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This work summarizes our current understanding of the elongation and termination/recy-
cling phases of eukaryotic protein synthesis. We focus here on recent advances in the field. In
addition to an overview of translation elongation, we discuss unique aspects of eukaryotic
translation elongation including eEF1 recycling, eEF2 modification, and eEF3 and eIF5A
function. Likewise, we highlight the function of the eukaryotic release factors eRF1 and
eRF3 in translation termination, and the functions of ABCE1/Rli1, the Dom34:Hbs1
complex, and Ligatin (eIF2D) in ribosome recycling. Finally, we present some of the key
questions in translation elongation, termination, and recycling that remain to be answered.

The mechanism of translation elongation is
well conserved between eukaryotes and bac-

teria (Rodnina and Wintermeyer 2009), and, in
general, studies on the mechanism of transla-
tion elongation have focused on bacterial systems.
Following translation initiation, an 80S ribo-
some is poised on a messenger RNA (mRNA)
with the anticodon of Met-tRNAi in the P site
base-paired with the start codon. The second
codon of the open reading frame (ORF) is pre-
sent in the A (acceptor) site of the ribosome
awaiting binding of the cognate aminoacyl-
tRNA. The eukaryotic elongation factor eEF1A,
the ortholog of bacterial EF-Tu, binds amino-
acyl-tRNA in a GTP-dependent manner and
then directs the tRNA to the A site of the ribo-
some (Fig. 1). Codon recognition by the tRNA

triggers GTP hydrolysis by eEF1A, releasing
the factor and enabling the aminoacyl-tRNA to
be accommodated into the A site. Recent high-
resolution structures of the bacterial ribosome
bound to EF-Tu and aminoacyl-tRNA revealed
distortion of the anticodon stem and at the
junction between the acceptor and D stems that
enables the aminoacyl-tRNA to interact with
both the decoding site on the small subunit and
with EF-Tu. It is thought that the energetic pen-
alty for this distortion is paid for by the perfect
codon–anticodon match and the attendant sta-
bilizing interactions that occur between the A
site and cognate tRNA to promote high-fidelity
decoding (Schmeing et al. 2009, 2011). These
interactions might exceed those involving 16S
rRNA bases A1492, A1493, and G530 with the
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minor groove of the codon–anticodon helix
(Ogle et al. 2001) to include residues in riboso-
mal proteins and other regions of the tRNA (Jen-
ner et al. 2010). The recent structures of the ri-
bosome bound to EF-Tu and aminoacyl-tRNA
also revealed that theconserved nucleotide A2662
(Thermus thermophilus numbering) in the sar-
cin–ricin loop of 23S rRNA in the large subunit
interacts with the conserved catalytic His residue
in the G domain enabling the His residue to

coordinate and position the water molecule re-
quired for GTP hydrolysis (Voorhees et al. 2010).
It is expected that these mechanisms of initial
aminoacyl-tRNA binding, codon recognition,
and GTPase activation will be shared between
bacteria and eukaryotes.

Following accommodation of the amino-
acyl-tRNA into the A site, peptide bond for-
mation with the P-site peptidyl-tRNA occurs
rapidly. The peptidyl transferase center (PTC),
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Figure 1. Model of the eukaryotic translation elongation pathway. In this model the large ribosomal subunit is
drawn transparent to visualize tRNAs, factors, and mRNA binding to the decoding center at the interface
between the large and small subunits and tRNAs interacting with the peptidyl transferase center in the large
subunit. Starting at the top, an eEF1A.GTP.aminoacyl-tRNA ternary complex binds the aminoacyl-tRNA to the
80S ribosome with the anticodon loop of the tRNA in contact with the mRNA in the A site of the small subunit.
Following release of eEF1A.GDP, the aminoacyl-tRNA is accommodated into the A site, and the eEF1A.GDP is
recycled to eEF1A.GTP by the exchange factor eEF1B. Peptide bond formation is accompanied by transition of
the A- and P-site tRNAs into hybrid states with the acceptors ends of the tRNAs moving to the P and E sites,
respectively. Binding of eEF2.GTP promotes translocation of the tRNAs into the canonical P and E sites, and is
followed by release of eEF2.GDP, which unlike eEF1A does not require an exchange factor. The ribosome is now
ready for the next cycle of elongation with release of the deacylated tRNA from the E site and binding of the
appropriate eEF1A.GTP.aminoacyl-tRNA to the A site. Throughout, GTP is depicted as a green ball and GDP as
a red ball; also, the positions of the mRNA, tRNAs, and factors are drawn for clarity and are not meant to specify
their exact places on the ribosome.
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consisting primarily of conserved ribosomal
RNA (rRNA) elements on the large ribosomal
subunit, positions the substrates for catalysis.
Recent crystal structures of the Saccharomyces
cerevisiae 80S ribosome and the T. thermophila
60S subunit revealed that the rRNA structure of
the PTC is nearly superimposable between the
eukaryotic and bacterial ribosomes (Ben-Shem
et al. 2010, 2011; Klinge et al. 2011), supporting
the idea that the mechanism of peptide bond
formation, the heart of protein synthesis, is uni-
versally conserved.

Following peptide bond formation, ratchet-
ing of the ribosomal subunits triggers move-
ment of the tRNAs into so-called hybrid P/E
and A/P states with the acceptor ends of the
tRNAs in the E and P-sites and the anticodon
loops remaining in the P and A sites, respective-
ly. Translocation of the tRNAs to the canonical E
and P sites requires the elongation factor eEF2 in
eukaryotes, which is the ortholog of bacterial
EF-G. Binding of the GTPase eEF2 or EF-G in
complex with GTP is thought to stabilize the
hybrid state and promote rapid hydrolysis of
GTP. Conformational changes in eEF2/EF-G
accompanying GTP hydrolysis and Pi release
are thought to alternatively unlock the ribo-
some allowing tRNA and mRNA movement
and then lock the subunits in the posttranslo-
cation state. Pi release is also coupled to release
of the factor from the ribosome. A structure of
EF-G bound to a posttranslocation bacterial ri-
bosome revealed the interaction of EF-G do-
main IV with the mRNA, P-site tRNA, and de-
coding center on the small ribosomal subunit
(Gao et al. 2009), consistent with the notion
that EF-G and eEF2 function, at least in part,
to prevent backward movement of the tRNAs in
the unlocked state of the ribosome.

In the posttranslocation state of the ribo-
some, a deacylated tRNA occupies the E site
and the peptidyl-tRNA is in the P site. The A
site is vacant and available for binding of the
next aminoacyl-tRNA in complex with eEF1A.
Although it has been proposed that E-site tRNA
release is coupled to binding of aminoacyl-
tRNA in the A site (Nierhaus 1990), recent sin-
gle molecule and ensemble kinetic analyses
indicate that release of the E-site tRNA is not

strictly coupled to binding of aminoacyl-tRNA
in the A site (Semenkov et al. 1996; Uemura
et al. 2010; Chen et al. 2011).

Although these basic mechanisms of trans-
lation elongation and peptide bond formation
are conserved between bacteria and eukaryotes,
several features of translation elongation are
unique in eukaryotes. Moreover, recent studies
have characterized additional factors that may
function in translation elongation.

eEF1 RECYCLING

Following GTP hydrolysis both EF-Tu and
eEF1A are released from the ribosome in com-
plex with GDP. The spontaneous rate of GDP
dissociation from these factors is slow, and a
guanine nucleotide exchange factor is required
to recycle the inactive GDP-bound factor to its
active GTP-bound state. In the case of EF-Tu, the
single polypeptide factor EF-Ts promotes nucle-
otide exchange. In contrast, the eukaryotic factor
eEF1B, composed of two to four subunits, cata-
lyzes guanine nucleotide exchange on eEF1A.
Interestingly, despite the strong homology be-
tween eEF1A and EF-Tu, the catalytic eEF1Ba
subunit does not resemble EF-Ts and the two
proteins promote guanine nucleotide exchange
by distinct mechanisms (Rodnina and Winter-
meyer 2009). Whereas EF-Ts binds to the EF-
Tu G domain and indirectly destabilizes Mg2þ

binding leading to GDP release, eEF1Ba inserts
an essential Lys residue into the Mg2þ and g-
phosphate binding site to directly destabilize
Mg2þ binding. It is unclear why eukaryotes use
a more elaborate exchange factor, although it
might provide a means to regulate translation
elongation (Sivan et al. 2011).

eEF2 MODIFICATION

As noted above, eEF2 and EF-G promote trans-
location by binding to the ribosome and insert-
ing domain IV of the factor into the decoding
center of the small subunit. Interestingly, a con-
served His residue (His699 in yeast eEF2) at the
tip of domain IV of eEF2 is posttranslationally
modified to diphthamide. The diphthamide
modification is formed in two steps and requires
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the action of five proteins, DPH1-5. Despite
the universal conservation of the diphthamide
modification in eukaryotes and archaea, diph-
thamide is nonessential for cell viability. The
DPH1-5 genes can be deleted in yeast, and de-
rivatives of CHO cells that fail to make diph-
thamide grow normally (Liu et al. 2004). How-
ever, knockout mice lacking DPH1(Ovca1),
DPH3, or DPH4 were either embryonic lethal
or showed severe developmental defects (Chen
and Behringer 2004; Liu et al. 2006; Webb et al.
2008), perhaps suggesting a critical role for
diphthamide at a specific time during devel-
opment. Currently, the only known function
of diphthamide is to serve as a site of ADP-ri-
bosylation by diphtheria toxin and related tox-
ins. Modification of eEF2 inactivates the factor
and blocks translation. As it seems improbable
that cells would retain diphthamide solely to
enable pathogen inhibition of protein synthesis,
it is presumed that the diphthamide modifica-
tion somehow enhances eEF2 function. Consis-
tent with this idea, amino acid substitutions
at His699 in yeast eEF2 have been reported to
block or impair yeast cell growth (Kimata and
Kohno 1994). Moreover, a yeast strain express-
ing the eEF2-H699N mutant displayed reduced
translation and increased sensitivity to transla-
tional inhibitors; but, as expected, the mutant
was resistant to diphtheria toxin (Ortiz et al.
2006). Interestingly, both the eEF2-H699N mu-
tant and a dph5 mutant that fails to make diph-
thamide displayed enhanced 21 ribosomal
frameshifting in vivo (Ortiz et al. 2006). This
latter finding indicates a positive role for diph-
thamide in translation; however, additional
studies are needed to define the function of
this modification. Given its location at the tip
of eEF2 domain IV, it is appealing to speculate
that diphthamide may contact the mRNA,
tRNA, or rRNA in the decoding center of the
ribosome to promote or enhance the fidelity of
translocation.

In addition to the constitutive modification
of eEF2 by diphthamide, the factor is also phos-
phorylated in mammalian cells by a novel Ca2þ-
activated protein kinase eEF2K. Phosphoryla-
tion of eEF2 is thought to block translation by
impairing factor binding to the ribosome (Carl-

berg et al. 1990). Interestingly, despite its appar-
ent role in blocking total protein synthesis, eEF2
phosphorylation in neurons has been linked
to enhanced localized translation of activity-
regulated cytoskeleton-associated protein Arc/
Arg3.1, an immediate early gene induced by sen-
sory inputs and learning that functions in post-
synaptic endocytosis (Park et al. 2008; Waung
et al. 2008). Although mRNA specificity in this
regulation might reflect localized phosphoryla-
tion of eEF2 in the cell, this result bears resem-
blance to previous reports of enhanced transla-
tion of a subset of mRNAs in cells treated with
the translation inhibitor cycloheximide (Walden
and Thach 1986). In this latter case it was pro-
posed that inhibition of general translation en-
hances the translation of the normally uncom-
petitive mRNAs by freeing up a limiting factor
required for their translation. Accordingly, it will
be interesting to further examine the factor re-
quirements for Arc/Arg3.1 mRNA translation.
Moreover, the recently described ribosomal pro-
filing technique (Ingolia et al. 2009) may provide
a further test to this model and identify addi-
tional mRNAs whose translation is enhanced
under conditions where global translation elon-
gation is inhibited.

FUNGAL SPECIFIC FACTOR eEF3

In addition to the canonical eEF1 and eEF2,
translation elongation in all yeast and higher
fungi that have been examined requires an ad-
ditional factor eEF3. eEF3 is an ATPase and con-
tains two ATP-binding cassettes (ABCs). Thus,
whereas yeast eEF1 and eEF2 can functionally
replace their mammalian counterparts to pro-
mote translation with mammalian ribosomes in
vitro, mammalian eEF1 and eEF2 must be sup-
plemented with eEF3 to promote protein syn-
thesis with yeast ribosomes (Skogerson and En-
gelhardt 1977). Consistent with this ribosome
specificity for eEF3, the factor binds to ribo-
somes and a cryo-EM structure of eEF3 bound
to posttranslocation yeast 80S ribosomes has
been reported (Andersen et al. 2006). Ribosome
binding by eEF3 was enhanced in the presence
of the nonhydrolyzable ATP analog ADPNP,
consistent with the idea that ATP hydrolysis is
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required for eEF3 dissociation from the ribo-
some.

In contrast to eEF1A and eEF2, which bind
to the ribosomal A site, eEF3 spans across the
top of the two subunits contacting the central
protuberance of the 60S subunit and the head of
the 40S subunit (Andersen et al. 2006). More-
over, a chromodomain inserted within the sec-
ond ABC domain of eEF3 was found to bind
near the ribosomal E site. It has been proposed
that eEF3 may facilitate release of deacylated
tRNA from the E site following translocation
(Triana-Alonso et al. 1995; Andersen et al. 2006).
Both genetic and physical interactions have been
reported between eEF1A and eEF3 (Anand et al.
2003, 2006); however, further study is needed to
determine whether this interaction is associated
with the proposed coupling between the ribo-
somal A and E sites.

It is unclear why translation with yeast ribo-
somes requires eEF3 but translation with other
eukaryotic or bacterial ribosomes does not. No
close eEF3 homologs can be found in the ge-
nome sequences of other organisms, so it is un-
likely that an eEF3-like protein has been over-
looked in studies of bacterial or mammalian
translation. Although there have been reports
of ribosome-associated ATPase activities in var-
ious eukaryotic and bacterial systems, it is not
clear whether these activities are associated with
protein synthesis, and the lack of eEF3-like pro-
teins in other organisms suggests that these re-
ported activities are not related to eEF3 func-
tion. Comparison of the crystal structures of the
yeast 80S ribosome with the structures of bacte-
rial ribosomes does not reveal a unique feature
that would indicate the need for an additional
elongation factor. It is noteworthy that the yeast
80S ribosome structure contains an additional
nonribosomal protein Stm1p. The Stm1p was
bound to the head of the 40S subunit and then
snaked through the mRNA entry tunnel of the
ribosome (Ben-Shem et al. 2011). Interestingly,
Stm1p appears to inhibit the function of 80S
ribosomes (Balagopal and Parker 2011) and to
oppose eEF3 function (Van Dyke et al. 2009). In
yeast lacking Stm1p, eEF3 binding to ribosomes
is enhanced; and overexpression of eEF3 im-
pairs the growth of the cells lacking Stm1p

(Van Dyke et al. 2009). Further genetic, bio-
chemical, and structural studies are needed to
determine the function of eEF3 in translation
elongation and to resolve its unique require-
ment in fungi.

eIF5A/EF-P

Recent studies have revealed an additional fac-
tor requirement for translation elongation. The
factor eIF5A was originally characterized for
its ability to stimulate the transfer of methio-
nine from Met-tRNAi in the 80S initiation com-
plex to the aminoacyl-tRNA analog puromycin
(Kemper et al. 1976). Because this methionyl-
puromycin synthesis assay monitors formation
of the first peptide bond, the factor that stimu-
lated the assay was denoted as an initiation fac-
tor. Interestingly, the structurally related bacte-
rial protein EF-P was likewise identified by its
ability to stimulate the synthesis of methionyl-
puromycin using a reconstituted in vitro trans-
lation system from E. coli (Glick and Ganoza
1975). Further examination of the function of
eIF5A in globin mRNA translation revealed that
eIF5A lowered the Mg2þ optimum for protein
synthesis in assays lacking spermidine; however,
this stimulatory effect of eIF5A was not seen
in assays containing spermidine where the op-
timum Mg2þ concentration was already low
(Schreier et al. 1977).

This impact of spermidine on detection of
eIF5A activity is noteworthy given the unique
posttranslational modification of eIF5A. In all
eukaryotes and archaea, a conserved Lys residue
in eIF5A is posttranslationally modified in two
steps to hypusine (Park et al. 2010). In the first
step,anN-butylaminemoiety istransferredfrom
spermidine to the 1-amino group of the Lys side
chain to form deoxyhypusine. A subsequent hy-
droxylation reaction completes the modifica-
tion. Unmodified eIF5A fails to stimulate the
formation of methionyl-puromycin (Park et al.
1991); consistent with this, the deoxyhypusine
synthase gene that catalyzes the biosynthesis of
the hypusine is essential in yeast. The Lys residue
in eIF5A that is modified to hypusine is located
in a loop at the top of domain I of the protein
(Kim et al. 1998), and the corresponding residue
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in EF-P is either an Arg or Lys (Bailly and de
Crecy-Lagard 2010; Navarre et al. 2010; Yanagi-
sawa et al. 2010). Interestingly, in at least some
bacteria expressing the Lys variant of EF-P, this
residue is modified by the addition of a b-lysine
(Bailly and de Crecy-Lagard 2010; Navarre et al.
2010; Yanagisawa et al. 2010), which resembles
the hypusine side chain. Although this posttrans-
lational modification is required for EF-P stim-
ulation of methionyl-puromycin synthesis by
bacterial ribosomes (Park et al. 2012), further
studies are needed to define the mechanistic
role of the EF-P modification.

In attempts to resolve the function of eIF5A
in yeast, various labs have depleted or inactivat-
ed the factor and examined the impact on gen-
eral protein synthesis using polysome analyses.
Depletion of eIF5A using transcriptional shut-
off or degron approaches has indicated defects
either intranslation initiationorelongation,per-
haps reflecting differences in assay conditions
or in the efficiency of eIF5A depletion (Zanelli
et al. 2006; Gregio et al. 2009; Saini et al. 2009;
Henderson and Hershey 2011). Inactivation of
an eIF5A temperature-sensitive mutant resulted
in polysome retention in the absence of the elon-
gation inhibitor cycloheximide (Saini et al. 2009),
indicative of a role for eIF5A throughout trans-
lation elongation. As eIF5A has been suggested
to stimulate the translation of only a subset of
mRNAs in the cell (Kang and Hershey 1994), it
will be valuable to examine the impact of eIF5A
inactivation on genome-wide translation using
ribosomal profiling (Ingolia et al. 2009).

Further supporting a role for eIF5A in gen-
eral translation elongation, inactivation of eIF5A
in yeast caused increased ribosomal transit times
(Gregio et al. 2009; Saini et al. 2009), and genet-
ic analyses revealed functional interactions be-
tween eIF5A and eEF2 (Saini et al. 2009; Dias
et al. 2012). Although eEF2 was found to cose-
diment with eIF5A in pull-down assays (Jao and
Chen 2006; Zanelli et al. 2006), this interaction
appears to be bridged by ribosomes and so fur-
ther experiments will be needed to determine
whether eEF2 and eIF5A can simultaneously
bind to the same 80S complex.

Finally, using a reconstituted in vitro trans-
lation initiation and elongation system from

yeast, addition of eIF5A was found to stimulate
the rate of methionyl-puromycin synthesis and
tripeptide synthesis by twofold (Saini et al.
2009). Interestingly, addition of eIF5A also
stimulated the rate of peptide release in assays
containing release factors eRF1 and eRF3 (Saini
et al. 2009). In all of these assays eIF5A activity
was fully dependent on its hypusine modifica-
tion. These studies suggest that eIF5A stimu-
lates the reactivity of peptidyl-tRNA in the ri-
bosomal P site with either aminoacyl-tRNA or
protein ligands that enter the A site. Consistent-
ly, a crystal structure of the bacterial 70S ribo-
some revealed EF-P binding in a site adjacent to
the P-site bound Met-tRNAi (Blaha et al. 2009).
Taken together, the unique spermidine-derived
posttranslational modification of eIF5A, the im-
pact of eIF5A and spermidine on the optimal
Mg2þ concentration for peptide bond synthesis,
and the binding site of EF-P adjacent to the P-
site tRNA suggest that eIF5A/EF-P serves as an
efficient polyamine delivery system to promote
reactivity of the P-site tRNA. To further define
the function of eIF5A in translation, it will be
necessary to accurately map the binding site of
eIF5A on the 80S ribosome and to determine
the timing of E-site tRNA release and eIF5A
binding during the translation elongation cycle.
In addition, more in-depth kinetic studies to
determine the steps in elongation, termination,
and/or initiation affected by the factor would be
valuable in elucidating its mechanism of action.

EUKARYOTIC TRANSLATION
TERMINATION

Translation termination takes place when the
end of the coding sequence is reached by the
ribosome and a stop codon (UAA, UGA, or
UAG) enters the A site. Termination in eukary-
otes is catalyzed by two protein factors, eRF1
and eRF3, that appear to collaborate in the pro-
cess (Stansfield et al. 1995; Zhouravleva et al.
1995; Alkalaeva et al. 2006). The class I factor,
eRF1, is responsible for high-fidelity stop codon
recognition and peptidyl-tRNA hydrolysis. The
class II factor, eRF3, is a translational GTPase
that is more closely related to EF-Tu than to
EF-G (Atkinson et al. 2008). Although bacteria
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also possess both class I (RF1 and RF2) and class
II (RF3) release factors with similar nomencla-
ture, there are striking structural and mechanis-
tic differences between the classes in eukaryotes
and bacteria. Most importantly, the class I re-
lease factors are wholly different proteins with
no apparent evolutionary relationship. These
factors appear to have evolved after the diver-
gence of the bacterial and eukaryotic lineages
and are different evolutionary solutions to the
problem of termination (and as we shall see,
recycling).

Like RF1 and RF2, eRF1 is, broadly speak-
ing, a tRNA-shaped protein factor composed of
three domains (Song et al. 2000). The amino-
terminal domain is responsible for codon rec-
ognition and contains a distal loop with a highly
conserved NIKS motif that has been proposed
to decode stop codons through codon:antico-
don-like interactions. Chemical crosslinking
experiments suggest that this loop is indeed in
close proximity to the stop codon nucleotides
(Chavatte et al. 2002). Other regions of eRF1
also appear to contribute to stop codon recog-
nition including the YxCxxxF motif (Kolosov
et al. 2005; Fan-Minogue et al. 2008; Bulygin
et al. 2010). Overall, the findings in eukaryotes
suggest that stop codon recognition is more
complex than in the bacterial system.

The middle (M) domain of eRF1 is func-
tionally analogous to the tRNA acceptor stem
and as such extends into the PTC to promote
peptide release (Song et al. 2000). Like bacterial
RF1 and RF2, this domain contains a univer-
sally conserved Gly-Gly-Gln (GGQ) motif that
appears to be essential in promoting the chem-
istry of peptide hydrolysis as detailed in the
bacterial system (Frolova et al. 1999; Laurberg
et al. 2008; Weixlbaumer et al. 2008). It is par-
ticularly interesting to note that these tripeptide
motifs are an example of convergent evolution
in the otherwise unrelated class I release factors.
GGQ is clearly a successful chemical solution
for catalyzing peptidyl-tRNA hydrolysis in the
highly conserved, RNA-rich PTC of the ribo-
some.

The carboxyl terminus of eRF1 is involved
in facilitating interactions with the class II re-
lease factor eRF3 (Merkulova et al. 1999; Kono-

nenko et al. 2008; Cheng et al. 2009). eRF3 itself
has a variable amino terminus (Ter-Avanesyan
et al. 1993) and a more conserved carboxyl ter-
minus that is directly involved in interactions
with the M and C domains of eRF1. Although
eRF3 is an essential gene, the carboxy-terminal
fragment is sufficient in yeast to complement the
deletion of eRF3 (Ter-Avanesyan et al. 1993; Ko-
nonenko et al. 2008; Cheng et al. 2009). The
nonessential amino terminus has been implicat-
ed in binding interactions with PABP and Upf1
and in the prion properties of the factor [PSIþ]
(Paushkin et al. 1996; Hoshino et al. 1999; Cos-
son et al. 2002; Ivanov et al. 2008).

In vitro, eRF3 both accelerates peptide re-
lease and increases termination efficiency at
stop codons in a manner that depends on GTP
hydrolysis (Alkalaeva et al. 2006; Eyler and
Green 2011). Dissociation of GTP from eRF3
is slowed by eRF1 binding off the ribosome
and, as such, eRF1 has been proposed to play
the role of a GTP dissociation inhibitor (TDI,
for GTP dissociation inhibitor) (Pisareva et al.
2006). The ternary complex, eRF1:eRF3:GTP,
next engages the ribosome, triggering GTP hy-
drolysis (Frolova et al. 1996) ultimately leading
to the deposition of the M domain of eRF1 in the
PTC. In this scenario, eRF3 is playing a role sim-
ilar to that of EF-Tu (to which it is closely relat-
ed) in controlling delivery of a tRNA-like mole-
cule into the PTC. During the delivery process,
the presence of a stop codon in the A site can be
evaluated by eRF1 to achieve the reported high
levels of discrimination (Salas-Marco and Bed-
well 2005). These roles for eRF1/eRF3 are incor-
porated into a model in Figure 2. Interestingly,
there is no eRF3 homolog in archaea, where in-
stead aEF1a (the elongation factor equivalent to
EF-Tu in bacteria and eEF1a in eukaryotes) is
thought to take its role in the termination reac-
tion mechanism (Saito et al. 2010). Finally, as
previously alluded to, bacteria have no eRF3 ho-
molog, but instead have a different class 2 release
factor, RF3; this factor is more closely related to
EF-G than to EF-Tu and does not appear to play
an equivalent role to eRF3 in promoting the
release reaction (Freistroffer et al. 1997; Zaher
and Green 2011) or as discussed next, in the
downstream events of recycling.
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EUKARYOTIC TRANSLATION RECYCLING
(AND SOME CONNECTIONS TO
REINITIATION)

Recycling is the process that takes place once the
completed polypeptide chain has been released.
At this stage, the 80S ribosome still is bound to
the mRNA, the now deacylated tRNA, and likely
the class I release factor eRF1. X-ray structures
from the bacterial system indicate that both pre-
and posttermination complexes are found in a
preratcheted (or classical) configuration (Ko-
rostelev et al. 2008; Laurberg et al. 2008; Weixl-
baumer et al. 2008; Jin et al. 2010) and so this
seems likely also to be the case in the eukaryotic
system. At this stage theribosomalsubunitsmust
be dissociated and the mRNA and deacylated
tRNA released to regenerate the necessary com-
ponents for subsequent rounds of translation. In
this section we describe recent studies that have
greatly increased our understanding of these
events in eukaryotes.

It is worth noting that in some cases full
dissociation of the ribosomal complex will oc-
cur following termination, whereas in other
cases partial dissolution of the complex will al-
low for a class of events that is loosely termed
“reinitiation.” Historically, reinitiation is a term
used to describe a process wherein ribosomes

translate two or more ORFs in a transcript with-
out undergoing complete recycling between
these events (Kozak 1984). Incomplete recycling
could potentially also take place at the termina-
tion codon of an mRNA containing a single
ORF, allowing scanning along the 30 untranslat-
ed region (UTR) and facilitating transfer of the
40S subunit to the 50 UTR and a subsequent
round of translation of the same ORF. What
seems to be most firmly established is that PABP,
eIF4G, and eIF4E interact with one another spe-
cifically (Tarun and Sachs 1996), thus potenti-
ally bringing into close proximity the 50 and 30

ends of an mRNA. As outlined by Hinnebusch
and Lorsch (2012), however, the mechanistic
implications of these interactions are not yet ful-
ly understood. Such binding interactions could
serve mostly to protect the mRNA from degra-
dation or could additionally be important in
promoting translation, decay, or other processes
(Bernstein et al. 1989; Sachs and Davis 1989;
Jacobson 1996). Although the field has long
discussed the potentiating role of these inter-
actions in promoting translation, more recent
studies(alsodiscussedbyHinnebuschandLorsch
2012) have provided evidence that closed-loop
mRNA formation via the PABP-eIF4G interac-
tion is nonessential in vivo (Tarun et al. 1997),
and may serve a redundant function in recruiting

eRF3 ABCE1/Rli1

EPA
Release factor

binding

EPA

eRF3

GTP hydrolysis ABCE1/Rli1 binding

Peptide release ATP hydrolysis/
Subunit dissociation

eRF3

EPA

EPA EPA
ABCE1/Rli1

ABCE1/Rli1

eRF1

GTP
GDP

Ligatin

eIF3j
ABCE1/Rli1

Figure 2. Model of the eukaryotic translation termination and recycling pathways. In this model the large
ribosomal subunit is drawn as transparent to visualize tRNAs, factors, and mRNA binding to the decoding
center at the interface between the large and small subunit. Throughout, GTP is depicted as a green ball and GDP
as a red ball; also, the positions of the mRNA, tRNAs, and factors are drawn for clarity and are not meant to
specify their exact places on the ribosome. On recognition of a stop codon, the eRF1:eRF3:GTP ternary complex
binds to the A site of the ribosome in a preaccommodated state, GTP hydrolysis occurs, and eRF3 is released.
ABCE1/Rli1 binds and facilitates the accommodation of eRF1 into an optimally active configuration.
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eIF4F to mRNA during initiation (Park et al.
2011). It will be important moving forward to
determine the particular biochemical benefits
that are specified by communication between
the 50 and 30 ends of an mRNA.

THE ELUSIVE RECYCLING FACTOR
IN EUKARYOTES

Recycling is reasonably well defined in bacterial
systems and involves a specialized factor, ribo-
some recycling factor (RRF), that interacts with
the posttermination ribosome complex follow-
ing the stimulated dissociation of the class I
release factor (RF1 or RF2) by RF3. RRF in-
teracts with a ratcheted state of the ribosome
(with a deacylated tRNA bound in the P/E state)
and destabilizes intersubunit bridging interac-
tions (Gao et al. 2005; Dunkle et al. 2011). EF-
G:GTP promotes subunit dissociation and IF3
binds to the resulting small ribosomal subunit
to stabilize the dissociation event and promote
release of the deacylated tRNA and the mRNA
(Hirokawa et al. 2005; Peske et al. 2005; Zavialov
et al. 2005). At this stage, the dissociated ribo-
somal subunits are ready for the next round of
initiation.

In eukaryotes, there is no homolog of RRF,
and, as discussed above, the termination factors
are both structurally and mechanistically dis-
tinct from their equivalents in bacteria. Unlike
in bacteria, eRF3 does not appear to promote
the departure of the class I release factor eRF1
(a known biochemical role for RF3 [Freistroffer
et al. 1997], and indeed, current evidence sug-
gests that eRF1 remains associated with the
ribosomal complex following termination (Pi-
sarev et al. 2007). This posttermination complex
containing bound eRF1 and a deacylated tRNA,
potentially in an unratcheted state, is what must
be targeted by the recycling machinery in eu-
karyotes. Although initial reports argued that
eIF3 might play an active role in recycling in
higher eukaryotes (Pisarev et al. 2007), the
steady-state nature of these studies left open
the possibility that eIF3 merely functioned to
stabilize dissociated subunits by directly binding
to the subunit interface. Such aview is consistent
with a similar role for IF3 in bacteria and with the

fact that eIF3 does not possess any intrinsic ca-
pacity for coupling energy to the process of sub-
unit dissociation. Subsequent studies by sever-
al groups identified the multifunctional ABC-
family protein ABCE1 found in eukaryotes and
archaea as a likely candidate for promoting ri-
bosomal recycling (Pisarev et al. 2010; Barthelme
et al. 2011). This cytosolic ATPase is highly
conserved throughout the eukaryotic kingdom
(Kerr 2004; Dean and Annilo 2005) and is essen-
tial in all organisms tested (Dong et al. 2004;
Zhao et al. 2004; Andersen and Leevers 2007).

HOW DOES RECYCLING
ACTUALLY WORK?

Mechanistic insights into ribosome recycling
recently came unexpectedly from studies of
several proteins implicated in the no-go decay
(NGD) pathway, through which mRNAs with
translating ribosomes stalled on them are de-
graded. These two factors, Dom34 and Hbs1,
are related to the eukaryotic termination fac-
tors eRF1 and eRF3, respectively, and appear
to be important in triggering the NGD response
(Doma and Parker 2006). Biochemical stud-
ies in reconstituted systems (Shoemaker et al.
2010; Pisareva et al. 2011) established that these
factors bind to the A site of ribosomal complex-
es to promote subunit dissociation. Although
Dom34 is related to eRF1, it lacks the codon
recognition motif (NIKS) that is responsible
for discriminating between sense and stop co-
dons, and lacks the full extension of the M do-
main (with the GGQ motif ) that promotes
peptide release (Lee et al. 2007; Graille et al.
2008). Consistent with this structural view, the
Dom34:Hbs1 complex promotes subunit disso-
ciation (and not peptide release) in a codon-
independent manner (Shoemaker et al. 2010).
These ideas subsequently led to the demonstra-
tion that the termination factors themselves
(eRF1 and eRF3) trigger slow rates of subunit
dissociation (Shoemaker et al. 2010). These data
make some sense given that earlier studies had
shown that eRF1 is retained following the ter-
mination reaction (Pisarev et al. 2007) and is
required for eukaryotic recycling (Pisarev et al.
2010).
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What then does ABCE1 (Rli1 in yeast) do
to promote ribosome recycling? Although the
canonical release factors do appear to possess
some intrinsic ribosome recycling activity, the
addition of Rli1 to this reaction substantially
increases the rate of the observed reaction in
vitro (Pisarev et al. 2010; Shoemaker and Green
2011) and this activity depends on ATP hy-
drolysis. As for related ABC-family ATPases,
ABCE1/Rli1 is proposed to somehow convert
the chemical energy from ATP hydrolysis into
mechanical motions that can separate the sub-
units. Similarly, the Dom34-dependent subunit
dissociation activity is also substantially pro-
moted (�20-fold) by the presence of Rli1 (Shoe-
maker and Green 2011). Biochemical studies
on the equivalent complex (Pelota:ABCE1) in
a mammalian in vitro reconstituted system
(Pisareva et al. 2011) are markedly consistent
with these studies in yeast with Dom34:Rli1.

In addition to a role in recycling, Rli1 has
also been shown to directly promote the rate of
peptide release by eRF1:eRF3, in a manner that
does not depend on ATP hydrolysis (Khoshne-
vis et al. 2010; Shoemaker and Green 2011). It
seems reasonable to speculate that by promot-
ing the release activity, Rli1 can help in staging
the sequential events of termination and re-
cycling. With both sets of factors, eRF1:eRF3
and Dom34:Hbs1, there are data to indicate that
eRF3 or Hbs1 must be able to hydrolyze GTP
in order for recycling to occur (Pisarev et al.
2010, Shoemaker et al. 2010; Pisareva et al.
2011; Shoemaker and Green 2011). Moreover,
following GTP hydrolysis by these factors, their
affinity for ribosomes is decreased and the fac-
tors are readily chased from the complex (Shoe-
maker and Green 2011). These data can be put
together in a model (Fig. 2) in which under
normal conditions, the eRF1:eRF3 complex rec-
ognizes stop codons and GTP hydrolysis by
eRF3 permits departure of the GDP form of
the factor (in a fashion akin to tRNA delivery
by EF-Tu). Some form of accommodation takes
place wherein the GGQ end of the release factor
swings into the catalytic center of the large sub-
unit. Peptide release is then catalyzed, stimulat-
ed by an ATP-independent activity of Rli1. Fi-
nally, ATP hydrolysis on Rli1 is coupled to subunit

dissociation. Separated subunits then are bound
by available initiation factors that prepare them
for subsequent rounds of initiation or reinitia-
tion (Pisarev et al. 2007). Deacylated tRNA and
mRNA are likely dissociated from the isolated
small subunits following recycling, with their
departure enhanced by Ligatin (also known as
eIF2D) and, to a lesser extent, by the pair of
proteins MCT-1/DENR that are related in se-
quence to the different halves of Ligatin (Dmi-
triev et al. 2010; Skabkin et al. 2010). These fac-
tors may function by stabilizing the open state
of the 40S subunit, from which tRNA would be
expected to dissociate more rapidly. Release of
tRNA and mRNA from recycled 40S subunits
can also be stimulated in vitro by eIF1, eIF1A,
and the j-subunit of eIF3 (Pisarev et al. 2007). It
is currently unclear whether this mechanism in-
volving conventional initiation factors or that
involving Ligatin operates in vivo to complete
the recycling process.

We note that the overall scheme we outline
is similar in many ways to that for tRNA selec-
tion in bacteria, which is also facilitated by a
G-protein factor, EF-Tu (Pape et al. 1998). The
Dom34:Hbs1:Rli1 system shares many similar-
ities with the tRNA selection pathway, although
substrate recognition is less well understood.
The most significant insights into substrate se-
lection by these proteins came from studies
showing a rather strict length dependence for
the mRNA extending 30 of the stall site on the
ribosome; the less mRNA present in this posi-
tion, the more potent the recycling by Pelo-
ta:Hbs1:ABCE1 in the mammalian system (Pi-
sareva et al. 2011). These observations were
broadly corroborated in the yeast system where
it was further established that the length depen-
dence was specifically conferred by the presence
of Hbs1 (Shoemaker and Green 2011). The idea
that NGD depends on recognition of truncated
mRNAs is easily reconciled by literature indi-
cating that the stalling of ribosomes during
NGD (and also in nonstop decay [NSD]) even-
tually leads to endonucleolytic cleavage (Doma
and Parker 2006). Once cleavage has occurred,
80S ribosomal complexes attached to truncat-
ed mRNAs are readily identified as targets for
downstream events in NGD or NSD. Genome-
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wide approaches are likely to increase further
our understanding of the structural features of
ribosomal complexes that lead to the initiation
of NGD.

STRUCTURAL INSIGHTS INTO EUKARYOTIC
TERMINATION AND RECYCLING

Structural insights on termination and recycling
have been significant during the past few years.
Isolated partial structures of the complexed ter-
mination factors eRF1:eRF3 and their homo-
logs Dom34:Hbs1 have both been determined
recently (Cheng et al. 2009; Chen et al. 2010).
The eRF1:eRF3 structure includes the full-length
eRF1 species, but eRF3 lacks the nonessential
amino-terminal domain as well as the GTPase
domain; the Dom34:Hbs1 structure includes all
domains of each protein. For both Schizosac-
charomyces pombe and human eRF1:eRF3 com-
plexes and for the Dom34:Hbs1 complex, the
factors associate with each other via their car-
boxy-terminal domains. Moreover, in both cases,
binding of the GTPase factors (eRF3/Hbs1) re-
sulted in gross conformational changes in eRF1/
Dom34, resulting in the latter more closely re-
sembling the shape of a tRNA molecule.

Consistently, cryo-EM reconstructions show
that eRF1:eRF3 and Dom34:Hbs1 bind to
eukaryotic ribosomes in a manner similar to
tRNA:eEF1A (Becker et al. 2011). The same
mode of binding is also observed in archaea
(Kobayashi et al. 2010), indicating conservation
of these processes. Following GTP hydrolysis,
either eRF3 or Hbs1 dissociates and Rli1/ABCE1
binds. The binding of this factor seems to facil-
itate the positioning of the central domain of
Dom34 in the PTC (and thus by analogy, eRF1)
(Becker et al. 2012); such positioning could
readilyexplain the acceleration of peptide release
promoted by Rli1 (Shoemaker and Green 2011).
Subsequent ATP hydrolysis by Rli1 likely drives
subunit dissociation, although a full molecular
understanding of this process remains unde-
fined. Beckmann and colleagues have further
proposed that Rli1 drives Dom34 and/or eRF1
through the subunit interface region in a fashion
similar to the movements of RRF promoted by
EF-G in bacteria. If true, this motion could dis-

rupt critical subunit bridges and lead directly to
subunit splitting (Gao et al. 2005).

Interestingly, ABCE1/Rli1 was first studied
in yeast as a factor involved in initiation. Rli1 is
stably associated with the multifactor complex
(MFC) free of ribosomes and with native 40S
subunits in extracts. Depletion of the protein
from cells leads to polysome runoff, character-
istic of an initiation defect, and reduces asso-
ciation of MFC components with native 40S
subunits without affecting MFC integrity. In
addition, Rli1 promotes assembly of the 43S
PIC (Dong et al. 2004), and results consistent
with this conclusion were reported for mam-
malian ABCE1 (Chen et al. 2006). The defect
in PIC formation might be an indirect conse-
quence of defective recycling, although enrich-
ment of larger rather than smaller polysomes
would be expected from the failure to dissociate
80S posttermination complexes at stop codons,
and the free 40S subunits in such cells should
not be defective for MFC binding. Hence, an
alternative view is that ABCE1/Rli1 operates
at the interface between termination, recycling,
and initiation by helping to recruit the MFC to
the free 40S subunits generated by the recycling
reaction. Rli1 also has been reported to function
in ribosome biogenesis (Dong et al. 2004; Ya-
runin et al. 2005). It will be important to deter-
mine which of ABCE1/Rli1’s functions makes it
an essential protein in vivo.

FUTURE DIRECTIONS

Many mechanistic questions remain to be ad-
dressed concerning elongation, termination,
and recycling. For elongation, more in-depth
kinetic analyses are needed to elucidate the
function of eIF5A and its hypusine modifica-
tion in translation initiation, elongation, and/
or termination. To help define the role of eIF5A
in elongation, it will be helpful to obtain addi-
tional insights regarding the timing of E-site
tRNA release and eIF5A binding during the
elongation cycle. Also, clarification of the role
of eEF3 in fungal translation elongation may
provide insights into bacterial and mammalian
translation elongation that apparently lack a
requirement for a comparable ATPase.
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For termination, we lack substantial infor-
mation on the communication between stop co-
don decoding and peptide release. Despite sig-
nificant efforts, it remains to be fully determined
how stop codons are recognized by eRF1 in the A
site. Minimal binding energy is readily attribut-
ed to the relatively limited contacts thought to
exist between the A-site codon and eRF1 in the
decoding center, and yet these subtle differences
in binding are somehow communicated to stim-
ulate peptide release at an active site .75 Å away.
Although direct comparison to the bacterial pro-
cess is not warranted given the lack of conser-
vation of the involved factors, the induced-fit
mechanisms documented there (Youngman
et al. 2007; He and Green 2010) likely play a
similar role in the eukaryotic process. The effect
of GTP hydrolysis on termination is also poorly
understood. eRF1 alone can catalyze termina-
tion, but the rates of both termination and recy-
cling are increased in the presence of eRF3. What
conformational changes does eRF3 facilitate
(either in eRF1 or the ribosome) that allow for
more efficient catalysis? Furthermore, how does
GTP hydrolysis by eRF3 (or Hbs1) commit or
stage the ribosome for termination and cou-
pling to recycling? These are some of the ques-
tions that will need to be addressed to decipher
the mechanism of signal transduction between
codon recognition, GTP hydrolysis, and peptide
release in eukaryotes.

Finally, for recycling, how does Rli1/ABCE1
facilitate subunit dissociation? Rli1/ABCE1 con-
tains two asymmetric ATPase sites and activity
in at least one of these sites is required for co-
operative function between Rli1 and eRF1 dur-
ing recycling (Barthelme et al. 2011). The dif-
ferential activity of these sites could be key in
regulating the distinct functions of Rli1 in ter-
mination, recycling, and initiation. In vitro sys-
tems are well poised to address these questions,
as many active site mutations in Rli1 are incom-
patible with in vivo analysis in this essential pro-
tein. It is worth noting that ABCE1/Rli1 is one
of the few examples of an ATPase that directly
engages the ribosome to promote a core trans-
lational event (the other being the fungal-specific
elongation factor eEF3). Which other ATPases
(e.g., Upf1 [Ghosh et al. 2010]) or factors (e.g.,

PABP [Hoshino et al. 1999; Cosson et al. 2002]
orTpa1[Keelingetal.2006])inthecellmightalso
directly engage the ribosome and translational
GTPases to promote the core mechanisms of
termination and recycling? Such insights will
expand our view of the extensive network of
interactions that dictate the translational output
of the cell.
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