trans[70,74]. This complex is formed only in the presence of SECIS
[70] implying that specific interactions and arrangements of these SBP2 domains are
required for function. It is also documented that SBP2 and eEFSec might undergo a
conformational change upon complex formation [70]. However, the nature of structural
rearrangements is not well understood primarily due to the lack of structural information
about SBP2 and its complexes. The current consensus states that the SBP2-SECIS complex
anchors eEFSec and Sec-tRNASEC near the site of translation. Such a recruitment strategy
probably serves to avert the looming possibility of premature abortion of selenoprotein
synthesis at the Sec UGA codon [75,76], thereby increasing the efficiency of translation.
That SBP2 and SECIS are significant has been well-documented by clinical reports.
Mutations in SEC/SBPZ cause disorders impacting a whole spectrum of organ systems
including male reproductive organs [21-26] and specific mutations in SECIS elements cause
illnesses that resemble disorders caused by deficiencies of specific selenoproteins [77,78].
Lastly, Sec UGA recoding also appears to be modulated by dietary Se levels [79,80].

In spite of process idiosyncrasies across kingdoms, the central role of the Sec elongation
factor in Sec UGA recoding is preserved. The current knowledge about the role, structure,
and possible mechanism of the mammalian eEFSec is summarized in the following sections.
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2. Structure and functional sites of human eEFSec

Prior knowledge about the Sec elongation factors was based on studies on prokaryotic model
systems [55,76,81-87]. More recently, crystal structures representing the major functional
states of human eEFSec were determined [88]. In practical terms, independent crystal forms
of eEFSec complexed with either GDP or non-hydrolyzable GTP analogs (GDPNP and
GDPCP) were obtained and then structures determined.

Human eEFSec is composed of four domains (D1-4) organized into a chalice-like structure
(Fig. 2A). The height of the chalice is ~100 A and its width varies from 20 A at its stem to
60 A at the cup rim. Domains 1-3 form the cup and resemble general translational
elongation factor Tu (EF-Tu). D4 is the base or foot of the chalice and it adopts an
oligosaccharide-binding (OB) fold, found in many proteins that interact with nucleic acids.
The linker region composed of two B-strands represents the chalice stem that connects the
cup and foot. The EF-Tu-like domain carries the main functional crevices, the GTPase site
and the Sec-binding pocket (Fig. 2A). The GTPase site completely resides within D1 and it
features standard elements found in other GTPases such as the P loop, switch 1, switch 2,
and the guanine-binding sequence (Fig. 2B) [88]. Typical interactions between guanine
nucleotides and the GTPase site of eEFSec have been observed. The guanine-binding
sequence holds the guanine ring in place, while switch 1 serves to anchor the ribose ring and
to coordinate waters and Mg?* (Fig. 2B). On the other hand, the P loop anchors non-
bridging oxygens of a.- and p-phosphates, and switch 2 coordinates the - and -y-phosphates
and Mg?2* (Fig. 2B). An essential part of switch 2 is the presumed catalytic His96, but this
side chain points away from the -y-phosphate in all eEFSec structures (Fig. 2B) [88]. To be
fully operational in terms of GTPase activity, eEFSec probably requires additional
adjustments that can occur only after binding to the ribosome. It is reasonable to suspect that
interactions between switch 2 and 28S rRNA, similar to what was observed in EF-Tu and
EF-G complexes [89-91], bring the His96 side chain in proximity of GTP y-phosphate thus
enabling GTP hydrolysis. Interestingly, mutational and activity assays revealed that Thr48,
Asp92, and His96 are not essential for GTP/GDP binding, but rather for GTP hydrolysis
[88]. Lastly, a minor, but perhaps important, point to take into account is that eEFSec adopts
the same structure when in complex with GDPNP and GDPCP [88]. However, this does not
necessarily mean that both analogs will be useful for studies that include programmed
ribosomes as evidenced by the inability of GDPNP to induce active conformation of RF3
[92] and EF-G [93]. Conversely, EF-Tu and EF-G adopted active conformations on the
ribosome in the presence of GDPCP [89-91,94,95].

As already mentioned, eEFSec harbors the Sec-binding pocket which is required for
successful recoding. The Sec-binding pocket sits at the D1-D2 interface and it harbors
Asp229, His230, and Arg285 (Fig. 2C) [88]. Positively charged residues are thought to be
the main filter that selects Sec over near-cognate Ser, Cys, and perhaps phosphoserine.
Interestingly, as long as one positively charged amino acid is present in the pocket, the £.
coli SelB is capable of promoting the Sec UGA read through [84]. However, the same is not
true for eEFSec. In fact, any change introduced, trimming side chains to Ala or putting in
place residues found in EF-Tu, completely diminished recoding of the Sec UGA [88]. This
effect was not a consequence of structural problems, as mutants behaved similar to wild-type
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eEFSec during recombinant expression and purification, but rather suggested that the
integrity and composition of the entire site is essential for recoding [88]. What remains
unknown is whether mutant eEFSec constructs were completely incapable of binding the
Sec moiety within Sec-tRNASEC, If so, these mutants could potentially support recoding
using misacylated tRNASEC species. Lastly, D4 can both sense the nucleotide binding and
modulate the GTPase activity of the mammalian eEFSec [96]. It is important to continue
studies that analyze the amino-acid discrimination mechanism of eEFSec and the role of D4
as this information would be invaluable for devising a system that supports incorporation of
non-standard amino acids.

3. Conservation and divergence of Sec elongation factors

Organisms that rely on Sec and selenoproteins carry the entire Sec-synthetic and Sec-
recoding machinery, including the Sec-specific elongation factor. Sec elongation factors
exhibit a certain level of conservation and divergence across kingdoms.

Phylogenetic studies suggested a closer evolutionary relationship of eEFSec/aSelB with the
translational initiation protein factor IF2/elF5B than with EF-TU/EF1A [97,98]. Indeed, the
structure of human eEFSec [88] closely resembles aSelB [84] and IF2/elF5B [99] (Fig. 3A,
B, D). In addition, aSelB, just like eEFSec, contains the N-terminal EF-Tu-like domain and
an appended C-terminal D4 [84,87]. A relatively good structural agreement exists between
D1, D2, and D4 of human eEFSec, archaeal IF2, and yeast elF5B [88]. This confirmed the
earlier proposal that Sec elongation factors are structural chimeras of the general translation
elongation and initiation protein factors [84]. It is significant to mention that the general
structural organization holds true in the case of SelB, though its D4 is quite distinct (see
below; Fig. 3C). Further, eEFSec and aSelB bind GTP and GDP with similar affinities
[88,100], which explains why these GTPases do not need a specific guanine nucleotide-
exchange factor (GEF) that would cycle their GDP-bound state back into the active, GTP-
bound state. This phenomenon suggests that aSelB and eEFSec may not necessarily employ
the EF-Tu-based mechanism during decoding and protein elongation (see: “4 The proposed
mechanism of action of human eEFSec”).

The structural homology between eEFSec and SelB [87] is restricted to the EF-Tu-like
domain only (Fig. 3C). Minor differences are noted in switch 1 and around the GTPase site
in D1, and there are some differences that include size and/or orientation of several solvent-
exposed loops in D2 and D3 [88]. The most striking differences are noted in D4. In bacteria,
D4 consists of four winged-helix folds and is rotated ~90° around the linker region when
compared to the aSelB and eEFSec (Fig. 3C). This structural difference probably reflects
divergent constraints posed by the bacterial recoding process that relies on a vicinal SECIS
within the reading frame and the absence of SBP2. Naturally, other differences stemming
from the ribosome itself should not be discounted.

Analogous comparison between eEFSec and aSelB includes D4 (Fig. 3A, B). Human D4

contains an additional a-helix and a longer C-terminal segment (Fig. 3E). The orientation of
human D4 is stabilized by interactions between residues 582-KRYVF-586 in the extreme C-
terminus and a segment of D3 (Fig. 3F). Subsequent biochemical, mutagenesis, and activity
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assays have demonstrated that these interactions have a structural role, but further studies are
necessary to assess their potential functional role(s). Taken together, aSelB and eEFSec
differ ever so slightly and it is likely that they share the mechanism by which the Sec UGA
recoding is accomplished. However, while eukaryotes do rely on SBP2, a corresponding
archaeal orthologue remains elusive to this day. Mechanistic differences could be more
substantial in the case of SelB, but the core process of tRNA recognition and release may, in
fact, be the same.

4. The proposed mechanism of action of human eEFSec

Structures of functional states of eEFSec raised a question whether elongation of
selenoprotein synthesis at the Sec UGA codon differs from that of general elongation
mechanism that is based on EF-TU/EF1A. Studies on bacterial systems were particularly
useful for delineation of details of the general, canonical mechanism, and the main findings
shall be briefly mentioned.

EF-Tu in its GTP-bound state binds and delivers an aminoacyl-tRNA (aa-tRNA) to the
ribosome. The establishment of proper codon-anticodon interactions between the mRNA
and the anticodon loop of the A-site aa-tRNA in the decoding center of the small ribosomal
subunit enables interactions between the GTPase site of EF-Tu and the sarcinricin loop of
the 23S rRNA of the large ribosomal subunit. The latter interaction is critical for orienting
catalytic residues and a water molecule in the GTPase site of EF-Tu, leading to GTP
hydrolysis. What follows the dissolution of GTP at the structural level has enormous
functional consequences. Hydrolysis of GTP into GDP and the release of P/drive D1 to
rotate ~90° relative to D2 and D3 [101,102]. This major conformational rearrangement
transforms a globular GTP-bound EF-Tu into an elongated GDP-bound EF-Tu. As a
consequence, the aminoacyl-binding pocket and tRNA-recognition surfaces are deformed
[103], which leads to dissociation of EF-Tu:GDP from the aa-tRNA and the ribosome. The
EF-Tu departure releases the acceptor stem of the aa-tRNA, which is significant because the
liberated CCA-end can now be properly positioned within the catalytic peptidyl-transferase
center (PTC) on the large ribosomal subunit. The accommodation of the CCA-end brings
about the aminoacyl moiety into a proper orientation relative to the acyl ester bond in the P-
site peptidyl-tRNA and the reaction of peptide bond formation and protein elongation can
occur [91,104]. It has been recently suggested that EF1A employs the same mechanism
[105]. Hence, in the absence of the GTPase-coupled conformational change of D1 in EF-Tu/
EF1A elongation of the nascent protein chain would not take place.

Let us now consider structural adjustments in eEFSec that take place upon GTP-to-GDP
exchange, which is used to mimic the end points of GTP hydrolysis. Somewhat
unexpectedly, structures of the GTP- and GDP-bound states of human eEFSec turned out to
be remarkably similar (Fig. 4A) [88]. In both states, D1 assumed basically the same
orientation relative to D2 and D3 (Fig. 4A). In retrospect, and as already alluded to, the
preserved domain arrangement should have been expected because eEFSec (and SelB) bind
GTP, GDP, and GTP analogs with almost indistinguishable binding affinity, which stands in
sharp contrast to EF-Tu and EF1A. Closer inspection revealed that Sec elongation factors
harbor a large solvent-exposed loop (B17-f18) on the dorsal side of D3 that may prevent the
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canonical rotation of D1. While the movement of D1 was absent, the major change was
found elsewhere, in the C-terminal D4 (Fig. 4A). This domain swings ~26° and is translated
> 15 A away from the putative tRNA-binding interface upon GTP-to-GDP exchange (Fig.
4A). The structural results were consistent with an earlier proposal that D4 is somehow
capable of ‘sensing’ the nucleotide binding and regulating the GTPase activity of the
mammalian eEFSec [96]. The solution-based studies have also confirmed that eEFSec
assumes the same conformations in solution as in the crystal [88], thus strongly arguing that
the determined structures represent the physiologically relevant states.

Other, smaller in their magnitude, but perhaps functionally significant changes occur in other
domains. Namely, GTP hydrolysis stimulates D1 and D2 to slide in a ratchet-like motion
towards and away from the tRNA-binding interface, respectively. These concerted motions
have the opposite effect on functional sites as the GTPase site relaxes and the Sec-binding
pocket tightens. The relaxation of the GTPase site is manifested by disorder in switch 1 and
repositioning of switch 2, as a result of which side chains of Asp92 and His96 are not
capable of interacting with the guanine-nucleotide phosphate and Mg2* ion. On the other
hand, the Sec-binding pocket constriction is a result of movements and partial disorder of
certain structural and constitutive pocket elements. This observation argues that GTP
binding is needed for the Sec-binding pocket to open, which, in turn, would provide a
credence for the fact that Sec elongation factors markedly prefer Sec-tRNASEC in their GTP-
bound state [85].

The structural changes were compared to IF2/elF5B (Fig. 4B) and used to extrapolate a non-
canonical mechanism by which eEFSec aids r (d)ecoding of the Sec UGA codon (Fig. 5).
Briefly, a complex between the GTP-bound eEFSec and Sec-tRNASEC js anchored to the
selenoprotein mMRNA by SBP2 and SECIS. Once ribosome stalls at the Sec UGA codon,
eEFSec delivers Sec-tRNASEC. The binding is such that D4 points in the direction of the
central protuberance with its 4°KKRAR>53 sequence [96]. Just like in the EF-Tu-based
mechanism, formation of the codon-anticodon interactions stimulates the GTPase activity of
eEFSec. The subsequent concerted constriction of the Sec-binding pocket and the lever-like
motion of D4 result in a decreased affinity for Sec-tRNASEC, The former motion practically
squeezes the Sec moiety out of the Sec-binding pocket, whereas the latter releases its grip on
the acceptor-T¥'C elbow and the variable arm of tRNASEC. These motions eventually lead to
eEFSec departure from the recoding assembly. Similar structural rearrangements have been
previously observed in aSelB [84] and the translation initiation factor IF2/elF5B [99,106].
Interestingly, it was demonstrated that the magnitude of D4 movement of IF2/elF5B is even
larger when in complex with the ribosome [106], a scenario that could still be applicable to
Sec elongation factors as well. In the end, the mechanism of tRNASEC release is probably
preserved in bacteria and archaea, but more studies are needed to test this proposition.

Why is a distinct and peculiar recoding mechanism needed for the Sec UGA codon? Need
for Se probably arose during Cambrian “oxygen explosion”, which witnessed subsequent
speciation explosion. A peculiar characteristic of Se, an occasionally classified metalloid, is
that it can flip between its oxidized and reduced states with ease, something that a close
relative from the periodic table of elements, sulfur, is incapable of achieving. Such ability
gives advantage to proteins and enzymes that contain Se to avoid permanent inhibition and
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damage through oxidation. This was then further exploited in combating reactive oxygen
species in cells to this day [5]. It could well be then that the evolutionary pressure to have
Sec accurately incorporated into the nascent polypeptide yielded a system that took
components from a number of already invented tools. For instance, a primordial SerRS was
utilized to initiate the anabolic cycle. The absence of editing and anticodon-binding domains
in this enzyme eased the process; the former feature meant that the serylation ‘error’ would
not be remedied, while the latter signified that the anticodon sequence is not required for
catalysis. Hence, enter tRNASES, a UGA codon suppressor, which resembles tRNASE' just
enough and the cycle can begin. Two distinct anabolic processes, each of which took
advantage of the PLP-based mechanism, evolved over time. The one in bacteria relied on a
single enzyme, whereas the one in archaea and eukaryotes probably represents a repurposed
archaeal machinery originally used for tRNA-dependent Cys synthesis [107]. The Sec UGA
codon had to be differentiated from occasional UGA stop codons and a hairpin structure was
tagged to the selenoprotein mMRNAS to achieve that. With it coevolved an elongation factor
which most likely arose from an ancestral initiation factor, perhaps multiple times during
evolution as SelB and eEFSec do differ in their requirements. The most recent addition is
SBP2, a large multidomain protein that aids only eEFSec during recoding. Naturally, future
phylogenetic and biochemical analyses will shed light on this interesting question.

5. Future directions

Important questions concerning the discrete steps of the elongation phase of selenoprotein
synthesis remain unanswered. For instance, the mechanism by which eEFSec selects Sec-
tRNASEC among other, more abundant aa-tRNAs is not clear. Studies on a bacterial system
have suggested that the binding affinity of SelB for Sec-tRNASEC is 108-fold higher than that
for the unacylated tRNASEC [85]. The steep increase may seem too excessive and opens
questions as to whether such a protein factor could ever release the tRNA. But, the tight
binding is plausible because the cellular concentration of tRNASEC is significantly lesser
when compared to other elongator tRNAs. Hence, SelB, and by analogy eEFSec, may avoid
binding of near- and non-cognate tRNAs by raising the bar of specificity. In other words,
Sec elongation factors simply may not interact with anything else to an appreciable extent,
which would dramatically decrease the probability of an ‘erroneous’ interaction and
mistranslation. Obviously, the alternative could be that eEFSec differs from SelB and that it
is not as specific as initially thought. As a consequence, a certain fraction of selenoproteins
in each cell type and at all times may be expressed as Ser- and/or Cys-containing variants.
The levels of such variants could vary and could be modulated by various exogenous factors,
perhaps the most obvious among them being Se dietary intake.

The essential protein factor SBP2 is required for recoding of the Sec UGA codon in
eukaryotes, but the mechanism by which this factor achieves its role is not fully resolved. It
is believed that SBP2 recruits eEFSec and Sec-tRNASEC to the ribosome, which increases the
efficiency of selenoprotein synthesis. In one model, SBP2 binds to SECIS and allows
eEFSec and Sec-tRNASEC to access the ribosomal A site [108,109]. However, it is not clear
whether SBP2 remains bound to SECIS and the eEFSec:Sec-tRNASEC complex while bound
to the ribosome, or whether it dissociates from the ribosome immediately upon ‘cargo’
delivery. It is suggested that after tRNA release, the ribosomal protein eL.30 binds to SECIS
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and displaces SBP2. In another model, after recruitment, SBP2 exchanges for eL30 and
induces a conformational change in SECIS, triggering the GTPase activity of eEFSec and
the subsequent release of Sec-tRNASEC [110]. However, because of its distant location
relative to the PTC and the A site, questions may be raised about the exact role of the
ribosomal protein eL.30 in this process. More recently, the SBP2-dependent structural
adjustments in the expansion segment ES7L and helix 89 of the 28S rRNA were observed
[111,112], which led to a proposal that SBP2 might aid the Sec-tRNASEC accommodation
into the PTC and/or stimulate the GTPase activity of eEFSec [112]. Whatever the scenario, it
is reasonable to assume that one will have to determine an assemblage of distinct complex
structures in order to describe the entire recoding process. A simpler precedent has already
been presented in a structural and biochemical study of the bacterial ribosome and SelB
[113]. It is important to mention that somewhat mysterious aura of SBP2 is largely due to
the absence of structural information about this protein, its domains, and its complexes with
SECIS, eEFSec, Sec-tRNASEC, and the ribosome. It was suggested that the SBP2 protein
factor is inherently unstructured and thus recalcitrant to structural studies [114], and this
may indeed be true when this protein factor is without its physiological binding partners.
We, therefore, suggest that structural studies of larger Sec recoding assemblies that include
programmed human ribosomes should be vigorously pursued.

In that context, we mention additional mechanistic questions about the recoding process
itself that require significant scrutiny. For instance, there are two tRNASEC isoforms
designated as 5-methoxycarbonylmethyluridine (mcm®U) and 5-methoxycarbonylmethyl-2”-
O-methyluridine (mcm®Um), in both of which, U34 in the anticodon loop is modified (both
isoforms carry N6-isopentenyladenosine, pseudouridine, and 1-methyladenosine at positions
37, 55, and 58, respectively). The only distinction between the two is a single methyl group
attached to the 2"-OH of ribose in the ‘hyper methylated’, Um34 isoform. This additional
methylation depends on the proper tertiary structure [115] and aminoacylation of tRNASEC
[116], and higher Se levels [117]. Intriguingly, the Um34 isoform supports expression of
stress-related selenoproteins [118,119], whereas the non-Um34 isoform is needed for
expression of housekeeping selenoproteins [119-121]. Given these findings, we ask what is
the role of 2”-O-methylribosylation of U34 during recoding, how can selective expression be
dictated by a seemingly small modification, and what are the impacts of methylribosylation
on tRNASEC structure, if any? Further, because of its unique fold and long variable arm, we
wonder how is tRNASEC accommodated in the ribosomal A-site? Does the translocation of
the peptidyl-tRNASEC from the A site to the P site resemble the canonical process or does it
rely on other rearrangements in the PTC and tRNASEC? |s the GTPase-coupled
conformational change of eEFSec that is bound to the ribosome similar in its magnitude and
nature to the one observed in eEFSec in isolation [88] or is it similar to that of IF2/elF5B
[106]? These are just but a few questions illustrating why structural studies of the elongation
phase of eukaryotic and human selenoproteins are warranted.

The generality and fundamentality of Sec system is sufficient to explain why one should
study this remarkable biological process. But, there are also possibilities for those who wish
to venture into the realm of transferring fundamental information into things practical.
Studious analyses of all aspects of Sec and selenoprotein synthesis will inevitably provide
useful platforms for explaining various human disorders, some of which are of quite vicious
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disposition. Given significant overlaps with other clinical profiles and the impact of
selenoproteins on basic cellular processes that is several orders of magnitude larger than its
size, acquired information may lead to defining general principles that govern the
development of many maladies. This could be used for the development of novel therapeutic
interventions targeting Se homeostasis, redox processes, selenoproteome, proteostasis, or
other processes/systems. Lastly, deciphering how Sec UGA codon is recoded will almost
certainly find its usefulness in synthetic biology initiatives aiming to take advantage of

repurposing of the UGA and other stop codons. This quest will be also helped by most
recent discovery that both nonsense and sense codons, other than UGA, encode Sec in
various organisms [122].
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Fig. 1.

S)?nthesis and co-translational incorporation of Sec across kingdoms of life. (Top) The
bacterial process is initiated with serylation of tRNASEC, SelA then directly catalyzes Ser-to-
Sec conversion. In the end, SelB delivers Sec-tRNASEC to the 70S ribosome in response to an
in-frame Sec UGA. The bacterial SECIS, which is in ORF and immediately downstream of
the Sec codon, coordinates recoding. (Bottom) As in bacteria, the process begins with
tRNASEC serylation. However, here the Ser-to-Sec conversion proceeds in two steps: PSTK
phosphorylates the Ser group and SepSecS then promotes conversion of Sep-tRNASEC to
Sec-tRNASEC. eEFSec and aSelB promote recoding in eukaryotes and archaea, respectively.
In both instances, the 3’-UTR SECIS element coordinates the recoding step. The distinction
is that only eukaryotes rely on SBP2 protein factor.
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Fig. 2.
Structure of human eEFSec. (A) eEFSec folds into a chalice-like structure. The structure is

shown as cartoon in two orientations that are related by 90° clockwise rotation around the
vertical axis. Domains D1 (blue), D2 (red), and D3 (green) form a cup resembling EF-Tu.
Flexible linker (light green) connects D3 with an appended D4 (orange), which represents
the base of the cup. The C-terminal element (beige) folds below D3 (see: Fig. 3F). The
GTPase site and the Sec-binding pocket are indicated with arrows. The domain arrangement
and coloring scheme are summarized in a bar diagram below the cartoon diagram. (B) The
close-up view of the GTPase site of eEFSec when complexed with a GTP analog. The main
elements of the site are labeled and the major interactions between the amino-acid side
chains, GTP analog, Mg2* and water molecules (red spheres) are shown. (C) The close-up
view of the Sec-binding pocket of human eEFSec. The pocket resides at the interface of D1
and D2. (For interpretation of the references to colour in this figure legend, the reader is
referred to the online version of this chapter.)
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Fig. 3.
Cc?nservation and divergence of Sec elongation factor structures. The structure of eEFSec
(A) resembles that of aSelB (B) in spite of slight divergence of D4. Conversely, analogous
comparison with SelB (C) reveals that the structural conservation is preserved within D1-3,
whereas D4 adopts both the distinct structures and orientations. A cartoon representation of
IF2/elF5B (D) confirms its phylogenetic relationship with eEFSec and SelB. (E) Structural
overlay of D4 from eEFSec (blue) and aSelB (pink) reveals slight differences between the
domains. (F) The conformation of the extreme C-terminus (beige) of eEFSec and its
interactions with linker (light green) and D3 (green). (For interpretation of the references to
colour in this figure legend, the reader is referred to the online version of this chapter.)
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Fig. 4.

A major, non-canonical conformational change in eEFSec upon GTP-to-GDP exchange. (A)
A side view of overlaid GTP- (blue) and GDP-bound (red) states of eEFSec shows that GTP
hydrolysis induces a major conformational change in D4, which is distinct from the
canonical situation in EF-Tu. In particular, D4 swings ~26° away from the tRNA-binding (or
ventral) side of eEFSec and drags with it the linker region. D1 and D2 move towards and
away from the tRNA-binding side. (B) The magnitude of the GTPase-coupled
conformational change of IF2/elF5B depends on the ribosome. In the absence of the
ribosome, the movement of D3, linker, and D4 is relatively small (beige to orange), whereas
the conformational change is quite pronounced when the factor binds to the ribosome
(orange, or beige, to teal). (For interpretation of the references to colour in this figure legend,
the reader is referred to the online version of this chapter.)
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Fig. 5.
Proposed mechanism of elongation of selenoprotein synthesis as the Sec UGA codon. The

80S ribosome pauses at the SEC UGA codon. The peptidyl-tRNA is bound to the P site and
is awaiting the next amino acid. The 3’-UTR SECIS element tethers a large complex
composed of SBP2 (grey sphere), the GTP-bound state of eEFSec, and Sec-tRNASEC near
the ribosome. How eEFSec delivers Sec-tRNASEC to the A site and what is the role of SBP2
and ribosomal elements during this step is still not clear. Formation of proper codon-
anticodon interactions at the decoding center of the 40S subunit presumably stimulates the
GTPase activity of eEFSec. GTP hydrolysis leads to a slight ratchet of D1 (shades of blue)
and D2 (red), and a larger swing of D4 (orange). D1 moves towards the ventral (tRNA-
binding) side of eEFSec, whereas D2 and D4 move in the opposite direction (see inset). The
domain movements, which are different from the EF-Tu-based system, cause dissociation of
eEFSec from Sec-tRNASEC and the ribosome. This then allows accommodation of Sec-
tRNASEC within the PTC and the reaction of peptide bond synthesis to occur. The end result
is an elongated nascent selenoprotein. (For interpretation of the references to colour in this
figure legend, the reader is referred to the online version of this chapter.)
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