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ABSTRACT
Selenocysteine (Sec), a rare genetically encoded amino acid with unusual chemical properties, is of great
interest for protein engineering. Sec is synthesized on its cognate tRNA (tRNASec) by the concerted action
of several enzymes. While all other aminoacyl-tRNAs are delivered to the ribosome by the elongation
factor Tu (EF-Tu), Sec-tRNASec requires a dedicated factor, SelB. Incorporation of Sec into protein requires
recoding of the stop codon UGA aided by a specific mRNA structure, the SECIS element. This unusual
biogenesis restricts the use of Sec in recombinant proteins, limiting our ability to study the properties of
selenoproteins. Several methods are currently available for the synthesis selenoproteins. Here we focus on
strategies for in vivo Sec insertion at any position(s) within a recombinant protein in a SECIS-independent
manner: (i) engineering of tRNASec for use by EF-Tu without the SECIS requirement, and (ii) design of a
SECIS-independent SelB route.
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Why make selenoproteins

Selenium (Se) is a trace element and a micronutrient that is
both essential and toxic [1]. Insufficient levels of Se in human
or animal diets can lead to a variety of disorders including liver
necrosis, seizures, muscular dystrophy, cardiomyopathy, exu-
dative diathesis and atherosclerosis [2]. The primary biological
form of Se is selenocysteine (Sec), the 21st genetically encoded
amino acid found in all three domains of life [3,4]. Disruption
of Sec biosynthesis in mammals is lethal [5], but some groups
of organisms lack Sec, such as fungi, higher plants, and many
insects [6]. Some lineages, like nematodes, Drosophila flies, and
plasmodium parasites, encompass species harboring the seleno-
protein synthesis machinery and others that lack it [7–9], sug-
gesting selective loss of Sec during evolution.

Selenoproteins play varied physiological roles. Many bacte-
rial and archaeal selenoproteins are catabolic enzymes that
only function in anaerobic environment [10,11], while most
eukaryotic selenoproteins are engaged in redox signaling and
oxidative stress response [12]. Out of 25 selenoproteins in
human, five are glutathione peroxidases (Gpx), three are thiore-
doxin reductases (TrxR) and one is methionine-R-sulfoxide
reductase (MsrB). In addition, Sec is involved in activation and
deactivation of the thyroid hormones because all three human
iodothyronine deiodinases are selenoproteins [12].

Sec shares many similarities with cysteine (Cys), such as
high affinity to metals, nucleophilicity and the ability to form
diselenide/disulfide bonds, but their use and distribution in the
cell are very different [13]. Sec is the least abundant proteino-
genic amino acid in eukaryotes and non-methanogenic bacteria
[14]. Utilization of Sec is limited to a smaller number of

proteins, but its presence often grants those proteins unique
catalytic properties [2]. Sec-variants of mammalian methio-
nine-R-sulfoxide reductases are 100- to 1000- fold more active
than their Cys-variants although both versions co-exist and
function in different cellular compartments [15]. Formate
dehydrogenase, a natural selenoprotein from Escherichia coli
(E. coli) has over 300-fold higher turnover (kcat), 20-fold higher
Kd, and 3-fold higher Km towards formate compared to its
mutant variant with Cys as an active site residue [16]. In
another example, Cys to Sec substitution in the active site of
mammalian TrxR results in over 100-fold loss in kcat
towards thioredoxin [17]. However, Cys-containing TrxR from
Drosophila is an active enzyme that displays only 50% reduc-
tion in kcat compared to its mammalian homolog [18], indicat-
ing that the effect of thiol-to-selenol substitution greatly
depends on the architecture of the enzyme’s active site. Other
selenoproteins have fully functional Cys-homologs [19]. In the
case of selenophosphate synthetase, the specific activity of the
Cys-containing enzyme from E. coli is even higher than of its
Sec-containing homolog from Haemophilus influenza [20],
suggesting that Sec can grant advantages not related to the
kinetic properties of the enzyme.

Perhaps the most important property of Sec is the ability to
recover from oxidative inactivation [21,22]. Comparison of var-
iants of the same protein or its close homolog shows that sele-
noenzymes stay active in conditions when Cys-enzymes are not
[23–25]. This is because seleninic or selenonic acid (products
of Sec oxidation) can be reduced back to selenol by thiols
[21,22], while oxidation of Cys to sulfinic or sulfonic acid is
irreversible [26,27].
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Together, these studies not only shed light on the role of
selenoproteins in human health, but also demonstrate the
potential for engineering new selenoproteins. Placing Sec in the
active site of an enzyme can result in different catalytic activity
[23]; for example, Cys-containing subtilisin is a protease, but
Sec-subtilisin is a peroxidase [28]. Sec can be used as an effec-
tive redox-reactive tag for affinity purification due to its scarcity
in the proteome [29]. A valuable biophysical probe in itself for
X-ray, NMR and EPR, the unique reactivity of the selenol moi-
ety also allows for site-specific post-translational modification
of the targeted protein with various probes, such as fluores-
cence, or through cross-metathesis, a conjugation technique
successfully used to install a molecular mimic of the epigenetic
marker Ne-acetyl-L-lysine [30]. Strategically positioned disele-
nide bonds can assist protein folding [31, 32], trap folding
intermediates [33] and make the product more resistant to pro-
teases, like in case of selenoinsulin [34]. Ardent interest in
properties of natural and artificial selenoproteins fuels demands
production and study of recombinant proteins containing Sec.

How selenoproteins are made

Unlike other proteinogenic amino acids, Sec does not have a
cognate aminoacyl-tRNA synthetase; instead, Sec biosynthesis
occurs directly on its tRNA (Fig. 1A). First, tRNASec is acylated
with serine (Ser) by seryl-tRNA synthetase (SerRS) [35]. In bac-
teria, Ser-tRNASec is recognized by a selenocysteine synthase
(SelA) which directly replaces the hydroxyl group of Ser with a
selenol group [36]. In eukaryotes and archaea, formation of
Sec-tRNASec from Ser-tRNASec occurs in two steps. First, Ser-
tRNASec is phosphorylated by O-phosphoseryl-tRNASec kinase
(PSTK) [37]. Second, Sep (O-phosphoserine)-tRNA:Sec-tRNA
synthase (SepSecS) forms Sec-tRNASec [38]. Despite the differ-
ences, certain components of Sec biosynthesis from different
clades remain compatible; for example, bacterial Ser-tRNASec

can be effectively phosphorylated by archaeal PSTK and further
used as a substrate by human SepSecS [39].

Sec incorporation into proteins requires a number of special-
ized protein and RNA components. Sec-tRNASec is rejected by
EF-Tu which delivers every other aminoacyl-tRNA (aa-tRNA) to

the ribosome (Fig. 1) [40]. Instead, all natural selenoproteins rely
on the Sec-specific elongation factor SelB or its eukaryotic homo-
log eEFSec that recognizes Sec-tRNASec and delivers it to the ribo-
some [3]. Co-evolution with SelA and SelB resulted in tRNASec

acquiring a number of distinctive features in the variable arm, D-
and acceptor stems, and antidiscriminator box (Fig. 2) [41]. SelB
mediates Sec insertion at a UGA stop codon in response to the
SECIS (SElenoCysteine Insertion Sequence) element in mRNA
[3]. In vivo recoding ofUGA is specific [42]. In bacteria, SECIS ele-
ments are located immediately downstream of Sec insertion sites.
SECIS is directly recognized by the C-terminal domain 4 of SelB;
this domain is absent in EF-Tu [43,44]. In eukaryotes and archaea,
the SECIS element is typically located in the 3’ untranslated region
of the mRNA, and its interaction with eEFSec requires additional
protein cofactors [45,46]. Different requirements for Sec insertion
further complicate expression of heterologous selenoproteins in
E. coli [47].

Partial chemical synthesis and native peptide ligation have
been successfully used for Sec insertion into several proteins
[48,49]. These methods are well suited for relatively small pro-
teins (up to 200 amino acids) and can yield homogenous prod-
uct in milligram quantities. Human selenoproteins M and W
(SelM and SelW) were produced in such manner [48]. Larger
proteins, such as Sec-containing RNase A, or human TrxR can
be obtained via expressed-protein ligation, whereby the Sec-
containing peptide is fused to the recombinantly expressed part
(s) of the protein [48].

In vivo expression systems require less specialized equip-
ment, but require subsequent separation of the desired product
from other cellular components. Overall, bacterial expression
platforms remain the most common way of recombinant sele-
noprotein production due to their versatility and low cost. Pro-
duction of selenoproteins can be achieved by UAG-encoded
incorporation of protected Sec followed by removal of the pro-
tection group. This strategy is attractive because incorporation
of a non-canonical amino acid that can be converted into Sec is
independent of Sec biosynthesis and insertion machinery. In
addition, this strategy allows to avoid the consequences of high
reactivity of Sec in the cells. Note that photocaged-Sec incorpo-
ration has been reported in yeast cells [50].

Figure 1. Steps in Sec biosynthesis. First, SerRS activates both tRNASec (A) and tRNASer (B). Ser-tRNASec is not a substrate for translation because it is rejected by EF-Tu and
SelB. Ser-tRNASec undergoes Ser-to-Sec conversion catalyzed by SelA, followed by Sec-tRNASec recruitment to the ribosome by SelB. In contrast, Ser-tRNASer is directly
recruited to the ribosome by EF-Tu and does not interact with SelA or SelB.
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Incorporation of Sec into multiple positions within the same
open reading frame, or into sites that cannot accommodate a
SECIS structure, can be accomplished via one of the SECIS-inde-
pendent approaches. One way to bypass the requirement of the
SECIS is to evolve EF-Tu-compatible tRNASec variants [51–53].
This approach allows Sec insertion at any position of the protein
with high specificity and efficiency [52]. Unwanted recoding of
other translational stop codons to Sec can be avoided by using
the engineered E. coli C321.DA strains having all 321 UAG
(amber) stop codons in its genome changed to the UAA (ochre)
stop codon, and the corresponding release factor 1 (RF1) deleted
[54]. Together with changing the anticodon of tRNASec or its
EF-Tu-compatible variants to pair with UAG, such strains allow
unambiguous reassignment of the amber codon to Sec, further
improving selenoprotein yields [52,55]. Alternatively, one can
redesign E. coli SelB to work efficiently in a SECIS-independent
manner. Such an approach has the benefits of preserving the nat-
ural efficiency and specificity of bacterial Sec incorporation, due
to the unique ability of SelB to distinguish between Sec-tRNASec

and its precursor, Ser-tRNASec [56].

Engineering tRNASec for EF-Tu-mediated selenoprotein
synthesis

tRNASec evolved to interact with three protein factors: SerRS,
SelA and SelB (Fig. 1B) [3]. Thus, any attempt to make tRNASec

a better substrate for EF-Tu must be done with careful consid-
eration of how these changes will affect tRNA utilization by
SerRS and SelA. Below, we will summarize the key traits and
structural characteristics of tRNASec, especially the bacterial

type, which are important for its recognition by SerRS, SelA
and translation elongation factors.

SerRS forms Ser-tRNASec

Charging of tRNASec or its variants by SerRS is a prerequisite
for Sec biosynthesis. Although the structure of tRNASec in com-
plex with E. coli SerRS still remains to be determined, under-
standing the molecular mechanism of Ser-tRNASec formation is
much advanced via biochemical and structural studies. tRNASec

is a close structural homolog of tRNASer. The common features
of these two tRNAs in E. coli include the overall shape, the long
variable arm, G73 as the discriminator base, the first three base
pairs (bp) including the G2:C71 pair as a weak identity element,
and nearly identical sequences in the D- and T-loops (Fig. 2A).
Some of these conserved features shared by tRNASec and
tRNASer are important for their recognition and activation by
SerRS. For example, the orientation and the length, but not the
specific sequence, of the long variable arm greatly contribute to
the interactions between E. coli SerRS and tRNASec/tRNASer, as
revealed by in vitro aminoacylation and electrophoretic mobil-
ity shift assays [57–60]. Consistent with these findings, the vari-
able arm orientation of bacterial tRNASec resembles that of
bacterial tRNASer as well as eukaryotic tRNASec [61–63]. Simi-
lar interactions between the variable arm and the N-terminal
coiled-coil domain of SerRS are observed in crystal structures
of bacterial tRNASec in complex with archaeal SerRS [61], the
tRNASer and SerRS complex from bacteria [63], and the human
tRNASec and SerRS complex [64]. In addition, the sequence-
independent recognition of the variable arm by SerRS explains
why E. coli SerRS can charge one tRNASec and five isoacceptor

Figure 2. tRNAs for Sec incorporation in E. coli. (A) Cloverleaf models of tRNASec (left) and tRNASer(UGA) from E. coli (right). The acceptor arm is red, TcC-arm is orange, var-
iable arm is yellow, anticodon arm is green, D-arm is blue, and AD linker is purple. The positions of nucleotides in the tRNAs are indicated. (B) Cloverleaf models of tRNASec

variants including tRNAUTu, tRNAUTuX, tRNAUTuT6, and tRNASecUx. The antideterminant box, anticodon and nucleotides that are changed from the original tRNAUTu are col-
ored red, green, and blue, respectively. Superposition of SelB and EF-Tu with tRNASec (PDB: 3W3S) reveals the extended loop in domain 3 of SelB is compatible with the
antideterminant sequence in tRNASec, while the interaction between the short loop in EF-Tu and the antideterminant box is prevented by steric hindrance. The acceptor-
TcC arm is indicated. (C) The “seesaw effect” in tRNA. The 8/5 fold, long D-stem and the tRNASec elbow are important for recognition by E. coli SelA but inhibit recognition
by SerRS; while the 7/5 fold and D-arm of bacterial tRNASer allow for efficient acylation by SerRS but are not compatible with binding to SelA. Note tRNASec has a 6-bp D-
stem and 4-nucleotide D-loop while tRNASer has a 3-bp D-stem and 11-nucleotide D-loop.
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tRNASer species, which have different sequences in the variable
arm. The 3’ end of the acceptor stems of tRNASec and tRNASer

are also important for SerRS recognition, although less than the
variable arm [58]. Mutations in the discriminator base at posi-
tion 73 or the G2:C71 base pair of the E.coli tRNASer acceptor
stem impair the ability of the corresponding tRNA variants to
be efficiently charged by SerRS [59]. By systematically substi-
tuting the acceptor stem-TcC minihelices derived from
tRNASer, base pairs G1:C72, G2:C71 and A/U3:U/A70 are
found to be preferred by E. coli SerRS [65]. These highly con-
served 3’ regions in tRNASer and tRNASec are required for dis-
crimination against non-cognate tRNAs (e.g., tRNATyr and
tRNALeu) by SerRS [60,66,67].

The overall shape of bacterial tRNASec is maintained by con-
tacts between the D- and T-arms, including the universally
conserved G18:U55 bp and a unique set of interactions con-
served across most bacterial tRNASec species: Y16:Y59 (Y is C
or U), U20:G19:C56 and C15:G20a:G48 (Fig. 2A) [61,68,69].
The latter base triple is proposed to determine the orientation
of the variable arm based on the structure of Aquifex aeolicus
(A. aeolicus) tRNASec [61]. Despite the fact that the tertiary
structures of tRNASec and tRNASer are held together by distinc-
tive sets of contacts, they have similar overall shapes, important
for their recognition by SerRS.

Although both tRNASec and tRNASer are SerRS substrates
(Fig. 1), the enzyme favors tRNASer; the degree of this prefer-
ence varies between different organisms. For example, E. coli
SerRS displays a 100-fold higher catalytic efficiency for tRNASer

compared with tRNASec in vitro [70]. However, human cyto-
solic SerRS prefers tRNASer around 6-fold over tRNASec, and
mainly at the level of acylation rather than the initial interac-
tion between the tRNA and the enzyme [71]. Delicate biochem-
ical studies of several tRNASec mutants and tRNASer/tRNASec

hybrids provide insights into the elements responsible for the
differential recognition by SerRS. Compared to tRNASer and
other canonical tRNAs, most tRNASec species, including the
E. coli one, have an additional bp in the acceptor arm (Fig. 2A)
[41, 72]. The 13-bp-long acceptor-TcC arm of tRNASec con-
sists of the 8-bp acceptor stem and the 5-bp TcC arm (namely
8/5 fold) in bacteria or the 9-bp acceptor stem and the 4-bp
TcC arm (namely 9/4 fold) in archaea and eukaryotes. Short-
ening of the acceptor arm by 1 bp makes both E. coli tRNASec

and human tRNASec better SerRS substrates than the wild-type
[70,71], indicating that the long tRNASec acceptor-TcC arm
prevents efficient SerRS charging. Genes encoding a 7/5 fold
tRNASec have been predicted in diverse bacterial lineages
[41,73], opening the possibility that those novel tRNASec spe-
cies can be better substrates for E. coli SerRS.

Other factors may contribute to poor charging of tRNASec

compared with tRNASer. It has been proposed that some
sequence-specific interactions might play a role in the discrimi-
nation against tRNASec after formation of the initial tRNA-
SerRS complex, although the identities of the residues involved
in such contacts remain to be determined [63,71]. The U20 of
human tRNASec is solvent-exposed and is in proximity of the
highly conserved Ser61 of human SerRS, while tRNASer has a
buried nucleotide at position 20 [64]. Based on this observation,
the conserved U20 of human tRNASec is thought to serve as the
structural basis to distinguish itself from tRNASer for SerRS

recognition [64]. Note that U20 is also found in E. coli tRNASec

(Fig. 2A). Going forward, the crystal structure of E. coli SerRS
in complex with tRNASec will be very useful in providing guid-
ance for engineering tRNASec to be a better substrate for SerRS.

Interestingly, unlike the majority of aminoacyl-tRNA syn-
thetases that recognize the anticodon nucleotides as one of the
major tRNA identity elements for specific interactions, SerRS is
not in contact with the anticodons of tRNASer and tRNASec

[61,63,64]. This property of SerRS explains recent findings that
all stop and most sense codons can be read by tRNASec or its
variants [74,75]. Anticodon-independent tRNA recognition by
SerRS has been employed by synthetic biologists for Sec incor-
poration by genetic code expansion. For instance, tRNASec var-
iants utilized for EF-Tu mediated Sec incorporation have
anticodons that match the amber codon [51–53,55].

SelA converts Ser-tRNASec to Sec-tRNASec

The efficiency of SelA-catalyzed Ser-tRNASec to Sec-tRNASec

conversion determines the purity of selenoproteins in bacterial
cells. Thus, it is essential to understand the features of tRNASec

as a SelA substrate when designing tRNA to efficiently mediate
selenoprotein production. The conversion occurs with high
fidelity during natural Sec biosynthesis, as Ser-tRNASec must be
strictly discriminated against Ser-tRNASer to prevent Sec incor-
poration at serine codons. The structure of A. aeolicus SelA com-
plexed to Thermoanaerobacter tengcongensis tRNASec provides
insights into this discrimination process [76]. It reveals that the
SelA N-terminal domain specifically recognizes the tRNASec D-
arm composed of a 6-bp stem and 4-nucleotide loop [76]. How-
ever, the tRNASer D-arm consisting of a 3-bp stem and 11-nucle-
otide loop would clash with the SelA N-terminal domain, as
suggested by a docking model of SelA¢tRNASer [76]. This idea
guided evolution of tRNAUTu, a chimera of the E. coli tRNASer

and tRNASec used for SECIS-independent Sec incorporation
[51]. Introducing elements of the tRNASec D-arm into tRNAUTu

resulted in tRNAUTuX, a variant that was a better substrate for
SelA (Fig. 2B) [53]. Overall, the long D-stem and the tRNA
elbow composed of the D-loop and the T-loop in tRNASec are
important for its interactions with SelA [76].

The unique D-arm of tRNASec is not the only feature
required for SelA-specific interaction, as some chimeric tRNAs
containing the tRNASer D-arm (tRNAUTu and tRNAUTu6 in
Fig. 2B) can be utilized by E. coli SelA [51,55]. The length of
the acceptor-TcC arm may also contribute to the discrimina-
tion between tRNASec and tRNASer by SelA. Based on the struc-
ture of SelA in complex with tRNASec, the 13-bp acceptor-TcC
arm of canonical tRNASec is complementary to the space
formed between the N-terminal and C-terminal catalytic
domains of A. aeolicus SelA [76], while a 12-bp acceptor-TcC
arm of tRNASer is thought to be suboptimal. Consistent with
this idea, the in vitro conversion rate of Ser-tRNASec to Sec-
tRNASec is significantly impaired by a 1-bp deletion in the
acceptor stem in E. coli tRNASec [70]. Interestingly, Sec incor-
poration has been confirmed in Aeromonas salmonicida which
has a non-canonical tRNASec species with a 12-bp acceptor-
TcC arm [74], suggesting the existence of a special type of bac-
terial SelA that can efficiently recognize a shorter acceptor arm
of tRNASec. The mechanism of tRNA recognition by this novel
type of SelA needs further characterization, and the intrinsic
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flexibility of the N-terminal domain of SelA may account for its
ability to recognize this unusual tRNASec [76]. Taken together,
the differences between the D-arms and acceptor-TcC arms of
tRNASec and tRNASer explain why SelA can discriminate the
two tRNAs in E. coli, suggesting that these elements should be
retained or carefully modified during tRNASec engineering.

Sec-tRNASec interacts with SelB but not EF-Tu
The partition of the substrates between EF-Tu and SelB is
achieved through recognition of specific determinants within
the tRNAs [40], as well as the aminoacyl group. tRNASec has a
unique sequence (the antideterminant box) that simultaneously
prevents interactions with EF-Tu and promotes interactions
with SelB through contacts with the domain 3 extended loop
(Fig. 2B) [77,78]. The corresponding loop in the EF-Tu domain
3 is shorter and contacts canonical tRNA in a sequence-specific
manner [79,80]. However, the interaction between this loop
and the antideterminant box of tRNASec is prevented by steric
hindrance, as revealed by structural superposition (Fig. 2B)
[77]. Another tRNASec structural element that contacts SelB
but not EF-Tu is the variable arm. In a model of the ribosome
complexed with Sec-tRNASec, SelB, and GTP, the variable arm
of tRNASec is in close proximity to the linker region connecting
the SelB domains 3 and 4 [77]. EF-Tu cannot establish such
contacts as it lacks domain 4 and the corresponding linker.

Finally, Sec itself contributes to discrimination of EF-Tu
against Sec-tRNASec. The amino acid binding pocket of EF-Tu
is lined with negatively charged residues [81]. The selenol
group of Sec is also negatively charged under physiological con-
ditions [16], and therefore its binding to EF-Tu is disfavored. In
contrast, the aminoacyl-binding pocket of SelB contains several
highly conserved arginine and tyrosine residues that interact
and stabilize the selenol moiety [77, 82]. Inspired by these find-
ings, transplantation of conserved residues of the amino acid
binding pocket from SelB to EF-Tu generates variants with
improved Sec incorporation efficiency [83].

Current progress and challenges in tRNASec engineering
Knowing the pivotal role of the antideterminant box in
tRNASec, mutation or replacement of this region with the
tRNASer sequence resulted in variants that are good EF-Tu sub-
strates (Fig. 2B) [51-53,55]. These tRNAs contain the anticodon
sequence to match the amber codon, and can be divided into
two structural types: tRNASer-like and tRNASec-like molecules.
tRNAUTu and its derivatives tRNAUTuX and tRNAUTuT6 are
mainly derived from tRNASer with the acceptor stem from
tRNASec (Fig. 2A–B) [51,53,55]. tRNAUTu mediates robust sup-
pression of amber codons in an EF-Tu-dependent manner, but
the resulting protein products are a mixture of Sec- and Ser-
containing populations, presumably due to incomplete conver-
sion of Ser-tRNAUTu to Sec-tRNAUTu. tRNAUTu was further
evolved into tRNAUTuX and tRNAUTuT6 which are better sub-
strates for SelA and can mediate synthesis of homogenous Sec-
containing proteins (Fig. 2B) [52]. The class of tRNASec-like
EF-Tu substrates is represented by tRNASecUx (Fig. 2B) [52].
tRNASecUx retains most of the sequence of tRNASec and was
selected from a library generated by full randomization of the
antideterminant box [52]. As tRNASecUx closely resembles the
natural substrate of SelA, the conversion of Ser-tRNASecUx to

Sec-tRNASecUx is efficient, and the products resulting from
amber suppression are homogenous selenoproteins. The exam-
ples of tRNAUTuX, tRNAUTuT6 and tRNASecUx demonstrate a
certain degree of flexibility in the Sec biosynthesis pathway, as
similar outcomes were obtained by different engineering strate-
gies. Nevertheless, the yields of selenoproteins synthesized with
the help of tRNASecUx and tRNAUTuT6 are low, likely due to the
competition with the translation termination factor RF1 for
amber codons. In agreement with this notion, Sec insertion
into proteins mediated by tRNASecUx or tRNAUTuT6 was
improved in E. coli strain C321.DA that lacks RF1 [52,55].

Further engineering of tRNA will be important in producing
pure selenoproteins at high yields. However, there is a ‘fine
opposing line’ between the efficiencies of tRNASec-dependent
acylation by SerRS and Ser-tRNASec-dependent Ser to Sec con-
version by SelA (Fig. 2C). For instance, the 8/5 fold and the
unique D-arm of bacterial tRNASec, features essential for E. coli
SelA recognition, inhibit its acylation by SerRS [70,76]. Con-
versely, transplantation of tRNASer features into tRNASec

results in tRNA variants that are better substrates for SerRS,
but interferes with their recognition by SelA [51,53,71]. More-
over, because tRNASec is moved by 3.4 A

�
and rotated by »33�

when compared to tRNASer [71,77], pairing efficiency between
the codon and the anticodon may be reduced for these engi-
neered tRNAs with a 13-bp acceptor-TcC arm.

Advantages of SelB-mediated Sec incorporation
Partial overlapping of the recognition sites on tRNASec for
SerRS, SelA and SelB has an important implication for tRNASec

engineering: modifying its structure for efficient recognition by
one protein factor inevitably affects the interactions with the
others. One may attempt to further evolve SelA and SerRS to
improve their recognition of EF-Tu-friendly tRNASec variants,
while preserving the orthogonality of the system towards other
components of translation. Alternatively, the problems associ-
ated with tRNASec engineering can be avoided altogether by
modifying SelB to work without the SECIS and leaving tRNASec

intact. Converting SelB into a SECIS-independent elongation
factor presents several advantages. First, SelB binds Sec-tRNA-
Sec with exceptionally high affinity (Kd = 0.2 pM) and discrimi-
nates against all other aa-tRNAs [56,84]. Most importantly,
SelB has a much lower affinity for Ser-tRNASec (Kd = 0.2 mM),
an on-pathway precursor of Sec-tRNASec, providing a critical
checkpoint in selenoprotein quality control [56]. Second, the
nucleotide-binding properties and GTP hydrolysis rates of SelB
are superior to those of EF-Tu. SelB binds Sec-tRNASec not
only in GTP-bound form, but also in GDP-bound and apo-
form [56,84]. SelB hydrolyzes GTP one order of magnitude
faster than EF-Tu, and dissociates from tRNA rapidly thereaf-
ter, ensuring fast accommodation of Sec-tRNASec in the A site
of the ribosome (Fig. 3) [56]. For all other elongator aa-tRNAs,
the rate-limiting step in the formation of the peptide bond is
the release of the elongation factor after hydrolysis of GTP
[85]. Because SelB binds GTP with high affinity and releases
GDP fast, it does not require a nucleotide-exchange factor [86].
Finally, tight binding to SelB likely protects Sec-tRNASec from
hydrolysis. Hydrolysis of Sec-tRNASec releases free Sec into
cytosol, where it can take the place of Cys. Recently, recoding
of amber stop to Sec mediated by SelB in a SECIS-independent
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manner was observed in C321.DA strain (although with low
efficiency), showing the potential of SelB-based systems [87].

How E. coli SelB interacts with SECIS
To rid SelB of its dependence on the SECIS, we need to take a
closer look into the molecular details of their interaction. In
bacteria, the SECIS element interacts directly with the C-termi-
nal domain 4 of SelB, which is connected by a flexible linker to
the tRNA-binding portion of the protein [43,88]. SelB domains
1, 2 and 3 are homologues of the corresponding EF-Tu
domains in their structure and function [82,89,90]. Truncated
SelB lacking domain 4 cannot support selenoprotein synthesis,
even though it still binds Sec-tRNASec. Conversely, the C-termi-
nal domain of SelB is sufficient for binding to the SECIS ele-
ment, and when expressed separately, competitively inhibits
Sec insertion into proteins in vivo [43]. These data suggest that
recruitment of the SelB¢GTP¢Sec-tRNASec ternary complex to
the SECIS element occurs before a translating ribosome
approaches the Sec insertion site on an mRNA template
(Fig. 3) [44]. A minimal RNA segment that can bind SelB is
comprised of a 17-nt motif with a conserved stem-loop struc-
ture separated by 11–12 nt from the Sec insertion codon, with
critical determinants located in the bulged and looped out
regions [42,91,92].

The RNA-binding domain of SelB is not well conserved. In
bacteria it is comprised of four winged-helix motifs, but only
the ultimate C-terminal motif makes direct contacts with
the SECIS in the crystal structure [93]. Whether binding to the
SECIS element affects accommodation of Sec-tRNASec on the
ribosome or the nucleotide-exchange properties of SelB
remains controversial. The linker connecting RNA-binding
domain 4 and the rest of SelB appears to be flexible, making
communication between them and concerted conformational

changes unlikely. The first reported structure of domain 4 from
Moorella thermoacetica bound to the minimal SECIS RNA sub-
strate did not reveal any significant changes in the conforma-
tion of the protein compared to the RNA-free form [93], while
the analysis of the complex formed by E. coli partial domain 4
of SelB led authors to conclude that binding to the SECIS does
cause small changes in interdomain interactions [94]. It
remains unclear if and how these changes in the mRNA-bind-
ing part of SelB affect its tRNA-binding properties. The ribo-
some model based on single-particle cryo-EM images of the
various intermediates along the pathway of Sec insertion into
the peptide supports the notion that the SECIS exerts its effect
primarily by bringing SelB into close proximity of the ribo-
some. In the model, the flexible linker between domain 4 and
domains 1–3 of SelB uncouples their movements: the mRNA-
binding domain remains bound to the SECIS while the section
of SelB bound to tRNA follows the movements of the small
ribosomal subunit (Fig. 3) [77]. Thus, the SECIS element facili-
tates Sec insertion by positioning the SelB¢GTP¢Sec-tRNASec

ternary complex for initial binding, rather than by triggering
long-distance conformational changes in SelB. Importantly, the
overall conformation of domains 1–3 of SelB bound to the ribo-
some appeared remarkably similar to the one of EF-Tu.

How EF-Tu and SelB interact with the ribosome
Despite many similarities between the two, SelB is not simply a
version of EF-Tu with an extra RNA-binding motif. Removal
of domain 4 results in loss of the ability of SelB to mediate
Sec insertion into proteins (unpublished data, D. S€oll lab). This
indicates that SelB lacks critical determinants that allow EF-Tu
to interact with the ribosome directly. Comparison of cryo-EM
snapshots of tRNA accommodation and GTP hydrolysis by
SelB and EF-Tu revealed that their overall structures and the

Figure 3. Schematic of aa-tRNA delivery to the A-site by EF-Tu (top) and SelB (bottom). Adopted with modifications from Rodnina et al [95]. The large ribosomal subunit
with its stalk is grey; the small ribosomal subunit is yellow and its mobile shoulder domain is orange. During recruitment, the ternary complex does not form sequence-
specific contacts with the translating ribosome; EF-Tu is recruited via the L7/L12 stalk and SelB is recruited via the SECIS stem-loop on mRNA. Contacts with the SECIS ele-
ment are maintained in all subsequent steps; whether EF-Tu maintains contacts with the stalk after recruitment is not clear. During the initial binding, the 30S shoulder
opens and allows tRNA entry; tRNA attempts to read the codon. SRL (red) does not make contact with GTP-binding domains of EF-Tu/SelB; instead, it is bound to the
elbow region of aa-tRNA. The structure of the ternary complex on the ribosome during codon recognition is similar and is not shown separately. Codon recognition causes
tRNA movement towards the codon and away from SRL; the 30S shoulder is open. No structures of initial binding or codon reading are available for EF-Tu, but the struc-
ture of SelB-assisted codon reading by Sec-tRNASec is available [77]. Finally, codon recognition causes local closure of the decoding center, allowing for large-scale rotation
of the 30S shoulder. EF-Tu/SelB move together with the shoulder domain towards SRL. Docking on SRL activates GTPase domains of EF-Tu/SelB.
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ways the two translational factors interact with the ribosome
are similar [95]. Both factors follow the ribosome dynamics
during initial codon binding and reading, culminating in GTP
hydrolysis (Fig. 3). Two ribosome components are required for
successful decoding: the shoulder of the small ribosomal sub-
unit, and the sarcin-ricin loop (SRL) of the 23S ribosomal RNA
[96,97]. Docking of EF-Tu/SelB on the SRL triggers GTPase
activation, an irreversible step that must only occur in cognate
complexes [96]. Conformational dynamics of the small subunit
are proposed to be pivotal to cognate decoding [97]. It is the
movement of the shoulder that guides the ternary complex
from an inactive conformation, with SRL bound to the tRNA
elbow prior to decoding, towards EF-Tu/SelB docking on the
SRL in response to correct codon-anticodon interaction
(Fig. 3). Comparison of EF-Tu and SelB active sites shows that
GTP hydrolysis occurs by essentially the same mechanism [95].
Small changes in the way SRL interacts with a catalytic histidine
moiety might contribute to the differences in GTP hydrolysis
rates between EF-Tu and SelB, but do not explain why the latter
requires the SECIS element.

The differences in the interactions between the small subunit
shoulder and domains 2 of EF-Tu and SelB were not analyzed
in great detail. A high-resolution crystal structure of the Ther-
mus thermophilus ribosome bound to the ternary complex
revealed a single salt bridge between E249 of EF-Tu and the
K119 residue of the small ribosomal protein S12 (E. coli num-
bering here and throughout) [98]. However, neither the signifi-
cance of the salt bridge between EF-Tu and S12, nor whether
alternative contacts might form between SelB and S12 have
been demonstrated. In addition, domains 2 of EF-Tu and SelB
show sequence variations in the two loops that contact the 30S
shoulder in the structure of the ribosome complexed with EF-
Tu ternary complex [98]. This region of EF-Tu undergoes the
most significant movement upon binding to the ribosome [98].
Together, these findings can inform further studies into
whether altered interactions with the 30S shoulder contribute
to the dependency of SelB on the SECIS.

Alternatively, the inability of SelB to promote Sec insertion
in the absence of the SECIS might be due to unproductive bind-
ing in the earlier steps of interaction with the translating ribo-
some [95]. Structures corresponding to initial tRNA binding
and early codon reading recently became available for SelB, but
not for EF-Tu, thus making a direct comparison between the
two impossible. Despite the fact that early non-specific interac-
tions between EF-Tu and the ribosome are short-lived, they
appear to be crucial for proper transition to the later steps of
aa-tRNA insertion. Moreover, the initial binding site on the
ribosome for EF-Tu and many other elongation factors displays
considerable conformational flexibility and thus is poorly
resolved in the available structures of the ribosome. The bind-
ing site is located on the stalk of the large ribosomal subunit
and consists of two L7/L12 dimers (Fig. 3) [99]. The primary
sequences of L7 and L12 are identical except that L7 is acylated
on its N-terminus. The N-terminal domain of L7/L12 is
responsible for dimerization and binding to the ribosome
through L10, while the mobile C-terminal domains protrude
outwards in a tentacle-like fashion (Fig. 3). Interestingly,
removal of L7/L12 has little effect on physical association of
EF-Tu to the ribosome, but reduces its GTPase activity 2500

fold [100]. Interactions with L7/L12 are proposed to stimulate
EF-Tu activity indirectly, by inducing a catalytically active con-
formation of its GTPase domain, but the exact nature of those
conformational changes is unknown. Mutational analysis
revealed several E and L residues in the D-helix of EF-Tu that
are important for rapid A-site tRNA binding [101]. Different
modes of recruitment to the ribosome likely allow EF-Tu and
SelB to effectively partition their roles in protein synthesis,
although EF-Tu appears to be able to share its binding platform
with other translational factors, such as IF2, EF-G and RF3 [99,
100,102]. We are intrigued by the possibility that restoring
interactions between the ribosomal stalk and SelB, together
with utilization of an amber-less strain could lead to develop-
ment of a highly efficient SECIS-independent system for sele-
noprotein synthesis.

Concluding remarks

Our understanding of the Sec incorporation pathway has been
significantly enhanced by available genetic, biochemical, and
structural studies. Driven by experiments on selenoproteins
related to human health and the development of enzymes with
new and improved catalytic properties, new ways for seleno-
protein production have emerged. Perhaps the most valuable
lesson we learned is that there might not be a single best
method that fits all needs when it comes to production of sele-
noproteins. Depending on the size of the desired protein, the
number and position(s) of Sec residues, the required yield and
purity, and the individual characteristics of the target, different
approaches may provide the best outcome. We envision that
development of systems for efficient and site-specific incorpo-
ration of Sec by state-of-the-art laboratory evolution techniques
combined with deep sequence search and comprehensive anal-
yses of sequence databases will lead to novel types of tRNAs
and enzymes useful for engineering selenoprotein synthesis.
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