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Termination of mRNA translation occurs when a stop codon enters the A site of the ribosome,
and in eukaryotes is mediated by release factors eRF1 and eRF3, which form a ternary eRF1/
eRF3–guanosine triphosphate (GTP) complex. eRF1 recognizes the stop codon, and after
hydrolysis of GTP by eRF3, mediates release of the nascent peptide. The post-termination
complex is then disassembled, enabling its constituents to participate in further rounds of
translation. Ribosome recycling involves splitting of the 80S ribosome by the ATP-binding
cassette protein ABCE1 to release the 60S subunit. Subsequent dissociation of deacylated
transfer RNA (tRNA) and messenger RNA (mRNA) from the 40S subunit may be mediated by
initiation factors (priming the 40S subunit for initiation), by ligatin (eIF2D) or by density-
regulated protein (DENR) and multiple copies in T-cell lymphoma-1 (MCT1). These events
may be subverted by suppression of termination (yielding carboxy-terminally extended read-
through polypeptides) or by interruptionof recycling, leading to reinitiation of translation near
the stop codon.

OVERVIEW OF TRANSLATION
TERMINATION AND RECYCLING

Translation is a cyclical process that comprises
initiation, elongation, termination, and ribo-

some recycling stages (Jackson et al. 2010). Ter-
mination is triggered when a stop codon enters
theA site of the ribosome, and ismediated by the
release factors eRF1 and eRF3 (Dever and Green
2012; Jackson et al. 2012). eRF1 is omnipotent,
that is, it is responsible for recognitionof all three
stop codons, and induces release of the nascent
polypeptide from the P-site peptidyl-transfer
RNA (tRNA), whereas eRF3 is a GTPase that
enhances polypeptide release. The resulting

post-termination complex (post-TC) is recycled
bysplittingof theribosome,which ismediatedby
ABCE1. This step is followed by release of de-
acylated tRNA and messenger RNA (mRNA)
from the 40S subunit via redundant pathways
involving initiation factors, ligatin (eIF2D) or
density-regulated protein (DENR), andmultiple
copies inT-cell lymphoma-1 (MCT1).Recycling
enables ribosomes and mRNAs to participate in
multiple rounds of translation.

Here, I focus on recent advances in under-
standing of mechanisms of termination and
ABCE1-mediated ribosomal splitting, discuss
unresolved aspects of recycling, and consider
how termination or recycling is subverted to
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allow translation of carboxy-terminally extend-
ed “read-through” polypeptides or of down-
stream open reading frames (ORFs).

TERMINATION

eRF1–eRF3 Interactions and Ternary Complex
Formation

Termination is mediated by eRF1 and eRF3 (Al-
kalaeva et al. 2006). eRF1 has an amino-termi-
nal domain (N) that is responsible for recogni-
tion of the stop codon in the A site (Bertram

et al. 2000); a middle domain (M) containing a
universally conserved apical GGQ motif that
induces release of the nascent polypeptide
from peptidyl-tRNA in the ribosomal P site
(Frolova et al. 1999); and a carboxy-terminal
domain (C) that binds to eRF3 and ABCE1,
and contains a mini-domain that affects stop
codon specificity (Fig. 1A) (Song et al. 2000;
Mantsyzov et al. 2010). eRF3 consists of (1) a
nonconserved amino-terminal domain that is
not required for eRF3’s function in termination,
but binds the poly(A)-binding protein (PABP)
(Hoshino et al. 1999; Kozlov and Gehring 2010)
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Figure 1. Translation termination in eukaryotes. Ribbon representations of (A) human eRF1 (protein data bank
[PDB]: 1DT9), with the Cα atoms of the GGQ motif in domain M and the NIKS motif in domain N shown in
CPK and stick models, respectively, and (B) Schizosaccharomyces pombe eRF3 (amino acids 215–662, and thus
lacking the nonconserved amino-terminal domain) (PDB: 1R5B), with boundGMPPNP shown in a stickmodel.
(C) Outline of the termination process. The pretermination complex (pre-TC) contains peptidyl-transfer RNA
(tRNA) in the P site. The eRF1/eRF3–guanosine triphosphate (GTP) complex binds to the A site of the pre-TC,
and eRF1 recognizes the stop codon, which, with the +4 nucleotide, binds in a pocket formed by eRF1 and the 40S
subunit. eRF1’s M domain dissociates from eRF3’s Switch I/Switch II elements, and after GTP hydrolysis by
eRF3, accommodates in the peptidyl-transferase center (PTC), inducing peptide release. eRF1 and possibly eRF3-
guanosine diphosphate (GDP) remain associated with post-termination complexes (post-TCs).
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and the nonsense-mediated decay (NMD)
factor UPF3b (Neu-Yilik et al. 2017), and (2) a
canonical guanosine triphosphate (GTP)-bind-
ing domain (G) and two β-barrel domains (2
and 3), which are homologous to GTP-binding
translation factors such as EF-Tu, eEF1A, and
the carboxy-terminal region of the ribosome
rescue factor Hbs1 (Fig. 1B) (Kong et al. 2004;
Atkinson et al. 2008; van den Elzen et al. 2010).
As in all GTPases, the G domain of eRF3 con-
tains “Switch I” and “Switch II” elements that
are essential for binding and hydrolysis of GTP
and that regulate the nucleotide-dependent con-
formational status of the factor. Switch I and
Switch II are disordered in free eRF3 (Kong
et al. 2004) but become ordered on binding to
the γ-phosphate of GTP in the presence of eRF1,
with which they also interact (Cheng et al. 2009;
des Georges et al. 2014; Preis et al. 2014; Shao
et al. 2016). There are two isoforms of eRF3 that
are encoded by different genes and have differ-
ent amino-terminal domains; both bind eRF1
and are functional termination factors (Hoshino
et al. 1998; Chauvin et al. 2005). eRF3b is pre-
dominantly expressed in brain tissue, whereas
eRF3a is ubiquitously expressed (Hoshino et
al. 1998; Chauvin et al. 2005).

eRF1 enhances binding of GTP to eRF3 by
acting as a GTP dissociation inhibitor, promot-
ing formation of a stable eRF1/eRF3•GTP com-
plex (Fig. 1C) (Hauryliuk et al. 2006; Mitkevich
et al. 2006; Pisareva et al. 2006). eRF1 and eRF3
interact extensively with each other on and off
the ribosome (Cheng et al. 2009; Taylor et al.
2012; des Georges et al. 2014; Preis et al. 2014;
Shao et al. 2016). In pretermination TCs (pre-
TCs) containing eRF1/eRF3 before GTP hydro-
lysis, eRF1’s M domain packs against eRF3, in-
serting into a cleft between domain 2 and the G
domain such that the GGQ motif is fixed close
to Switch I. The M domain may engage with
Switch II (Cheng et al. 2009; des Georges et al.
2014; Preis et al. 2014; Shao et al. 2016). The
“preaccommodation” conformation of the M
domain before GTP hydrolysis is incompatible
with peptide-release activity because the catalyt-
ic GGQ motif is sequestered >80 Å from the
P-site peptidyl-tRNA’s ester bond in the pep-
tidyl-transferase center (PTC) of the 60S subunit.

eRF1’s N domain extends into the 40S subunit’s
decoding center (see below), while domain C
interacts with the stalk base of the 60S subunit
and, via its mini-domain, with the 40S subunit
beak. Like other translational GTPases, eRF3
binds to the GTPase-associated center (GAC),
between the sarcin–ricin loop (SRL) of the 60S
subunit and helices h5 and h14 of 18S ribosomal
RNA (rRNA) on the 40S subunit (des Georges
et al. 2014; Preis et al. 2014; Shao et al. 2016).

Stop Codon Recognition

The canonical genetic codehas three stop codons
(UAA, UAG, and UGA), and the efficiency of
termination is enhanced by a purine residue in
the +4 position and by a +5 purine if the +4
residue is a pyrimidine (McCaughan et al.
1995). In a few organisms, including some ciliate
protists, green algae, and diplomonads, UGA is
reassigned as a sense codon and UAA and UAG
are retained as stop codons, UAA and UAG are
reassigned as sense codons with UGA as the sole
termination codon, or UAG is reassigned as a
sense codon and UAA and UGA function as
stop codons (Keeling 2016; Pánek et al. 2017).
In extreme examples, such as the ciliate protist
Condylostoma magnum and a member of the
proposed Blastocrithidia clade of trypanosoma-
tids (Heaphy et al. 2016; Swart et al. 2016; Záho-
nová et al. 2016), all three stop codons serve as
sense codons at internal positions but specify
termination when located close to the 30-end of
mRNA. A hypothesis concerning position-
dependent termination is discussed below. Stop
codon reassignment depends in part on alter-
ations in eRF1’s sequence, and mutational stud-
ies coupled with analysis of eRF1 from “variant
code” organisms identified highly conserved
motifs in theNdomain that influence stop codon
recognition (Jackson et al. 2010; Blanchet et al.
2015). These motifs include GTS31-33, E55, TAS-
NIKS58-64, and YxCxxxF125-130 (numbering for
human eRF1). Recent cryoelectron microscopy
(cryo-EM) studies (Brown et al. 2015; Matheisl
et al. 2015; Shao et al. 2016) have established a
molecular framework for this process.

In eRF1-bound ribosomal complexes, the N
domain reaches into the A site, forming a pocket
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that accommodates the stop codon and the +4
nucleotide in a compacted conformation (Fig.
2). This compacted state and eRF1’s interactions
with the stop codon are likely maintained
throughout the termination process until eRF1
dissociates (Shao et al. 2016). Stabilization of the
compacted state requires a +1U, which is thus a
determinant of stop codon recognition, as are
the stacking interactions of the +2, +4, and +5
nucleotides with A1825, G626, and C1698 of 18S
rRNA, respectively, as well as the stop codon’s
multiple interactions with eRF1. The stabilizing
interaction of the +1 uridinewith N61 and K63 of
the TASNIKS motif would not be possible for
cytidine at this position, and steric hindrance
discriminates against +1 purines. Interactions
of the YxCxxxF motif and E55 with +2 and +3
nucleotides are possible only with purines, and
T32 of the GTS motif can hydrogen bond with
the +3 nucleotide of UAG but not UGA orUGG
codons. The specificity of the flexible GTSmotif,
and themutual repulsion of G residues at +2 and
+3 positions, account for eRF1’s discrimination
against UGG codons. These observations are
consistent with site-directed cross-linking anal-

ysis of stop codon/eRF1 interactions (Chavatte
et al. 2002; Bulygin et al. 2010) and mutational
analyses of stop codon recognition and specific-
ity (Cheng et al. 2009; Jackson et al. 2010;
Conard et al. 2012; Blanchet et al. 2015). Recog-
nition of stop codons, particularly UGA, likely
occurs via multiple steps involving RNA com-
paction in the A site, conformational changes in
TASNIKS, and GTS motifs in eRF1 and other
localized eRF3-induced changes (Fan-Minogue
et al. 2008; Wong et al. 2012; Kryuchkova et al.
2013).

The Mechanism of GTP Hydrolysis by eRF3

eRF3 belongs to a family of translational
GTPases, including eEF1A, EF-Tu, and Hbs1,
which deliver aminoacyl-tRNA, eRF1 or the
related protein Pelota to the A site (Atkinson
et al. 2008; Pisareva et al. 2011). In the case of
ribosome-bound eEF1A/EF-Tu, establishment
of complementarity between cognate amino-
acyl-tRNA and the A-site codon induces GTP
hydrolysis and is required for release of the
tRNA “cargo” so that it can accommodate in
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Figure 2. Structure of the mammalian termination complex. (A) The ribosomal termination complex assembled
with eRF1 (purple) and eRF3 (orange). (Panel A from Shao et al. 2016; reprinted, with permission, under the
terms of Creative Commons Attribution License CC-BY). (B) Close-up view of the stop codon binding pocket of
the eRF1 N domain bound to a UAA(A) stop codon (dark red), showing residues important for stop codon
recognition, including GTS(31–33), E55, TASNIKS(58–64), N67, V71, and YxCxxxF(125–131). (C) Surface
representation of the UAA(A)-binding cavity formed by the eRF1 N domain and 18S ribosomal RNA (rRNA) in
the decoding center of the 40S ribosomal subunit, showing A1825 and G626, which engage in stacking inter-
actions with the +2 and +4 nucleotides of the stop codon. (Panel C from Matheisl et al. 2015; reprinted, with
permission, from Oxford University Press © 2015.)
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the PTC. The decoding center on the 40S sub-
unit is >70 Å from the active site of these
GTPases, so that activation of these factors re-
quires long-range signaling. Binding of cognate
aminoacyl-tRNA to the A-site codon leads to
domain closure in the small ribosomal subunit,
which moves EF-Tu’s GTPase domain so that it
binds to the SRL (Loveland et al. 2017). This is
an obligatory step in the activation of EF-Tu and
its hydrolysis of GTP (Maracci and Rodnina
2016). Binding of cognate aminoacyl-tRNA to
the A site of eukaryotic ribosomal complexes
leads to a similar domain closure and activation
of eEF1A (Shao et al. 2016).

The mechanism of activation of eRF3’s
GTPase activity is somewhat different. eRF3’s
GTPase activity requires eRF1’s M and C do-
mains and is ribosome-dependent, and although
eRF1 can stimulate this activity in the absence of
its N domain and an A-site termination codon
(Frolova et al. 1996; Kononenko et al. 2008), stop
codon recognition by eRF1 is thought to accel-
erateGTPhydrolysis byeRF3 (e.g.,Wada and Ito
2014). eRF3, eEF1A, and EF-Tu all engage in
similar interactions with the shoulder of the
small subunit (Voorhees et al. 2010; des Georges
et al. 2014; Shao et al. 2016). Termination com-
plexes containing eRF1 and eRF3 at a stage just
before hydrolysis of eRF3-bound GTP have not
been visualized. However, several observations
suggest that the SRL is required for activation
of eRF3, as for other translational GTPases.
Thus, eRF3’s Switch I interacts with G4600 of
the SRL (Shao et al. 2016), and termination de-
fects are caused by a substitution in the Saccha-
romyces cerevisiae SRL (Liu and Liebman 1996)
and by substitutions in eRF3 that are close to the
SRL in pre-TCs (Wada and Ito 2014). Domain
closure in the40S subunit isnot inducedbybind-
ing of eRF1 or Pelota to the A site (Hilal et al.
2016; Shao et al. 2016), however, indicating that a
differentmechanismmust be responsible for the
relative repositioning of eRF3 so that Switch I
and Switch II can interact with the SRL. This
necessary dissociation of eRF1’s M domain
from Switch I/Switch II to remove a steric block
to GTP hydrolysis might be induced by the es-
tablishment of interactions between h14 of the
40S subunit and the conserved R192 in eRF1’s M

domain, andof h5with eRF3domain 2 following
binding of eRF1/eRF3•GTP to the pre-TC (des
Georges et al. 2014). These interactions are im-
portant foreRF1-mediated stimulationof eRF3’s
GTP hydrolysis activity (Cheng et al. 2009) and
mimic a step in EF-Tu activation that leads to
displacement of the 30-end of tRNA from the
Switch I loop (Voorhees et al. 2010), respectively.

Conformational Rearrangements following
Hydrolysis of eRF3-Bound GTP

The timing of events after hydrolysis of eRF3-
bound GTP has not been established, but by
analogy with EF-Tu (Pape et al. 1998), rapid
GTP hydrolysis would be followed by slower
accommodation of eRF1 in the PTC and disso-
ciation of eRF3. eRF3-guanosine diphosphate
(GDP) appears to remain on the ribosome for
an extended period (Bulygin et al. 2016).

After hydrolysis of eRF3-bound GTP, eRF1
adopts an extended conformation that allows the
catalytic GGQ motif at the tip of domain M to
accommodate in the PTC (Matheisl et al. 2015;
Muhs et al. 2015; Shao et al. 2016). This transi-
tion results from domain M undergoing a 140°
rotation relative to domain N, which remains
bound to the stop codon in the A site, as well
as rotation of domain C. The motive force for
the reorientation of M and C domains may be
relaxation of an eRF3-enforced kink between α-
helix 8 (in domain M) and α-helix 9 (in domain
C), enabling them to forma single continuousα-
helix (Shao et al. 2016). The inhibition of eRF1-
mediated peptide release by eRF3•GMPPNP
(Alkalaeva et al. 2006; Fan-Minogue et al.
2008) is likely because it “locks” eRF1 so that it
cannot switch from the compact to the extended
conformation. Conformational changes in eRF1
domain C and ribosomal protein uL11 disrupt
the interaction of the eRF1 mini-domain with
the head of the 40S subunit and lead to establish-
ment of new interactions with uL11 and the L7/
L12 stalk base that may stabilize binding of
domainC. Consistently, termination is impaired
in an S. cerevisiae uL11 deletion strain (Salas-
Marco and Bedwell 2005).

Although eRF1 alone can induce peptide
release, this activity is strongly increased by
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eRF3 (Alkalaeva et al. 2006), confirming sugges-
tions that eRF3’s GTPase activity couples stop
codon recognition and peptidyl-tRNA hydroly-
sis by eRF1 (Salas-Marco and Bedwell 2004).
This effect is apparent even when recycling of
eRF1 is not required, and it can therefore not be
solely attributed to enhanced release of eRF1
from post-TCs or from ribosomal subunits after
dissociation of post-TCs (e.g., Eyler et al. 2013).
Enhancement by eRF3 of peptide release could
be the result of increased eRF1 recruitment to
pre-TCs (by eRF3 escorting it to the A site in an
EF-Tu-like manner) or by augmentation of the
catalytic rate of peptidyl-tRNA hydrolysis. The
characteristic +2 nt toeprint shift induced by
binding of eRF1 to pre-TCs (Alkalaeva et al.
2006) correlates with the compaction of the ex-
tended stop codon sequence (Brown et al. 2015;
Matheisl et al. 2015). eRF3 enhances the shift
induced by wild-type eRF1 and leads to its ap-
pearance in the presence of some eRF1 mutants
(Kryuchkova et al. 2013), suggesting that eRF3
promotes stop codon recognition or stabilizes
the resulting pre-TC. As well as enhancing the
rate of termination, eRF3 could potentially in-
crease its fidelity by kinetic proofreading, by in-
troducing an irreversible GTP hydrolysis step
between stop codon recognition and peptidyl-
tRNA hydrolysis.

The Mechanism of Peptide Release

In the extended conformation of eRF1, domain
M positions the GGQ motif in the PTC close to
the CCA end of the P-site peptidyl-tRNA, with
Q135 adjacent to the ester bond that links the
tRNA to the nascent polypeptide (Preis et al.
2014; Brown et al. 2015; Muhs et al. 2015).
The similar conformations of the GGQ motif
of eRF1 and the GGQ motifs of the otherwise
unrelated bacterial RF1/RF2 release factors, and
the interactions of the eRF1 M domain and
domain 3 of bacterial RF1/RF2 with conserved
elements of the ribosome (e.g., Laurberg et al.
2008; Jin et al. 2010) suggest that they function
analogously to promote peptidyl-tRNA hydro-
lysis. Placement of the bacterial GGQ motif in
the PTC induces conformational changes that
expose the peptidyl-tRNA ester bond to nucle-

ophilic attack by water and stabilize the tetra-
hedral transition state, promoting cleavage
and releasing the nascent polypeptide (Jin et
al. 2010; see the discussion of models for this
process in Rodnina 2018).

RECYCLING

Recycling of post-termination ribosomes (Fig.
3) is initiated by the highly conserved, essential
protein ABCE1, which also recycles vacant 80S
ribosomes and stalled ribosomal elongation
complexes after their recognition by Hbs1/Pelo-
ta (Pisarev et al. 2010, 2011; Franckenberg et al.
2012; Jackson et al. 2012). ABCE1-mediated
recycling of post-TCs depends on the presence
of eRF1 in the A site (Pisarev et al. 2010). eRF1
therefore participates in two successive stages of
protein synthesis: termination and recycling.

The Structure of ABCE1 and Its Interactions
with eRF1

ABCE1 has twin nucleotide-binding domains
(NBDs) with two composite nucleotide-binding
sites formed by motifs from both domains, a
helix–loop–helix (HLH) motif in NBD1 and a
unique amino-terminal FeS domain containing
two [4Fe-4S]2+ clusters, which is connected to
the NBD core by a hinged cantilever arm (Fig.
3A,B) (Barthelme et al. 2007, 2011; Karcher et al.
2008). The NBDs adopt an “open” state when
bound to ADP or nucleotide-free (Karcher et al.
2008; Barthelme et al. 2011), but transition to a
closed form with an extensive interface between
NBDs on binding ATP (Heuer et al. 2017).
ABCE1 has been observed on the 80S ribosome
in an intermediate semi-closed state (Becker
et al. 2012; Preis et al. 2014; Brown et al. 2015),
butmust undergo domain closure tomanifest its
ATPase activity and functionality in recycling.

ABCE1 binds in the ribosomal intersub-
unit space, interacting extensively via the HLH
and hinge elements with sites on the 40S subunit
(h5–h15 and h8–h14), which constitute con-
tact points for ribosome-bound translational
GTPases (such as eRF3) and via NBD2 at a sin-
gle site (rpL9) on the 60S subunit. The amino-
terminal FeS domain binds NBD2 and eRF1’s C
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domain. Given that ABCE1 binds sites on eRF1
(Preis et al. 2014; Shao et al. 2016) and the 40S
subunit that interact with eRF3, ABCE1’s asso-
ciation with post-TCs requires prior dissocia-
tion of eRF3.

The Mechanism of ABCE1-Mediated
Ribosomal Splitting

Cycles of binding of ATP to the twin nucleotide-
binding sites in ABC proteins (yielding a
“closed” state), hydrolysis of ATP and release
of ADP (leading to an “open” state) induce con-
formational changes in these proteins that are

thought to generate power strokes that drive
structural changes in associated domains or
macromolecules (Rees et al. 2009). In ribo-
some-bound complexes, ABCE1 is in an inter-
mediate semi-closed state, in which NBD2 has
rotated, leading to repositioning of the FeS
domain (Becker et al. 2012; Franckenberg et
al. 2012). These changes are accompanied by
movement of the eRF1 C domain, because of
its close association with the FeS domain, and
possibly result in further conformational shifts
in eRF1. Subsequent conformational changes in
ABCE1 could destabilize intersubunit bridges,
leading to ribosomal splitting (Fig. 3C). Move-
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Figure 3. Ribosome recycling in eukaryotes. (A,B) Ribbon representations of ABCE1 from Pyrococcus abyssi
bound to ADP (protein data bank [PDB]: 3BK7). Top (A) and front (B) views, showing nucleotide-binding
domain NBD1 (red), with its helix–loop–helix insertion (HLH), linked to NBD2 (yellow) by the hinge domain.
The FeS domain includes two [4Fe-S] clusters (red and yellow spheres), and binds to the lateral opening of the
nucleotide-binding cleft. Nucleotides bind to the two composite binding sites formed by P-loop/Walker A (“P”)
and signature (S) motifs. (From Karcher et al. 2008; reprinted, with permission, from The American Society for
Biochemistry and Molecular Biology © 2008.) (C) Model for ribosome recycling (Pisarev et al. 2010), in which
ABCE1 binds to eRF1 on the post-termination complex (post-TC), and ATP hydrolysis leads to a power stroke
that splits the post-termination ribosome, yielding a 60S subunit, eRF1, ABCE1, and a 40S subunit still bound to
messenger RNA (mRNA) and deacylated transfer RNA (tRNA).
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ment of the FeS domain has been observed, al-
beit in complexes that had been assembled in
vitro from archaeal 30S subunits or yeast 40S
subunits and ABCE1•AMP-PNP without eRF1
(Kiosze-Becker et al. 2016; Heuer et al. 2017).
However, a complete structural outline of the
mechanism of recycling, linking specific confor-
mational changes in ABCE1, eRF1, and the
ribosome to binding and hydrolysis of ATP in
the twin nucleotide-binding sites of ABCE1,
remains to be established.

ATP hydrolysis by ABCE1 is required for it
to split eRF1-bound post-TCs and Pelota-asso-
ciated ribosomal complexes (Pisarev et al. 2010,
2011; Shoemaker and Green 2011; Becker et al.
2012). In one report, splitting of 80S ribosomes
lacking boundmRNAandP-site peptidyl-tRNA
was dependent on ATP binding but not its
hydrolysis, which was, however, required for re-
lease of ABCE1 from the small ribosomal sub-
unit (Barthelme et al. 2011). The basis for this
discrepancy remains unclear. This latter alterna-
tive model proposes that retention of ABCE1 on
the small subunit primes the next round of ini-
tiation by enhancing recruitment of initiation
factors (Heuer et al. 2017), but neither the stage
at which ABCE1 is released in this hypothetical
process, nor the trigger for ATP hydrolysis by
40S-bound ABCE1 that would induce release
have been determined. Whereas ABCE1’s in-
trinsic ATPase activity is strongly activated by
eRF1-bound ribosomes, stimulation by 40S sub-
units is weak, even though they bind avidly to
ABCE1 (Pisarev et al. 2010).

Release of mRNA and Deacylated tRNA
from Post-Termination Ribosomal
Complexes

Deacylated tRNA and mRNA remain bound to
the 40S subunit after release of the 60S subunit,
and can be released by eIF1, eIF1A, eIF3 and its
weakly associated eIF3j subunit (Pisarev et al.
2007, 2010). The multi-subunit eIF3 binds to
the 40S subunit’s solvent side, extending from
the mRNA entrance to the exit (des Georges
et al. 2015), interacting with eIF3j at the former
site and with eIF1 at the latter. eIF1 and eIF1A
bind to the subunit’s interface, on the platform

adjacent to P-site initiator tRNA and in the A
site, respectively. eIF1 discriminates against
noninitiator tRNAs in the P site (Lomakin
et al. 2006) and destabilizes their binding in a
manner that is augmented by eIF1A and partic-
ularly eIF3 (Pisarev et al. 2010). Release of P-site
tRNA leads to dissociation of mRNA in the
absence of eIF3 and its partial retention in its
presence. eIF3j enhances release of mRNA. At
concentrations below 1 mM freeMg2+, these fac-
tors can recycle post-TCs, eIF3 being primarily
responsible for ribosome splitting (Pisarev et al.
2007). Interestingly, eIF3-mediated splitting is
inhibited by eIF4F (Skabkin et al. 2013).

There is significant redundancy in the pro-
cess of tRNA/mRNA release from 40S subunits
after ABCE1-mediated dissociation of post-TCs
(Fig. 4A). This process can also be mediated by
ligatin (eIF2D) and, less effectively, by MCT-1
and DENR, which are interacting proteins that
are homologs of the amino- and carboxy-termi-
nal regions of ligatin (eIF2D) (Fig. 4B) (Skabkin
et al. 2010).MCT-1 and ligatin’s (eIF2D) amino-
terminal regioncontainsDUF1947andPUAdo-
mains (Tempel et al. 2013), whereas DENR and
ligatin’s (eIF2D) carboxy-terminal region con-
tains SWIB/MDM2 and SUI1/eIF1 domains
(Fig. 4C) (Vaidya et al. 2017; Weisser et al.
2017). Ligatin (eIF2D) also contains a central
winged-helix domain (WHD). The location of
the MCT1-like andWHD domains on the inter-
face surface of the 40S subunit may be incompat-
ible with binding of peripheral elements of eIF3a
and eIF3c or eIF3b (Lomakin et al. 2017;Weisser
et al. 2017), and the SUI1/eIF1 domains ofDENR
andligatin(eIF2D)couldclashwiththeanticodon
stem-loop of deacylated P-site tRNA and eject it.

REGULATION OF TERMINATION

Various trans-acting factors regulate termina-
tion and integrate it with processes such as
NMD (see Karousis and Mühlemann 2018).
Termination may be regulated to arrest ribo-
somes at the stop codon of an upstream ORF,
thereby reducing translation of downstream
ORFs, or to modulate read-through, in which
a near-cognate or natural suppressor tRNA
decodes the stop codon, allowing translation to
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proceed in the same reading frame (e.g., Beier
and Grimm 2001). Stop codon suppression
allows the expression of carboxy-terminally ex-
tended forms of a protein, potentially in a tissue-
specific or developmentally regulated manner,
and is used by some viruses to modulate the
relative levels of expression of structural and
nonstructural polyproteins (Firth and Brierley
2012). In yeast, insertion of near-cognate
tRNA at premature stop codons is determined
by the ability of the ribosomal A site to accom-
modate mispairing, leading to insertion of Trp,
Arg, and Cys at UGA codons and Gln, Tyr, and
Lys at UAA and UAG codons (Blanchet et al.
2014; Roy et al. 2015). Flanking residues, partic-
ularly the +4 nucleotide, influence selection of

near-cognate aminoacyl-tRNAs in yeast and hu-
mans (Beznosková et al. 2016; Xue et al. 2017).

Regulation of Termination by trans-Acting
Factors

mRNAs harboring premature termination co-
dons are targeted for destruction by NMD,
which is thought to be activated because termi-
nation at such codons is slower and less efficient
than at “normal” stop codons (reviewed in He
and Jacobson 2015). Termination at premature
termination codons is thought to be impaired
both by attenuation of the activity of termina-
tion enhancers and by negative regulator(s).
PABP binds to eRF3 (Hoshino et al. 1999) and
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Figure 4. Release of messenger RNA (mRNA) and deacylated transfer RNA (tRNA) from recycled 40S subunits.
(A) Outline of the release process mediated by initiation factors 1, 1A, 3, and 3j, by ligatin (eIF2D), or bymultiple
copies in T-cell lymphoma-1 (MCT1) and density-regulated protein (DENR). (B) Domain organization of
human ligatin (eIF2D), MCT-1, and DENR. (C) The SUI domain (green) and the MCT-1-like domain (purple)
of ligatin (eIF2D) bound to the 40S subunit (gray) and interacting with P-site tRNA, seen from the foot of the 40S
subunit. (D) A model derived by docking the crystal structure of the SWIB/MDM2-SUI domain of ligatin
(eIF2D) into the cryo-EM map of a ligatin (eIF2D)-bound ribosomal complex containing P-site tRNA and
seen from the A site, showing interactions of the SUI loop b1 with the codon–anticodon duplex (1), loop b2 with
C11 and G12 in the D-loop (2), and the SWIB/MDM2 domain with C66, G67, and G68 of the acceptor stem (3).
(Panels B–D from Weisser et al. 2017; reprinted, with permission, from Elsevier © 2017.)
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promotes termination in humans (Ivanov et al.
2008, 2016). Impaired termination might thus
reflect attenuation of PABP’s stimulatory influ-
ence caused by the greater spacing between the
PABP-bound 30-poly(A) tail and premature vs.
“normal” stop codons. A similar PABP-mediat-
ed position-dependent effect may underlie ter-
mination on mRNAs lacking dedicated termi-
nation codons in which UAA, UAG, and UGA
codons at internal positions are decoded as
sense codons, whereas those near the 30-end of
mRNAs are recognized by eRF1 as stop codons
(Heaphy et al. 2016; Swart et al. 2016).

Various observations suggest that NMD
factors also influence termination, possibly in
an organism-specific manner. UPF1, UPF2, and
UPF3 interact with eRF1 and eRF3 at the A-site
of terminating ribosomes (Kashima et al. 2006),
but whereas deletion of UPF genes in yeast
increased stop codon read-through (e.g., Wang
et al. 2001), small-interferingRNA(siRNA)-me-
diated depletion of UPF1, UPF2, and UPF3B in
human cells had the opposite effect (Ivanov et al.
2008; Jia et al. 2017). ATP hydrolysis by UPF1 is
required for efficient termination at PTCs in
yeast (Serdar et al. 2016), whereas human
UPF1 had no influence on termination in a fully
reconstituted translation termination system
(Neu-Yilik et al. 2017). However, UPF3B, which
binds directly to eRF3 and eRF1, impaired stop
codon recognition and peptide release in this
system, and dissociated post-termination com-
plexes, by as-yet-undetermined mechanisms.

eIF5A promotes elongation, particularly on
polyproline-encoding sequences (Saini et al.
2009). Ribosomal profiling determined that ter-
mination is also significantly impaired in eIF5A-
depleted S. cerevisiae (Pelechano and Alepuz
2017; Schuller et al. 2017). Estimates of eIF5A’s
stimulation of the termination rate range from
2- to 17-fold (Saini et al. 2009; Schuller et al.
2017). eIF5A binds between the ribosomal P
and E sites, and interacts with the CCA-end of
P-site tRNA, potentially stabilizing it in an ori-
entation that favors peptidyl-tRNA hydrolysis
(Melnikov et al. 2016; Schmidt et al. 2016).
Depletion of eIF5A in HeLa cells (Hoque et al.
2017) and a temperature-sensitive mutation in
yeast eIF5A (Schrader et al. 2006) both attenu-

ated NMD, hinting that some termination
complexes may interact with eIF5A in a
manner that targets them for NMD.

ABCE1 has a critical role in post-termina-
tion ribosome recycling, but in S. cerevisiae also
promotes eRF1-mediated peptide release in a
manner that is independent of ATP hydrolysis
by ABCE1 and that is enhanced by but not de-
pendent on eRF3 (Shoemaker and Green 2011).
ABCE1’s activity in recycling depends on prior
dissociation of eRF3 from eRF1, but its en-
hancement of termination is not caused by
stabilization of binding of eRF1 to ribosomes
(Shoemaker and Green 2011). The basis for
this activity remains unknown.

Trans-acting factorsmay also down-regulate
termination by sequestering release factors. The
Moloneymurine leukemia virus (MuLV) reverse
transcriptase (RT) binds to the carboxy-termi-
nal domain of eRF1, outcompeting eRF3 and
thereby promoting stop codon read-through
(Tang et al. 2016). Suppression of the gag
UAG stop codon permits read-through to the
in-frame pol gene and synthesis of replicase pro-
teins (includingRT) as aGag-Pol fusion protein.

Regulation of Termination by cis-Acting
RNA Elements

In MuLV, read-through is also promoted by a
pseudoknot downstream from the gag stop co-
don (Houck-Loomis et al. 2011) by an unknown
mechanism that might involve impairment of
ribosome function or release factor binding. Nu-
merous viruses use read-through, in many
instances promoted by secondary structures
immediately downstream from the stop codon
(Firth et al. 2011; Napthine et al. 2012). Until
a decade ago, read-through was thought to be
exceedingly rare in nonviral mRNAs, but is now
known to be pervasive in many eukaryotes (Jun-
greis et al. 2011, 2016; Dunn et al. 2013; Eswa-
rappa et al. 2014; Loughran et al. 2014). Several
suppressible stop codons are associated with
downstream structural elements, which in the
case of the Drosophila hdc stop codon, is a hair-
pin that can function in heterologous mRNAs
(Steneberg and Samakovlis 2001; Jungreis et al.
2011). However, other mRNAs lack such ele-
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ments, and read-through is instead promoted
by a downstream element that binds hnRNP
A2/B1 (Eswarappa et al. 2014), by a downstream
GUAC motif (Loughran et al. 2014) or by as-
yet-unidentified effectors, in all instances by
unknown mechanisms.

Regulation of Termination by Post-
Translational Modification

Components of the translation apparatus, in-
cluding eRF1, eRF3, and the ribosome, are
post-translationally modified, but the functional
consequences of these modifications remain
largely uncharacterized. Hydroxylation of mam-
malian eRF1 at K63 in the TASNIKS motif en-
hances termination efficiency (Feng et al. 2014),
possibly by establishing an additional hydro-
gen-bonding interaction with mRNA (Brown
etal.2015).OGFOD1catalyzeshydroxylationofa
conserved prolyl residue in rps23 at a site that
projects into the decoding center. This modifica-
tion has varying effects on termination in yeast
and human cells, and at stop codons with differ-
ent contexts (e.g., Keeling et al. 2006; Loenarz
et al. 2014; Singleton et al. 2014). It could poten-
tially regulate read-through on specific mRNAs
in specific circumstances. The Gln of the GGQ
motif of yeast eRF1 is methylated by a methyl-
transferase that consists of the catalytic Mtq2
subunit and the zinc finger protein Trm112
(Graille et al. 2012). It is not known whether
this modification enhances eRF1’s function in
promoting peptide release, as has been reported
in bacteria for RF1 and RF2 (Pierson et al. 2016).

Regulation of Termination by Nascent
Peptides

Translation of a subset of mRNAs is regulated
by the peptide encoded by an upstream ORF
(uORF) in the 50-leader region, causing ribo-
somes to stall at the uORF stop codon. The hu-
man cytomegalovirus uORF2-encoded peptide
impairs translationof the gp48gene (Janzen et al.
2002), and, in fungi, the uORF-encoded arginine
attenuator peptide stalls ribosomes at the uORF
termination codon of the arg-2 gene when argi-
nine levels are high, resulting in feedback inhi-

bition of synthesis of the first enzyme specific for
arginine biosynthesis (Wang and Sachs 1997).
These regulatory nascent peptides bind to the
ribosomal tunnel and perturb the PTC so that
although the eRF1 GGQ-loop is appropriately
positioned, it cannot promote peptide release
(Bhushan et al. 2010; Matheisl et al. 2015). Sys-
tematic analysis of uORFs in Arabidopsis thali-
ana suggests that this mechanism is prevalent in
all eukaryotes (Ebina et al. 2015). Stalling in
A. thaliana is responsive to small molecules
such as boric acid (Tanaka et al. 2016) and
sucrose (Yamashita et al. 2017), allowing for
feedback metabolic control of gene expression.

Therapeutic Enhancement of Stop Codon
Read-Through

Nonsense mutations change sense codons to
premature termination codons, leading to a
loss of function because of the synthesis of
defective truncated proteins and/or decreased
mRNA stability (Keeling et al. 2014). They ac-
count for ∼11% of the mutations that cause in-
herited human diseases (Mort et al. 2008), and
PTC read-through therefore has the potential to
ameliorate numerous genetic disorders. Termi-
nation suppression occurs at ∼10-fold higher
levels at PTCs than at naturally occurring stop
codons and is augmented byaminoglycoside an-
tibiotics, which bind to the ribosomal decoding
center, promoting misincorporation of near-
cognate aminoacyl-tRNAs at premature termi-
nation codons without significantly affecting the
fidelity of elongation (Keeling et al. 2014). The
smallmolecule drug ataluren (PTC124),which is
being developed to ameliorate diseases caused by
nonsensemutations, has similarly been reported
to enhance insertion of near-cognate aminoacyl-
tRNAs (Roy et al. 2016), although doubts about
its efficacyhavebeen raised (McElroyet al. 2013).

REINITIATION OF TRANSLATION
FOLLOWING INTERRUPTED RIBOSOME
RECYCLING

Reinitiation after translation of a uORF, first
reported more than 30 years ago (Kozak 1984,
1987), is now recognized as a key regulatory
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process in post-transcriptional control of eu-
karyotic gene expression. Genome-wide ribo-
somal profiling, bioinformatics, and proteomic
analyses indicate that ∼50% of mammalian
mRNAs contain a uORF, many of which are
translated (Calvo et al. 2009; Ingolia et al.
2011; Plaza et al. 2017). Only 13% of yeast
mRNAs contain uORFs (Lawless et al. 2009).
Reinitiation of translation can occur by different
mechanisms depending on how far the recycling
process has progressed.

Reinitiation of Translation Mediated
by Canonical Initiation Factors

Reinitiation after ABCE1-mediated splitting of
post-TCs occurs in circumstances that prevent
dissociation of mRNA from 40S subunits. Effi-
cient reinitiation usually occurs only after trans-
lation of short ORFs, and the level of reinitiation
drops with uORF length (Luukkonen et al. 1995;
Kozak 2001). The realization that reinitiation
efficiency is determined by the time taken to
translate a uORF rather than by its length led
to the hypothesis that reinitiation depends on
ribosomal retention of a critical factor during
elongation and termination (Kozak 2001).
This factor would dissociate stochastically, and
only those ribosomes that retained it would be
reinitiation-competent. Notably, initiation fac-
tors that bind to the 40S subunit’s interface sur-
face are displaced during subunit joining (Un-
behaun et al. 2004). Analysis of reinitiation on
mRNAs that use different sets of factors for
initiation indicated that reinitiation depends
on the initial involvement of eIF4F, presumably
retained on ribosomes via its interaction with
eIF3 (Pöyry et al. 2004). Consistently, eIF3 binds
primarily on the solvent surface of the 40S sub-
unit (des Georges et al. 2015); cross-linking
showed that eIF3 is retained on ribosomes in
yeast during elongation on uORFs (Mohammad
et al. 2017) and, in the absence of eIF3j, eIF3
impairs release of mRNA from recycled post-
TCs (Pisarev et al. 2007), reflecting its activity
in stabilizing 40S/mRNA association (Kolu-
paeva et al. 2005). In vitro reconstitution exper-
iments (Skabkin et al. 2013) yielded a more
complete overview of the process, showing that

eIF1, eIF1A, eIF2, eIF3, and Met-tRNAi
Met must

be present for reinitiation to occur; eIF2•GTP/
Met-tRNAi

Met can be reacquired during scan-
ning (Hinnebusch 2005). eIF4F imposes 50-30

directionality on scanning, but in its absence
40S subunits move bidirectionally on unstruc-
tured regions of mRNA and initiate upstream or
downstream from the stop codon.

Reinitiation of Translation Mediated by
Reinitiation Factors

In addition to their involvement in recycling,
ligatin (eIF2D) and MCT1/DENR promote re-
initiation downstream from uORFs in in vitro
reconstituted reactions (Skabkin et al. 2013) in
Drosophila and in human cells (Schleich et al.
2014, 2017). These in vivo reports indicated an
extreme dependence on uORF length, with re-
initiation mediated by MCT1/DENR occurring
in human cells only after translation of uORFs
containing one or two sense codons. However,
in vitro, ligatin (eIF2D) promoted reinitiation
after translation of longer ORFs (Skabkin et al.
2013; Zinoviev et al. 2015) and in NIH3T3 cells,
several mRNAs containing significantly longer
uORFs are translated in a DENR-dependent
manner (Janich et al. 2015). They encode pro-
teins involved in establishing circadian rhythms
and, consistently, silencing of DENR led to
shortened circadian periods (Janich et al. 2015).

Structural studies indicated that rather than
delivering Met-tRNAi

Met to 40S subunits, ligatin
(eIF2D) and MCT1/DENR engage in multiple
interactions with P-site tRNA that could anchor
it on the 40S subunit (Fig. 4D), showing that the
functionally important phosphorylation of
MCT1 (Schleich et al. 2014) may modulate
positioning of the Met-tRNAi

Met acceptor stem,
and suggesting that these factors could sterically
prevent binding ofmultiple canonical eIFs to the
40S subunit interface surface (Lomakin et al.
2017; Vaidya et al. 2017; Weisser et al. 2017).
Many aspects of the mechanism of reinitiation
promoted by these noncanonical factors remain
to be established, including what determines
whether they act to promote recycling or reini-
tiation, to what degree their functions are com-
patible with scanning, whether they can pro-
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mote reinitiation with or discriminate against
specific elongator tRNAs, whether and how
they may function in conjunction with other
factors such as eIF3, and how ligatin (eIF2D)/
MCT-1 dissociate from the aminoacylated
-CCA end ofMet-tRNAi

Met before its accommo-
dation into the P site of the 60S subunit.

Mobility of Post-Termination 80S Ribosomes
and Reinitiation of Translation

Post-termination ribosomes are usually weakly
anchored to mRNA, and if they are not split by
ABCE1 in in vitro reconstituted mammalian
translation reactions (Skabkin et al. 2013; Zino-
viev et al. 2015), in yeast cells in which it has
been depleted (Young et al. 2015) or in primary
human platelets and reticulocytes in which
ABCE1 has been degraded during terminal dif-
ferentiation (Mills et al. 2016), can migrate by
sliding upstream and downstream from the
stop codon. They then stop at triplets that are
cognate to the P-site deacylated tRNA and re-
initiate translation. In a model (Skabkin et al.
2013) that accounts for these phenomena, dis-
sociation of eRF1 from post-TCs allows P-site
tRNA to adopt the P/E hybrid state, disrupting
P-site codon–anticodon base pairing, which en-
ables the ribosomes to migrate bidirectionally
by sliding in a manner that may be biased by
local mRNA structure. Binding of cognate
eIF1A•GTP/aa-tRNA to the A-site sense codon
is thought to be followed by pseudo-transloca-
tion, leading to resumption of translation and
accounting for reinitiation occurring in vivo
without codon preference. This mechanism is
not known to be used for the synthesis of func-
tional gene products, likely because of the semi-
random nature of start codon selection, but it
may account for the translation of rare peptides
from 30UTRORFs lacking AUG codons that are
presented to major histocompatibility complex
(MHC) class I molecules for immune surveil-
lance (Schwab et al. 2003).

There are circumstances in which post-TCs
become tethered to mRNA in a manner that
promotes reinitiation near the stop codon. For
example, the bicistronic subgenomic mRNAs of
caliciviruses encode major and minor capsid

proteins, and translation of ORF2 occurs by
reinitiation. Although reinitiation generally
does not occur after long ORFs, likely caused
by dissociation of factors (eIF3, eIF4F) that
bind to the ribosome’s solvent surface, calicivi-
rus mRNAs can support this process because
they contain an essential 40- to 80-nt-long
structured “termination upstream ribosome-
binding site” (TURBS) upstream of the restart
AUG. The TURBS binds to eIF3 and base pairs
with the apical loop of h26 of 18S rRNA, likely
to trap 80S post-termination ribosomes, and
this leads to reinitiation being favored over ri-
bosomal dissociation (Pöyry et al. 2007; Lutter-
mann and Meyers 2009; Zinoviev et al. 2015).
The TURBS also supports reinitiation by eIFs
or ligatin (eIF2D) with 40S subunits generated
by ABCE1-mediated splitting of post-TCs; by
arresting the ribosome, it also promotes initia-
tion at near-cognate and even at noncognate
codons, in the latter case, either by post-termi-
nation 80S ribosomes or by 40S subunits and
ligatin (eIF2D) (Zinoviev et al. 2015).

In conclusion, recycling can be interrupted
at distinct steps to allow post-termination ribo-
somes to reinitiate translation by diverse mech-
anisms. This allows access of ribosomes to the
principal ORF in an mRNA to be regulated, but
also enables the coding capacity of viral mRNAs
to be maximized and, as suggested previously
(Skabkin et al. 2013), could lead to the transla-
tion of sequences that could ultimately evolve
into novel genes by permitting ribosomal access
to 30UTR sequences or to alternative ORFs over-
lapping the stop codon (Carvunis et al. 2012).
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