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SUMMARY

Although the basic aspects of protein synthesis are preserved in all kingdoms of life, there are
many important structural and functional differences between bacterial and the more complex
eukaryotic ribosomes. High-resolution cryo-electron microscopy (cryo-EM) and X-ray crystal-
lography structures of eukaryotic ribosomes have revealed the complex architectures of
eukaryotic ribosomes and species-specific variations in protein and ribosomal RNA (rRNA)
extensions. They also enabled structural studies of a range of eukaryotic ribosomal complexes
involved in translation initiation, elongation, and termination, revealing unique mechanistic
features of the eukaryotic translation process, especially with respect to the identification and
recognition of translation start and stop codons on messenger RNAs (mRNAs). Most recently,
structural biology has provided insights into the eukaryotic ribosomal biogenesis pathway by
visualizing several of its complex intermediates. This review highlights the past decade’s
structural work on eukaryotic ribosomes and its implications on our understanding of eukary-
otic translation.
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1 RIBOSOMAL ARCHITECTURE

Ribosomes translate the information encoded in messenger
RNA (mRNA) to synthesize proteins from amino acids.
They are large macromolecular ribonucleoprotein com-
plexes (RNPs) composed of several chains of ribosomal
ribonucleic acids (rRNAs) and many ribosomal proteins
(r-proteins), which are organized in two subunits, a small
and a large one that are named according to their ultracen-
trifugation sedimentation coefficients expressed in Sved-
berg units (S) (Fig. 1). The large ribosomal subunit (LSU)
harbors the active site of the ribosome, the “peptidyl trans-
ferase center” (PTC), that catalyzes peptide bond formation
between amino acids during protein synthesis, whereas the
small ribosomal subunit (SSU) is responsible for binding
and decoding of the mRNA in the decoding center.

The process of protein synthesis is facilitated bya number
of protein factors and occurs in several stages—initiation,
elongation, termination, and recycling—during which LSUs
and SSUs can reversibly dissociate and reassociate. They
interact via intersubunit bridges at the predominantly
rRNA-based subunit interface (Ben-Shem et al. 2011). Early
low-resolution structures showed that both subunits contain
three transfer RNA (tRNA)-binding sites at the subunit in-
terface, termed “A-” (aminoacylation), “P-” (peptidyl), or
“E-” (exit) site (Fig. 1). Protein synthesis startswithbindingof
an initiator tRNA to the P-site of the ribosome where it in-
teractswith the start codonon themRNA.During elongation,
an aminoacylated tRNA is delivered to the A-site. After the
peptide bond formation reaction, it moves to the P-site
with the whole nascent peptide chain attached to it and after
the next round of peptide bond formation, the tRNA leaves
the ribosome in the deacylated state via the E-site. During the
decoding process, the codon–anticodonmatching is facilitat-
ed and monitored on the SSU, whereas peptide bond forma-
tion and nascent peptide exit take place on the LSU. Thus,
tRNAs bind to the intersubunit space with their anticodon
stemsattached to theA-,P-, orE-siteof theSSU,whereas their
aminoacylated acceptor CCA 3′ ends point toward the LSU.

The most fundamental and functionally important fea-
tures of LSUs are the PTC and the polypeptide exit tunnel
that extends from the PTC to the universally conserved r-
proteins uL23, uL29, and uL24 on the solvent-exposed side
of the LSU (Ben-Shem et al. 2011; Klinge et al. 2011). Fur-
ther characteristic features are the central protuberance
(CP; including r-proteins uL18/uL5), the L1 stalk (includ-
ing uL1) that coordinates the expulsion of E-site tRNAs
from the ribosome, and the P1/P2 stalk and the sarcin-ricin
loop (SRL) responsible for the recruitment and activation of
ribosome-dependent guanosine triphosphatases (GTPases)
to the ribosome (Fig. 1) (Diaconu et al. 2005; Voorhees et al.
2010; Ben-Shem et al. 2011).

The architecture of the SSU is marked by the groove of
themRNA channel, which divides the subunit into a “head”
and a “body” domain (Wimberly et al. 2000; Rabl et al.
2011; Hussain et al. 2014). mRNAs enter the channel be-
tween the “beak” structure of the SSU head and the “shoul-
der” of the SSU body, in which r-proteins with intrinsic
helicase activity or associated adenosine triphosphate
(ATP)-driven RNA helicases unwind possible mRNA sec-
ondary structures (Takyar et al. 2005; Hashem et al. 2013a).
After passing the so-called “mRNA entry latch” (Zhang
et al. 2015), which can close and stabilize mRNAs inside
the channel, mRNAs reach the decoding center of the SSU
A-site where the base-pairing of an mRNA codon with an
anticodon of incoming tRNAs takes place (Hussain et al.
2014; Shao et al. 2016). Finally, mRNAs exit the ribosome
near the SSU E-site at the SSU “platform,” formed by the
central SSU rRNA domain and r-proteins (Fig. 1).

2 EUKARYOTIC RIBOSOMES—EXTENSIONS
AND EXPANSIONS

Structural analysis of bacterial ribosomes by X-ray crystal-
lography and electron microscopy has played an important
role in revealing ribosomal architecture, thereby providing
key insights into the mechanisms that underlie the transla-
tion process. High-resolution X-ray structures have shown
the central role of rRNA in the selection of cognate tRNAs
in the decoding center (Wimberly et al. 2000) and revealed
that the PTC is exclusively composed of rRNA, which pro-
vided experimental proof that ribosomes are “ribozymes”
and evolutionarily stem from an early RNA-based world
(Nissen et al. 2000; Schmeing and Ramakrishnan 2009;
Klinge et al. 2011).

Early structural research on ribosomes has been covered
by many excellent reviews and book chapters (e.g., Schme-
ing and Ramakrishnan 2009; Voorhees and Ramakrishnan
2013), but predominantly focused on bacterial translation
systems. Therefore, this review will focus on eukaryotic
translation and the high-resolution structures of eukaryotic
ribosomal complexes that became available in recent years.

Eukaryotic ribosomes have a molecular mass of ∼4.3
MDa and a sedimentation coefficient of 80S and are there-
fore considerably larger than bacterial 70S ribosomes with a
molecular mass of ∼2.3 MDa (Melnikov et al. 2012). Eu-
karyotic SSU and LSU sediment at 40S and 60S (Klinge et al.
2011; Rabl et al. 2011), whereas bacterial ribosomal sub-
units sediment at 30S and 50S, respectively (Wimberly et al.
2000; Melnikov et al. 2012).

The first high-resolution crystal structures of eukaryotic
ribosomes revealed how complex eukaryotic cytoplasmic
ribosomes are in comparison with their bacterial and ar-
chaeal counterparts, with archaeal ribosomes representing
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Figure 1.The eukaryotic 80 Svedberg unit (S) ribosome consists of a 40S and a 60S subunit. The 40S consists of an 18S
rRNA (gray) and 33 proteins (cyan), whereas the 60S contains 5S, 5.8S, and 28S rRNA (gray) and 47 proteins (cyan).
Eukaryotes have evolved eukaryote-specific proteins, protein extensions, and rRNA expansion segments (ESs) (red),
with metazoans and particularly mammals displaying the greatest extent of complexity and ES length. As a result of
this evolutionary process, eukaryotic ribosomes have a characteristic layered architecture (top right panel). The
universally conserved ribosomal core is rRNA-based (gray) and wrapped in a conserved layer of ribosomal protein
(r-protein) and rRNA interactions (cyan), which in eukaryotes is surrounded by an additional layer of eukaryote-
specific r-protein–rRNA interactions (red). Because of their especially elongated ESs, mammals display an extra outer
layer of rRNA–rRNA interactions between ESs and a periphery of flexible, tentacle-like ES extensions (black dotted
lines). Both 40S and 60S are marked by characteristic conserved architectural landmarks (lower panel). Transfer
RNAs (tRNAs) bind to ribosomal A- (aminoacylation), P- (peptidyl), and E- (exit) sites that are located on the
subunit interface of both subunits. The small ribosomal subunit (SSU) can be divided into a head (with a beak) and a
body with a platform, shoulder, left foot (LF), and right foot (RF). The large ribosomal subunit (LSU) has three
characteristic lobes: the central protuberance (CP), the L1 stalk, and the P stalk, below which the guanosine triphos-
phatase (GTPase)-activating sarcin–ricin loop (SRL) is located.
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an evolutionary intermediate (Ben-Shem et al. 2011; Klinge
et al. 2011; Rabl et al. 2011). Despite the overall high degree
of conservation of the rRNA core and the existence of a
universally conserved set of r-proteins, eukaryotic ribo-
somes display eukaryote-specific proteins, eukaryote-
specific tails, and extensions to the universally conserved
r-protein cores, as well as eukaryote-specific rRNA inser-
tions termed rRNA expansion segments (ESs), all of which
localizemostly to the solvent-exposed face of the eukaryotic
LSU and to the head of the eukaryotic SSU with the excep-
tion of the highly conserved tunnel exit area (Fig. 1). To
rationalize these differences, a new nomenclature for ribo-
somal proteins was introduced, indicating whether an
r-protein is universally conserved (uS/uL), specific for bac-
teria (bS/bL) or uniquely exist in eukaryotes (and archaea)
(eS/eL) (Klinge et al. 2011; Ban et al. 2014).

Since these first breakthroughs, many high-resolution
structures of ribosomes from different eukaryotic species
have become available because of the technological and
methodological advances in the field of cryo-electron mi-
croscopy (cryo-EM) (Bai et al. 2015). Structures of plant
(Gogala et al. 2014), insect (Anger et al. 2013), pathogenic
protozoa (Sun et al. 2015), kinetoplastid (Gao et al. 2005;
Hashem et al. 2013; Shalev-Benami et al. 2016), yeast (Ben-
Shemet al. 2011), ciliate (Klinge et al. 2011; Rabl et al. 2011),
and mammalian ribosomes (Anger et al. 2013; Voorhees
et al. 2014) have shown that even among eukaryotic species,
which, except for yeast, all contain the same set of 80
r-proteins, ribosomes can differ significantly in their r-pro-
tein sequences and the length of rRNA ESs (Melnikov et al.
2012). This variability is further increased by the posttrans-
lational modifications of r-proteins, differential expression
levels of r-proteins, and the existence of r-protein paralogs,
which indicate that specialized ribosomes could occur with-
in different tissues, life cycles, and metabolic or develop-
mental stages within the same organism (reviewed in Xue
and Barna 2012).

With the exception of kinetoplastid ribosomes (Gao et
al. 2005; Hashem et al. 2013; Shalev-Benami et al. 2016),
metazoan and specifically mammalian ribosomes (Anger
et al. 2013; Voorhees et al. 2014) are on average more com-

plex and larger than protozoan ribosomes (Ben-Shem et al.
2011; Klinge et al. 2011; Rabl et al. 2011), which is in part
attributable to an increase of mass on the protein level, but
particularly to larger rRNA ESs.

Interestingly, these extra protein extensions can be
found at functionally important ribosomal sites. On the
LSU, extensions mainly affect regions in the vicinity of the
L1 and P stalks and the peptide tunnel exit (eL22 and uL23
in Drosophila; Anger et al. 2013). On the SSU, changes are
most pronounced at themRNAchannel entry and exit areas
(eS26; Anger et al. 2013) where they are likely to have an
effect on the binding of ribosome-associated factors and
mRNAs.

Because the ESs are able to protrude like tentacles be-
yond the conserved layer of protein–rRNA interactions,
they add an additional rRNA-based outer layer tometazoan
ribosomes (Anger et al. 2013). The result is a characteristic
layered architecture of cytosolic eukaryotic ribosomes (Fig.
1): The innermost core is rRNA-based and universally con-
served. It is wrapped into a layer of universally conserved
protein–rRNA interactions surrounded by an even more
intricate network of eukaryote-specific protein–rRNA in-
teractions followed by an outermost layer of metazoan-
specific RNA–RNA inter-ES contacts and a periphery of
flexibly protruding ES tips (Anger et al. 2013).

3 THE EUKARYOTIC TRANSLATION CYCLE

Because eukaryotic cytoplasmic ribosomes have long half-
lives of several days (Nikolov et al. 1983) they are capable
of translating many mRNAs during their life span. On
each mRNA, they proceed through a four-stage translation
cycle: The determination of the correct open reading
frame (ORF) on an mRNA (initiation), repetitive cycles of
peptide bond formation between amino acids (elongation),
and the recognition of the end of the ORF (termination)
when the ribosome is released from the mRNA (ribosomal
recycling) allowing it to initiate another translation cycle
(Fig. 2).

At each of the four stages, different regulatory transla-
tion initiation, elongation, or release factors associate with

Figure 2. The eukaryotic translation cycle. Ribosomal biogenesis (lavender) starts in the nucleolus and ends in the
cytoplasm, where mature translation-competent cytoplasmic eukaryotic 40S and 60S ribosomal subunits are being
released. Ribosomal protein translation proceeds in cycles of four stages: translation initiation (red), elongation
(yellow), and termination (blue) followed by ribosomal recycling (green). During initiation, the SSU attaches to an
mRNA, either via the canonical (eIF1–5) eukaryotic translation initiation factor-dependent pathwayor via alternative
eIF2D/malignant T-cell amplified protein 1 (MCT-1)/density-regulated protein (DENR) or internal ribosomal entry
site (IRES)-mediated (re-) initiation, whereas the 60S ribosomal subunit is prevented from premature reassociation
with the 40S by eIF6 until the correct start codon has been recognized by the initiator tRNA. Then, the two subunits
associate and the80Sribosome translates theopenreading frame(ORF)of themRNAinrepetitive cyclesof elongation/
translocationuntil it either stalls prematurely incaseof atruncatedmRNA,which triggers theHbs1–Pelota-dependent
rescue pathway, or at a normal stop codon, leading to translation termination. (Legend continues on following page.)
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the ribosome catalyzing the delivery of tRNAs, the binding
and unwinding of the mRNA, and the translocation or
splitting of the ribosomal subunits. Some of these factors
act as GTPases, which catalyze GTP-dependent reactions
and mark irreversible checkpoints along the trajectory of
the translational cycle (Fig. 2).

Translation can also proceed via alternative routes
depending on the presence of short regulatory non-
protein-coding upstream open reading frames (uORFs) or
structured cis-regulatory elements (IRESs, internal ribo-
somal entry sites) in the 5′ untranslated region (5′ UTR)
of an mRNA. Moreover, ribosomal stalling during transla-
tion elongation or termination caused by the occurrence of
rare codons in the ORF (Melnikov et al. 2016) or the rec-
ognition of truncated mRNAs without a stop codon will
trigger alternate ribosomal rescue pathways (Fig. 2) (van
den Elzen et al. 2014).

4 EUKARYOTIC TRANSLATION INITIATION
AND REINITIATION

The eukaryotic translation cycle starts with translation ini-
tiation on the SSU, after the subunits have been split during
the preceding ribosomal recycling stage (Figs. 2 and 3).
Initiation involves three critical steps: (1) Methionylated
initiator tRNA is recruited to the SSU P-site. This leaves
the A-site free for the subsequent entry of the first post-
initiation aminoacyl elongator tRNA. (2) The SSU binds
mRNA and scans for the start codon, whereby AUG triplets
have universally evolved as the most frequently used start
codon. (3) After accommodating initiator tRNA to establish
start codon–anticodon interactions in the P-site, the LSU
joins the SSU to form an elongation-competent mRNA-
bound ribosome.

In eukaryotes, all three events are mediated and
regulated by at least 12 accessory eukaryotic translation ini-
tiation factors (eIFs), many of which are complex multi-
domain or multisubunit proteins (Voigts-Hoffmann et al.
2012). In contrast, three initiation factors (IFs) suffice dur-
ing prokaryotic translation initiation. One of the reasons for
the use of these extra factors in eukaryotes lies in the differ-
ent characteristics of prokaryotic and eukaryotic mRNAs
(reviewed in Hinnebusch 2011, 2014). Standard eukaryotic
mRNAs possess a 100–200-nt-long 5′ UTR (Pesole et al.
2001) to which a 5′ 7-methylguanosine (m7G) cap is at-
tached and a 3′UTR inwhich a poly(A) tail is posttranscrip-
tionally added to protect the mRNA against premature
nucleolytic degradation. Both features are recognized by
eIFs to select intact mRNAs (reviewed in Hinnebusch
2011). Moreover, eukaryotic 5′ UTRs lack a Shine–Dalgar-
no sequence that is frequently used in prokaryotes to posi-
tion themRNAwith the start codon in the P-site of the SSU.

Thus, mRNA affinity for the eukaryotic initiation complex
(IC) as well as the start codon selection rely predominantly
on the nucleotide sequence, secondary structure, and acces-
sibility of the start codon. These features are altogether re-
ferred to as the optimal start codon context (Kozak 1986),
an example of which is the “Kozak consensus sequence” (5′-
(A/G)NNAUGG-3′) in mammals (Kozak 1986). However,
eukaryotic SSUs do not immediately bind in the vicinity of
the start codon, instead, they “scan” for it moving along the
mRNA in a 5′ to 3′ direction with an initiator tRNA bound
to their P-sites. Upon recognizing the start codon, the tRNA
is accommodated and the SSU closes down on the tRNA
and stops scanning (reviewed in Hinnebusch 2011, 2014).

5′-UTR scanning is a eukaryote-specific feature of
translation initiation and it starts with the binding of
eIF1, eIF1A, and eIF3 during the transition from ribosomal
recycling to initiation (Fig. 3A). Crystal structures of a 40S-
eIF1 (Rabl et al. 2011) and 40S–eIF1–eIF1A complexes
(Lomakin and Steitz 2013; Weisser et al. 2013), as well as
a cryo-EM map of a 40S–eIF1–eIF1A–eIF3j assembly (Ay-
lett et al. 2015), have shown that eIF1 binds to the vicinity of
the SSU P-site and is sterically incompatible with 60S asso-
ciation, whereas eIF1A blocks the A-site for tRNA binding
(Lomakin and Steitz 2013) (Fig. 3A, close-up). eIF1 bears
no homology with any bacterial IF, whereas eIF1A is the
homolog of bacterial IF1, yet possesses eukaryote-specific
long flexible carboxy-terminal and amino-terminal tails
(CTT and NTT). Together with eIF3, a multisubunit pro-
tein (Hashem et al. 2013a,b; Erzberger et al. 2014; Aylett
et al. 2015) that spans the solvent-exposed side of the 40S
subunit and binds both the mRNA entry and exit channel
areas (Erzberger et al. 2014; Aylett et al. 2015), eIF1 and
eIF1A stabilize SSUs in an “open” conformation with a
swiveled-up 40S head position permissive for mRNA ex-
change at the channel (Pestova and Kolupaeva 2002; Llácer
et al. 2015). Mammalian eIF3 contains 11–13 subunits
(eIF3a–eIF3m), whereas several yeast eIF3 complexes pos-
sess only six conserved core subunits (eIF3a, b, c, g, I, and j)
(Fig. 3A, close-up).

In combination, eIF1, eIF1A, and eIF3 promote mRNA
and tRNA release from previously used 40S ribosomal sub-
units and the subsequent formation of the “43S pre-initia-
tion complex” (43S PIC) by stabilizing the 40S ribosomal
subunit in a conformation with an increased affinity for
eIF2 and eIF5 (Olsen et al. 2003). eIF2 is a GTPase com-
posed of three (α, β, and γ) subunits. They bind eukaryotic
initiator tRNA and deliver it to the SSU in the form of a
ternary eIF2–GTP–initiator tRNA complex (Schmitt et al.
2010). eIF5 is a two-lobed protein with a carboxy-terminal
domain (CTD) and an amino-terminal domain (NTD)
connected by aflexible linker (Bieniossek et al. 2006), which
acts as the GTPase-activating protein (GAP) of eIF2, carry-
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ing aGTPase-activating argininefinger in itsNTD (Das and
Maitra 2001).

eIF2γ is the core subunit of eIF2 that harbors the
GTPase activity (Roll-Mecak et al. 2004; Schmitt et al.
2012) and displays a typical three-lobed GTPase structure
(Roll-Mecak et al. 2004; Schmitt et al. 2012). Domain II of
eIF2γ recognizes terminally methionylated initiator tRNA
through a conserved binding groove, inducing a character-
istically kinked conformation in the initiator tRNA accep-
tor end (Schmitt et al. 2012). In contrast to prokaryotes that
discriminate betweenmethionylated initiator and elongator
tRNAs through initiator tRNA methionine formylation,
eIF2γ specifically recognizes a conserved Watson–Crick
base pair between A1 and U72 in eukaryotic initiator
tRNAs, which does not exist in methionylated elongator
tRNAs (Kapp et al. 2006). The eIF2α and eIF2β subunits
interact with the eIF2γ core, but not with each other, and
contribute to initiator tRNA binding (Schmitt et al. 2012;
Llácer et al. 2015).

The ternary complex of eIF2–GTP–initiator tRNA and
eIF5 assemble simultaneously or successively with the 40S–
eIF1–eIF1A–eIF3 complex to form the 43S PIC. A high-
resolution structure of the 43S PIC does not exist, but
cryo-EM maps at lower resolutions have provided insights
into its overall architectural features (Hashem et al. 2013).
eIF2α binds to the E-site of the SSU, analogously to the
binding of E-site tRNA, whereas the ribosomal contacts
for eIF2γ and eIF2β remain debated (Hussain et al. 2014;
Llácer et al. 2015). Together, the three subunits position the
initiator tRNA into the 40S P-site, for which it has an
increased affinity because of conserved interactions between
three initiator tRNA-specific successive G:C base pairs
(29:41, 30:40, and 31:39) in the tRNA anticodon stem
loop with rRNA bases A790, G1338, and A1339 (bacterial
numbering) of the SSU P-site (Korostelev et al. 2006; Kolitz
and Lorsch 2010). In the absence of a start codon, the ini-
tiator tRNA adopts a partially accommodated metastable
position in the P-site (termed “POUT”) (reviewed in Hinne-
busch 2011).

mRNA attachment causes the transition to an open 48S
complex and is thought to be mediated by the multisubunit
initiation factor complexes eIF3 and eIF4F (Jivotovskaya
et al. 2006). eIF4F preassembles onto the mRNA causing
it to adapt a “closed loop” conformation by simultaneously
interacting with both mRNA ends: One eIF4F subunit
called eIF4E binds the eukaryote-specific mRNA m7G
cap, whereas another eIF4F subunit called eIF4G contacts
the mRNA poly(A) tail via PABP (poly(A)-binding protein)
(Wells et al. 1998). Multiple interactions between eIF4F and
eIF3 subsequently recruit the mRNA to the SSU–PIC (Villa
et al. 2013); however, they have not been structurally visual-
ized in the context of an active complex at high resolution.

With the initiator tRNA bound to the P-site in a POUT
conformation (Fig. 3A, middle), the open 48S complex
starts to scan base per base along the mRNA to localize
the correct start codon. Scanning is processive and occurs
in a 5′ to 3′ direction at a speed of ∼8 nt/sec (Vassilenko
et al. 2011). It is supported by several copies of eIF4F sub-
unit eIF4A, an ATP-driven RNA helicase, and eIF4B (or its
homolog eIF4H), a stimulator of eIF4A activity, which drive
the unfolding ofmRNA secondary structure. Scanning usu-
ally also requires the assistance of accessory ATP-depen-
dent DEAD-box RNA helicases, like DHX29 (Pisareva
et al. 2008 and reviewed in Marintchev 2013).

eIF4A-driven mRNA unwinding is not processive and
most likely happens “upstream” (at the mRNA entry site of
the SSU). In its ATP-bound state, the helicase associates
with double-strandedmRNA, whereas its ADP-bound state
possesses a lower mRNA affinity and dissociates. Multiple
rounds of attachment and detachment thereby allow the
helicase domains to unwind the mRNA into single strands.
Yet, it remains to be fully investigated how the mRNA is
threaded into the mRNA channel of the SSU and whether
the 48S PIC could scan along the mRNAwhile the mRNA
5′ cap remains stably associated with the IF complex (re-
viewed in Marintchev 2013).

The existing cryo-EM structure of an open 48S complex
from yeast (Fig. 3A, middle) (Llácer et al. 2015) does not
provide insights into this process because it was formed on a
model mRNA oligonucleotide with a near-cognate start co-
don and does not contain eIF4F or accessory helicases. Still,
it offers detailed insights into the three-dimensional ar-
rangement of initiation factors eIF1, 1A, and 2 and, to
some extent, also of eIF3 and eIF5. 48S complex structures,
as well as structures of the 40S–eIF1 and 40S–eIF1–eIF1A
complexes, illustrate that in an open, scanning-competent
40S, the P-site initiator tRNA is kept in a POUT positionwith
full accommodation sterically hindered by eIF1 (Rabl et al.
2011) and the CTT of eIF1A (Pestova and Kolupaeva
2002; Yu et al. 2009). eIF1’s basic β1 loop protrudes into
the mRNA channel and contacts the mRNA in the P-site
(Martin-Marcos et al. 2013), thereby restricting the confor-
mational space for codon–anticodon duplex formation
(Hussain et al. 2014). Thus, eIF1 and the eIF1ACTTprevent
premature initiator tRNA binding to near-cognate start co-
dons and ensure the fidelity of start codon recognition (Pes-
tova andKolupaeva 2002). This was previously suggested by
genetic studies in yeast, which identified Sui− (suppressor of
initiation codon) mutations in eIF1 and in the eIF1A CTT
that lead to an increase in leaky scanning (i.e., translation
initiationonnear-cognate start codons) (Cheung et al. 2007;
Fekete et al. 2007; Lee et al. 2007).

Upon start codon recognition, the 48S complex transi-
tions into a “closed” conformation with a less strongly ro-
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tated 40S head that is lowered over the mRNA channel,
clamping onto the mRNA (Fig. 3A, middle) (Llácer et al.
2015). Premature closing can result in initiation at a non-
cognate start codon, whereas inhibiting the transition to the
closed conformation results in decreased translation initia-
tion efficiency at correct start codons (reviewed in Hinne-
busch 2011).

The structure of the closed 48S complex (Fig. 3A, mid-
dle) (Hussain et al. 2014; Llácer et al. 2015) shows that the
initiator tRNA has changed from its POUT to a stably bound
PIN position and becomes anchored to the start codon in the
ribosomal P-site (reviewed in Hinnebusch 2011), thereby
ejecting eIF1 and the CTT of eIF1A from their initial posi-
tions (Cheung et al. 2007). Interestingly, the new deep in-
sertion of the codon–anticodon duplex into the P-site of the
closed 48S complex is stabilized by interactions with the
previously unstructured NTT of eIF1A (Hussain et al.
2014; Llácer et al. 2015). This supports results from yeast
genetic studies, which identified mutations in the eIF1A
NTT with Ssu− (suppressor of Sui−) phenotypes (Fekete
et al. 2007; Saini et al. 2010).

eIF2β positions a helix–turn–helix motif and its zinc-
binding domain between the tRNA, eIF1, eIF1A, and
eIF2γ and contacts the 40S head across the mRNA channel.
Its amino-terminal helix is stably anchored to theG domain
of eIF2γ (Schmitt et al. 2012; Llácer et al. 2015). Nuclear
magnetic resonance (NMR) and biochemical experiments
revealedan intricate interactionnetworkbetweeneIF1, eIF2,
and eIF5 (Reibarkh et al. 2008; Luna et al. 2012) and it was
shown that overexpression of eIF5 promotes eIF1 dissocia-
tion from the IC (Nanda et al. 2009). Therefore, it was con-
cluded that eIF5 and eIF1 might compete for binding to
eIF2β (Luna et al. 2012). eIF1 dissociation allows eIF5 to
adopt eIF1’s original binding sitenext to eIF2β andpositions
the GTPase-activating NTD of eIF5 closer to the GTPase
active site on eIF2, where it is stabilized through interactions
with the repositionedCTTof eIF1A (Yu et al. 2009;Hussain
et al. 2014). Although GTP hydrolysis on eIF2 may occur at
earlier stages of initiation, the rearrangement of the eIF5
GAP domain possibly triggers phosphate release from
eIF2 and thereby irreversibly commits the IC to translation
(Algire et al. 2005; Cheung et al. 2007; Nanda et al. 2009).
Conversely, failure to induce phosphate release after start
codon “recognition” leads to a resumption of the scanning
process (Tereninet al. 2016).By transitioning fromtheGTP-
to theguanosinediphosphate (GDP)-boundstate, eIF2 loses
affinity for the initiator tRNAand the ICand is released from
the IC, likely together with eIF5, eIF3, and eIF4.

Dissociation of eIF2/eIF5 from the complex allows the
ribosome-dependent GTPase eIF5B, the ortholog of bacte-
rial IF2/archaeal aIF2, to bind to the 40S subunit interface.
It interacts with the core of eIF1Avia a binding site that also

mediates the contact between IF1 and IF2 in bacteria, but
also via a conserved DIDDI motif in the eukaryote-specific
eIF1A-CTT (Olsen et al. 2003; Acker et al. 2006; Fringer
et al. 2007).

A structure of a mammalian eIF5B-initiator tRNA 80S
complex without eIF1A shows that eIF5B binds to the 40S
in a similar position as EF-Tu, IF2, and EF-G (Fig. 3A,
bottom) (Fernandez et al. 2013). Although it is not
completely clear how the 60S is recruited, it is known that
eIF5B binding to the 40S subunit accelerates 60S association
(Acker et al. 2006) and is dependent on both eIF1A (in
particular the DIDDI motif ) and eIF5B (Olsen et al. 2003;
Fringer et al. 2007). In the 80S context, the interaction with
eIF5B domain IV prevents the CCA end from contacting
the 60S ribosomal P-site and the PTC, whereas the eIF5B G
domain is positioned next to the ribosomal GTPase–acti-
vating center. GTP hydrolysis on eIF5B induces a confor-
mational changewithin the IC that weakens eIF5B’s affinity
for the latter and ultimately leads to coupled release of
eIF5B and eIF1A (Fringer et al. 2007). As a consequence,
the initiator tRNA adapts a P/P state on the 80S ribosome,
which can thus enter translation elongation.

5 ALTERNATIVE TRANSLATION INITIATION
STRATEGIES

The fact that eukaryotic mRNAs possess 5′ UTRs opens up
additional possibilities for regulating translation initiation
via characteristic sequences and structured regions up-
stream of the coding sequence (reviewed in Hinnebusch
et al. 2016). One well-investigated example of such cis-reg-
ulatory mRNA elements is IRESs that confer the ability to
bind to the ribosomal subunit in the absence of a cap-bind-
ing eIF4F complex (Walsh andMohr 2011). IRESswere first
identified in viruses, but in recent years have also been
detected in ∼10% of all cellular mRNAs (Weingarten-Gab-
bay et al. 2016). Cap-independent translation initiation
offers the possibility of maintaining normal translation ef-
ficiency even during cellular stress conditions, when eIF4F
complex availability is down-regulated. Virusesmake use of
such alternative initiation strategies to escape the host cell
stress response and bias the translation machinery toward
preferential translation of viral transcripts.

Viral IRESs can be assigned into three classes based on
their structure. Class I IRESs occur in viruses with a positive
sense strand bicistronic RNA genome, where they precede
the second ORF and are therefore also referred to as inter-
genic region IRESs (IGRs). IGRs mediate translation initi-
ation in the absence of IFs, anAUG start codon, and cellular
initiator tRNA, because they structurally mimic initiator
tRNA binding (Costantino et al. 2008). Class II IRESs occur
within RNAviruses with a positive sense strand genome like
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the hepatitis C virus (HCV) or the classical swine fever virus
(CSFV). They bind directly to the 40S via a pseudoknot-like
structure in a cap-independent and scanning-free manner
because the AUG start codon is positioned into the 40S P-
site on IRES–40S binding (Quade et al. 2015), yet they
require initiation factor eIF2 for initiator tRNA recruitment
and eIF3 for efficient translation initiation (Otto and Puglisi
2004). Class III IRESs usually occur in picornaviruses and
have canonical IF requirements except for subunits eIF4E
and the amino-terminal third of eIF4G that does not con-
tain the eIF3-binding site (Redondo et al. 2013).

High-resolution structures of the class II HCV-IRES
bound to the eukaryotic ribosome have shown that it is
structured into four domains (Fig. 3C). Domain IV con-
tains the start codon, whereas domain III mediates the in-
teraction with eIF3 and the binding to 40S expansion
segment ES7 and r-protein eS27 (Hashem et al. 2013;
Quade et al. 2015), i.e., to a location that overlaps with
eIF3’s binding site on the 40S subunit. Domain II occupies
a position typically occupied by the E-site tRNA or eIF2α
(Fig. 3C, close-up) and appears to be critical for late steps of
the initiation process, such as eIF5-induced hydrolysis of
eIF2-bound GTP and joining of the LSU (Locker et al.
2007). Mimicking tRNA, the tip of domain II (IIb) appears
to induce a conformational change in the 40S, which induc-
es eIF2 release and promotes a transition from translation
initiation to elongation (Locker et al. 2007).

Apart from IRES elements, eukaryotic cells make use of
short uORFs in the 5′ UTR to fine-tune the translation
initiation efficiency at the main ORF (reviewed in Hellens
et al. 2016). uORFs usually consist of 100 or fewer codons
and occur in all eukaryotes (Hellens et al. 2016). They are
found in ∼50% of all mammalian and ∼13% of all yeast
mRNAs (Calvo et al. 2009; Lawless et al. 2009). One possi-
ble mechanism for how uORFs can regulate translation is
through “reinitiation” at the downstream main ORF with
the help of canonical IFs (reviewed in Jackson et al. 2012;
Skabkin et al. 2013). Reinitiation depends on the probability
of reacquiring a new eIF2–GTP–initiator tRNA ternary
complex after termination, which is influenced by the dis-
tance between the uORF stop codon and themainORF start
codon. Reinitiation efficiency is also affected by the length
and secondary structure of mRNA in the uORF (Poyry et al.
2004). How ribosomes would assemble and reassemble be-
tween termination at the uORF stop codon and the new
initiation start codon remains to be fully investigated. How-
ever, it is clear that for successful reinitiation the ribosome
would have to stay bound to the mRNA, which would pre-
sumably be facilitated by some of the IFs staying bound to
the ribosome; possibly eIF3 and eIF4G (de Breyne et al.
2009; Mohammad et al. 2017; and reviewed in Poyry et al.
2004; Jackson et al. 2012; Skabkin et al. 2013).

An alternative route of translation reinitiation was
revealed with the identification of alternative translation
initiation factors eIF2D (ligatin) and the homologous het-
erodimeric complex of oncogenicMCT-1 (malignant T-cell
amplified protein or multiple copies of T-cell lymphoma)
and DENR (density-regulated protein) (Fig. 3B) (Skabkin
et al. 2010; Schleich et al. 2014). Like eIF1, eIF1A, and eIF3
( j), they can release mRNA and deacylated tRNA from the
40S during ribosomal recycling (Skabkin et al. 2013).

eIF2D and MCT-1–DENR are also able to recruit initi-
ator tRNA to a start codon that is positioned in the 40S P-
site and to promote subunit joining and translation initia-
tion in the absence of eIF1, eIF1A, eIF2, eIF5, or eIF5B
(Skabkin et al. 2010). They are thus capable of mediating
translation reinitiation and also referred to as reinitiation
factors (Schleich et al. 2014). Given that stress-induced
phosphorylation of canonical initiation factor eIF2α reduc-
es eIF2 ternary complex formation and sequesters eIF2
away from the ribosome, stress conditions could potentially
favor reinitiation by alternative translation IFs by making
ribosomal-binding sites and also initiator tRNAs available
for the interaction with eIF2D, MCT-1–DENR or others.

Structures of the eIF2D- and MCT-1–DENR-contain-
ing ICs show that these re-initiation factors use several
functional domains to position initiator tRNA in the P-
site of the 40S subunit (Lomakin et al. 2017; Weisser et al.
2017). One of the domains binds to the 40S eIF1-binding
site at the top of helix 44 (Fig. 3B) (Rabl et al. 2011) from
where it monitors start codon recognition in the 40S P-site
and prevents the association of the LSU. Another domain of
eIF2D or MCT-1 binds and stabilizes the single-stranded
CCA end of the initiator tRNA via its conserved RNA-
binding groove but does not appear to establish conserved
interactions with the aminoacyl moiety (Weisser et al.
2017), in agreement with the observation that eIF2D can
also recruit deacylated tRNAs.

6 EUKARYOTIC TRANSLATION ELONGATION
MECHANISMS

Once the correct ORF has been established on an mRNA
during translation initiation and the 80S has been assem-
bled with an initiator tRNA in the P-site, the elongation
stage of the translation cycle starts. Polypeptide chain elon-
gation by one amino acid requires three major steps that are
highly conserved between prokaryotes and eukaryotes: (1)
ternary complex recruitment to the ribosomal A-site and
decoding, (2) peptide bond formation, and (3) subsequent
translocation of the ribosome on the mRNA by one codon
in 5′ to 3′ direction (reviewed in Voorhees and Ramakrish-
nan 2013). The eukaryotic ternary complex consists of the
GTP-bound elongation factor eEF1A bound to an amino-

M. Weisser and N. Ban

10 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032367



acylated elongator tRNA (Crepin et al. 2014). It is recruited
to the ribosome via the flexible domains of the P1/P2 stalk
and binds such that its GTPase domain interacts with the
SRL on the 60S subunit. eEF1A positions the tRNA antico-
don into the A-site of the 40S subunit for interactions with
the mRNA codon. Upon formation of cognate codon–anti-
codon interactions, the rRNA in the decoding center changes
conformation and causes a distortion of the tRNA into a
strained “A/T” conformation (Fig. 4, top) (Shao et al. 2016).

Cognate tRNAs establish canonical complementary
Watson–Crick base pairs with positions 1 and 2 of the
mRNA codon, whereas position three is permissive for
noncanonical wobble base pairs in accordance with the
degenerate genetic code (Crick 1966). A1493 (bacterial
numbering) from rRNA helix 44 of the 40S subunit estab-
lishes conserved hydrogen bond interactions with the mi-
nor groove of the codon–anticodon duplex at position 1
(“A-minor motif”) and G530 from rRNA helix 18, A1492,
and uS12 interact with the minor groove of position 2. The
third, wobble position, is directly contacted by G530 and
indirectly via a magnesium ion through uS12 (Ogle et al.
2001; Shao et al. 2016). These interactions energetically
favor the binding of cognate tRNAs and a concerted con-
served conformational change in the rRNA, referred to as
“domain closure”: On cognate codon recognition, the 40S
head tilts toward the shoulder and the mRNA channel,
whereas the shoulder rotates inward toward helix 44 (Ogle
et al. 2002; Schmeing and Ramakrishnan 2009; Shao et al.
2016). This repositions eEF1A’s G domain with respect to
the SRL such that GTPase activation becomes possible and
GTPhydrolysis is triggered. In its GDP-bound form, eEF1A
loses its affinity for tRNAs and the ribosome, and dissoci-
ates from the complex (Voorhees and Ramakrishnan 2013;
Shao et al. 2016). Noncognate tRNAs will be rejected be-
cause their accommodation will be energetically less favor-
able. They either do not trigger domain closure and GTP
hydrolysis in the first place or they dissociate from the ri-
bosome because their binding affinity for the ribosome and
the mismatched codon is low (Shao et al. 2016).

After its release fromeEF1A, the aminoacylA-site tRNA
relaxes from its constrained A/T conformation to allow the
full accommodation of the A-site tRNA’s aminoacylated
end in the PTC of the 60S subunit (A/A state). There it
interacts with the A-loop in an “induced fit” manner such
that it is optimally positioned for nucleophilic attack of the
P-site peptidyl-tRNA aminoacyl ester (Schmeing et al.
2005). eEF1A dissociation and tRNA accommodation are
also accompanied by a characteristic eukaryote-specific ro-
tation of the SSU around its longitudinal axis in the direc-
tion of the 60S L1 stalk. This movement is termed “subunit
rolling” and is important for the subsequent tRNA reposi-
tioning (Budkevich et al. 2014). The resulting pretransloca-

tion complexes predominantly adopt classical, nonrotated
conformations with tRNAs being in A/A, P/P, and (in case
of an existing E-site tRNA) E/E states (Fig. 4, upper middle)
(Budkevich et al. 2011, 2014; Svidritskiy et al. 2014).

Once peptide bond formation has occurred, the nascent
polypeptide chain is transferred to the A-site tRNA and the
deacylated tRNA resides in the P-site. This allows reposi-
tioning of both tRNA acceptor arms with respect to the
LSU, whereas their anticodon stems remain in position
on the SSU. Because tRNA and intersubunit movements
are coupled, the repositioning of the tRNAs is accompanied
by a rotation of the SSU by ∼10° with respect to the LSU,
referred to as the “rotated state” (Agirrezabala et al. 2008).
For both the unrotated and the rotated states, different con-
formations, “1 and 2,” have been observed (Budkevich et al.
2011, 2014). Rotated states 1 and 2 differ in their tRNA
positions, displaying tRNAs in A/A and P/E states or in
A/P and P/E states (Fig. 4, upper middle) (Agirrezabala
et al. 2008; Budkevich et al. 2011, 2014). Subunit rotation
promotes the loss of an existing E-site tRNA because its
affinity for the ribosome is lowered when the contact with
the 60S E-site is lost. At the same time, the rotated state
allows an inward movement of the L1 stalk, providing sta-
bilizing interactions for the P/E–tRNA (Fig. 4, upper mid-
dle) (Fei et al. 2008).

To allow the elongation of the nascent polypeptide
chain by another amino acid, the ribosome has to free the
A-site for the delivery of the next aminoacyl-tRNA and
translocate by one codon on the mRNA. The precise mech-
anism of mRNA movement has not been elucidated, but it
appears to be coupled to tRNA movement in terms of step
size because experiments with quadruplet tRNA antico-
dons promoted translocation by four instead of three nu-
cleotides (reviewed in Voorhees and Ramakrishnan 2013).

In vivo, translocation is catalyzed by a multidomain
GTPase called eEF2 (Spahn et al. 2004). Like the other
ribosome-dependent GTPases, eEF2 binds the ribosome
in its GTP-bound state and in an elongated conformation
with its G domain next to the SRL of the 60S subunit (Fig. 4,
lower middle) (Spahn et al. 2004; Anger et al. 2013; Voo-
rhees et al. 2014). eEF2 binding causes a characteristic ri-
bosomal movement: The SSU head “swivels” up to 20° and
opens up the mRNA channel around the P- and E-sites of
the SSU, which is a prerequisite for unrestricted tRNA/
mRNA movement during translocation (Spahn et al.
2004; Ratje et al. 2010). Swiveling induces a repositioning
of tRNAs because tRNAs establish interactions with the
P- and E-site elements of the body of the SSU while still
maintaining contacts with A- and P-site elements of the
head (termed chimeric ap/P–pe/E states) (Ratje et al. 2010).

Upon GTP hydrolysis eEF2 relaxes into its GDP-bound
conformation (Taylor et al. 2007), causing the ribosome to
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Figure 4. Eukaryotic translation elongation. For eachmRNA codonwithin the open reading frame, an aminoacylated
tRNA is delivered to the 80S ribosomeA-site in a ternary complex withGTP-bound elongation factor eEF1A, initially
adopting a strained A/T tRNA state (top panel). If cognate tRNA binding is verified through hydrogen bond
interactions in the A-site decoding center of the 40S, the A-site tRNA fully accommodates (adopting an A/A
tRNA state), whereas GTP hydrolysis by eEF1A promotes the factor’s release from the complex. The pretranslocation
complex can exist in rotated and nonrotated (classical) subunit conformations, fromwhich the rotated conformation
allows tRNAs to move more freely between the subunits and adopt hybrid tRNA states (A/P and P/E) (upper middle
panel). Also, it is preferentially bound by the translocation factor GTPase eEF2. GTP hydrolysis by eEF2 couples a
conformational relaxation in the factor with subunit back-rotation, promoting a tRNA-coupled mRNA movement
by one base triplet on the ribosome (lowermiddle panel). After eEF2–GDP release, tRNAs adopt classical P/P and E/E
states in the posttranslocation complex, freeing the A-site for another round of eEF1A-mediated aminoacyl tRNA
recruitment (bottom panel).
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revert back into a classical nonrotated posttranslocation
state with peptidyl P/P–RNA and deacylated E/E–tRNA
(Fig. 4, lower middle) (Budkevich et al. 2014; Svidritskiy
et al. 2014 and reviewed in Voorhees and Ramakrishnan
2013). As soon as inorganic phosphate is released, eEF2–
GDP dissociates from the ribosome, vacating the ribosomal
A-site for binding of the next eEF1A–aminoacyl–tRNA
ternary complex and the start of another round of elonga-
tion/translocation (Taylor et al. 2007).

7 EUKARYOTIC TRANSLATION TERMINATION
AND RECYCLING

Once a stop codon reaches the A-site of a translating ribo-
some, it is recognized by eukaryotic release factor 1 (eRF1)
instead of by the eEF1A–aminoacyl-tRNA complex. Eu-
karyotic termination relies on only one class I release factor,
eRF1, a protein of three (N, M, and C) domains that shares
no sequence homology with bacterial class I release factors
RF1 and RF2, but functions similarly. In contrast to
RF1/RF2, eRF1 recognizes all three types of stop codons
(Brown et al. 2015). In solution, eRF1 adopts an extended
conformation, but when bound to the ribosome-dependent
GTPase eRF3, which is the equivalent of prokaryotic RF3, it
adopts a compact fold suitable for efficient binding of the
40S subunit (Alkalaeva et al. 2006).

Association of the eRF1–eRF3–GTP ternary complex
with the ribosome allows eRF3 to contact the ribosomal
GTPase-binding site, whereas eRF1 binds analogously to
an A-site tRNA (Fig. 5A, top) (Preis et al. 2014; Brown
et al. 2015). The tip of the eRF1 N domain reaches into the
A-site, where it induces a conformational change in the 18S
rRNAof the 40S that compacts themRNAandfixes the stop
codon bases in defined positions, in which they can engage
in aconservedhydrogenbondingnetworkwith eRF1. Struc-
tures of mammalian eRF1/eRF3 termination complexes
bound to the three standard stop codons (UAG, UAA,
and UGA) revealed how eukaryotes discriminate against
nonstop codons (Brown et al. 2015). In contrast to the rec-
ognition of stop codons by prokaryotic RF1/RF2, eRF1 con-
tacts stop codons via three previously identified conserved
sequence motifs (GTS, NIKS, and YxCxxxF) and glutamate
residue 55 (Glu55). Whereas purine residues and cytidines
at position 1 are discriminated against by steric and hydro-
gen bonding requirements of the NIKS motif, respectively,
bases at positions 2 and 3 can be recognized only at their
Watson–Crick interface through hydrogen bonds with
Glu55 if they are both purines, but not consecutive guano-
sines (Brown et al. 2015).

When eRF1 recognizes a stop codon, a conformational
change occurs in the ribosome that stimulates eRF3’s
GTPase activity and ultimately leads to the dissociation of

eRF3 (reviewed in Jackson et al. 2012). Upon eRF3 release,
full accommodation of eRF1 becomes possible such that the
eRF1 M domain can reach deeper into the PTC on the 60S
subunit (Shao et al. 2016). As in RF1/RF2, this domain
carries a conserved GGQ motif that mediates peptide re-
lease by promoting the hydrolysis of the ester that connects
the polypeptide chain to the P-site tRNA (Frolova et al.
1999). eRF1’s peptide release activity is stimulated by
ABCE1, the eukaryotic recycling factor equivalent, which
binds to SSU of the posttermination complex once that
eRF3 has dissociated (Fig. 5A, middle) (Brown et al. 2015;
Shao et al. 2016). Consequently, eRF1 acts as a binding
platform for ABCE1 and enhances ABCE1’s intrinsically
low NTPase activity (reviewed in Jackson et al. 2012).
Therefore, eukaryotic translation termination is coupled
to ribosomal recycling and the directionality of both pro-
cesses is guaranteed by the fact that ABCE1 and eRF3 are
mutually exclusive and that ABCE1 does not bind vacant
ribosomes (Pisarev et al. 2010). ATPhydrolysis byABCE1 is
coupled to a conformational change of the conserved
rRNA-binding iron–sulfur (Fe–S) cluster domain of
ABCE1 (Fig. 5A, bottom close-up) (Pisarev et al. 2010;
Brown et al. 2015). This conformational change likely caus-
es subunit splitting and subsequent release of ABCE1 and
eRF1 (Fig. 5A, bottom) (Heuer et al. 2017b).

Subsequently, the translation initiation or reinitiation
factor binding to the SSU facilitates the detachment of the
translated mRNA, displacement of the remaining deac-
ylated tRNA, and the transition to translation initiation
on a new mRNA (Skabkin et al. 2013 and reviewed in Jack-
son et al. 2012). Premature reassociation of the SSU and the
LSU is sterically prevented by eIF1 bound to the 40S and by
eIF6 bound to the 60S (Klinge et al. 2011; Rabl et al. 2011).

Although eRF1/eRF3 catalyze termination on classical
stop codons, the release factor paralogs Pelota (Dom34 in
yeast)/Hbs1 evolved as mediators of premature translation
termination on stalled mRNAs or mRNAs without a stop
codon triggering “no-go decay” or “nonsense-mediated de-
cay” pathways (Fig. 5B) (Kobayashi et al. 2010; Shao et al.
2016).

8 EUKARYOTIC RIBOSOMAL BIOGENESIS

Assembly and maturation of eukaryotic ribosomes are
much more complex than in the case of prokaryotic ribo-
somes. The highly regulated process starts with the tran-
scription of ribosomal pre-rRNA in the nucleolus and
subsequently involves more than 200 assembly factors, in-
cluding export factors, chaperones, and nucleases (reviewed
in Gerhardy et al. 2014). The pre-rRNAs are transcribed by
two polymerases: RNA polymerase I produces a 35S pre-
rRNA transcript (yeast nomenclature), which comprises
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the 18S, 25S, and 5.8S sequences, separated and flanked by
so called internal and external transcribed spacers (ITS and
ETS), whereas RNA polymerase III transcribes 5S rRNA
(reviewed in Nerurkar et al. 2015). The first r-proteins
and assembly factors assemble cotranscriptionally onto
the pre-35S rRNA and assist its folding process.

A central intermediate in ribosome biogenesis is the
5-MDa 90S preribosome or SSU processome, which encom-
passes 70 nonribosomal assembly factors and several small
nucleolar RNAs (snoRNAs) that are organized into U3
snoRNP (small nucleolar ribonucleoprotein), UTP-A, UTP-
B, UTP-C, Mpp10–Imp3–Imp4, and Bms1–Rcl1 subcom-
plexes (Kornprobst et al. 2016; Barandun et al. 2017). These
factors modify (e.g., methylate and pseudouridinylate) and
successively trim the nascent 35S pre-rRNA from the 5′end
(A0 andA1 cleavage) to remove the 5′-ETS sequence (Fig. 6)
(reviewed in Gerhardy et al. 2014; Nerurkar et al. 2015).

UTP-A and UTP-B are complexes of seven and six pro-
teins, respectively, and among the earliest modules to as-
semble on the 5′ ETS of the nascent RNA transcript. UTP-A
binds the rRNA first and then recruits UTP-B and U3
snoRNP, which also interacts with middle regions of the
nascent 18S rRNA (Hunziker et al. 2016). They all act as
chaperones and stabilize the initial fold of the nascent rRNA
and guide subsequent cleavage steps (Hunziker et al. 2016).
The third rRNA cleavage, thought to be mediated by the
nuclease Utp24 (a pilus retraction protein amino terminal
[PIN]-type nucleus) and takes place within ITS1 (A2 cleav-
age) (Wells et al. 2016). It separates the pre-20S rRNA that is
part of the pre-40S particle from the pre-27S rRNA that is
found in the pre-60S particle (Trapman et al. 1975). From
here, pre-40S and pre-60S particles follow separate matura-
tion pathways (Fig. 6). The pre-60S associates with the 5S
RNPand undergoes at least three nucleolar processing steps
including the 5′ trimming of the 27S pre-rRNA before tran-
sitioning to the nucleoplasm (reviewed in Nerurkar et al.
2015).

Two intermediates of the nucleoplasmic pre-60S matu-
ration pathway have been structurally characterized in

greater detail thus far: The “early Arx1 particle” (Wu et al.
2016) and the “late Rea1 particle” (Fig. 6) (Barrio-Garcia
et al. 2016). In the early Arx1 particle, the endonucleolytic
cleavage of ITS2, which separates the sequence of the 5.8S
rRNA from the 25S rRNA by nuclease Las1, has not yet
occurred. Therefore, the early Arx1 particle still displays
the “foot structure” associated with ITS2 (comprising bio-
genesis factors Nop15, Cic1, Nop7, Rlp7, and Nop53) (Wu
et al. 2016), which is lacking in the Rea1 complex where
ITS2 removal has been completed (Fig. 6) (Barrio-Garcia
et al. 2016).

The two particles also differ in the positioning of the 5S
RNP at the CP that includes the A-site finger region (Leidig
et al. 2014). In the early Arx1 particle (Wu et al. 2016), the
5S RNP is rotated by 180° compared with the Rea1 particle,
in which it adopts its mature position (Fig. 6) (Leidig et al.
2014; Barrio-Garcia et al. 2016). The dynein-relatedATPase
Rea1 is one of the three AAA-type ATPases that guide pre-
60S maturation and has been suggested to monitor the
correct positioning of the 5S RNP and the associated CP
remodeling (Bassler et al. 2010). Its ATPase activity medi-
ates the release of GTPase Nog2 from the complex, which
allows nuclear export factor Nmd3 to bind. Thus, Rea1-
mediated release of biogenesis factors ensures directionality
of pre-60S maturation and serves as a maturation check-
point before nuclear export (Bassler et al. 2010).

In contrast to the pre-60S, the pre-40S is rather rapidly
exported to the cytoplasm and does not acquire many ad-
ditional factors before being exported: The kinase Hrr25,
ATPase Rio2, nuclease Nob1, and factors Enp1, Ltv1, and
Tsr1 are assembled already in the nuclear preribosome and
remain associated with the particle throughout the nuclear
export process (Schäfer et al. 2003).

Pre-60S and pre-40S use a set of shared export factors,
such as Crm1 or Mex67/Mtr2 and Rrp12. However, there
are also subunit-specific export factors that facilitate the
transport of the particles across the nuclear pore complex.
Nmd3, Bud20, Ecm1, and Arx1 act as export factors for the
pre-60S, whereas Yrb2 (RanBP3) appears to be involved in

Figure 5. Eukaryotic translation termination. (A) All three commonly used stop codons are being recognized by
eukaryotic release factor 1 (eRF1) that binds in complex with GTPase eRF3 such that its N domain, harboring the
conserved sequencemotif NIKS (residues 61 to 64), reaches into the A-site, where it stabilizes stop codon bases 2 and
3 in a stacked conformation such that they can establish hydrogen bondswith glutamate residue 55 (Glu55) (see close-
up, top panel). After eRF3–GDP release from the complex, ABCE1 can bind eRF1 and the 40S stimulating eRF1’s
peptide release activity, which is mediated via the universally conserved GGQmotif in the PTC of the 60S (close-up,
middle panel). ABCE1 is an ATPase that splits the 80S ribosome in 60S and 40S subunits through several cycles of
ATP hydrolysis. In the released 40S complex, the iron–sulfur (Fe–S) cluster-containing domain of ABCE1 hasmoved
and adopts a position on helix 44 that is incompatible with 60S association (bottom panel). (B) Vacant A-sites
stemming from truncatedmRNAs are recognized by theHbs1–Pelota complex, which adopts a similar conformation
on the ribosome as the eRF1/eRF3 complex. The insertion of Pelota into the A-site would be incompatible with the
presence of a stop codon. In contrast to eRF1, Pelota possesses no peptide release activity, preventing polypeptide
synthesis from truncated mRNAs.
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transcription of the 35S and 5S rRNA in the nucleolus and proceeds via a common precursor, the 90S preribosome
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pre-40S export (reviewed in Gerhardy et al. 2014; Nerurkar
et al. 2015).

Cytoplasmic maturation steps involve the release of nu-
clear export factors as well as functional maturation check-
points of the immature subunits. For example, the release of
the Arx1 export factor from the pre-60S involves the cyto-
plasmic zinc-finger protein Rei1 (Meyer et al. 2010), the J-
domain protein Jjj1 (Meyer et al. 2010), and the ATPase Ssa
and stimulates proper formation of a functional peptide exit
tunnel (Greber et al. 2012). The structure of the cytoplasmic
Arx1–Alb1–Rei1 pre-60S complex revealed that the car-
boxy-terminal part of Rei1 enters the ribosomal tunnel to
check its integrity; however, when this is not possible the
maturation of the pre-60S subunit is arrested and Arx1 is
not released (Fig. 6) (Greber et al. 2016).

The last cytoplasmic maturation step of the pre-60S
subunit includes release of eIF6, which binds to the pre-
60S already in the nucleus (Basu et al. 2001). eIF6 release is
thought to be coupled to the proofreading of the SRL be-
cause the factor binds to the SRL on the subunit interface
(Klinge et al. 2011). Dissociation of eIF6 is facilitated by
EF-G/EF-2 homolog EFL1 and Shwachman–Bodian–
Diamond syndrome protein (SBDS) (Fig. 6) (Weis et al.
2015). eIF6 release frees the 60S subunit interface and
therefore allows the proofread 60S subunit to engage in
translation.

Cytoplasmic maturation of the pre-40S subunit is gov-
erned by ribosomal assembly factors Tsr1, Ltv1, Enp1,
Dim1, Dim2 (Pno1), Nob1, Rio2, and kinase Hrr25 and
involves large-scale conformational rearrangements of the
rRNA around the mRNA entry channel, the 40S beak, and
helix 44. These rearrangements are coupled to proof-read-
ing of the decoding center and ultimately to the cleavage of
the 20S pre-rRNA to yield the mature 18S rRNA (D cleav-
age) (Scaiola et al. 2018).

Dim1 is a rRNA methylase that methylates the top of
helix 44 on the pre-40S subunit. Upon Dim1 dissociation,
helix 44 and the decoding center bases relocate closer to
their positions in the mature subunit (Scaiola et al. 2018).
Structures of the cytoplasmic pre-40S have revealed that
Hrr25 kinase-triggered release of assembly factors Ltv1
and Enp1 allows the beak to adopt its mature conformation
(Fig. 6) (Scaiola et al. 2018), whereas GTPase-like protein
Tsr1 and ATPase Rio2 monitor A-site formation and pre-
vent subunit association (Fig. 6) (Heuer et al. 2017a; Scaiola
et al. 2018). Upon changes in the beak area and release of
Tsr1 and Rio2 from the subunit interface area, helix 44
can adopt its mature conformation. This conformational
change in the rRNA is propagated to the platform area
where Pno1 is bound (Heuer et al. 2017a; Scaiola et al.
2018). Movement or dissociation of Pno1 is presumably
triggered by conformational changes in the rRNA and

aided by the cytoplasmic GTPase Fun12 (eIF5B) as well as
the association with a mature 60S subunit into a so-called
80S-like particle (Turowski et al. 2014). It is a prerequisite
for the final cleavage of the 20S pre-rRNA by the Nob1
endonuclease (Heuer et al. 2017a), yielding mature transla-
tion-competent ribosomal subunits.

9 FUTURE CHALLENGES

Although our understanding of eukaryotic translation has
increased dramatically in recent years, there are still many
exciting unanswered questions in the field, particularly with
respect to translational control, translation initiation, ribo-
someassembly, and targetingof proteins todifferent cellular
compartments. Despite the advances in cryo-EM method-
ology, some of the processes such as the 5′-UTR scanning,
may involve continuous structural transitions and may
therefore be better suited for structure-based experiments
aimed at investigating dynamic aspects of the process. Fur-
thermore, some of the ribosomal complexes may involve
factors like eIF3 or eIF4 that exert their function through
flexible attachments and connective tethers. To reveal the
network of such interactions, hybrid structural biology
approaches that involve cryo-EM, cross-linking, mass spec-
trometry, andX-ray crystallography combinedwith integra-
tive computational modeling are likely to be used. Another
challenge lies in studying ribosomal complexes with a high
degree of compositional and conformational heterogeneity,
such as ribosomal biogenesis intermediates, in which trap-
ping and purification of native intermediates can be
achieved by geneticmanipulation. Considering that the rep-
ertoire of tools and methods at our disposal for studying
molecular structure and function has never been greater, a
new generation of scientists with interdisciplinary expertise
will be in an excellent position to tackle the unsolved mys-
teries of the protein synthesis machinery.
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