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In the past 4 years, because of the advent of new cameras, many ribosome structures have
been solved by cryoelectron microscopy (cryo-EM) at high, often near-atomic resolution,
bringing new mechanistic insights into the processes of translation initiation, peptide elon-
gation, termination, and recycling. Thus, cryo-EM has joined X-ray crystallography as a
powerful technique in structural studies of translation. The significance of this new develop-
ment is that structures of ribosomes in complex with their functional binding partners can now
be determined to high resolution in multiple states as they perform their work. The aim of this
article is to provide an overview of these new studies and assess the contributions they have
made toward an understanding of translation and translational control.

o understand translation and translational
Tcontrol, an understanding of structure as
well as dynamics of the various processes is re-
quired. The ability to see interactions at the func-
tional sites in atomic detail, facilitated by much
of the recent work, has made a large difference in
this respect. One mechanism can be singled out
that is ubiquitous, with different ramifications in
initiation, translocation, decoding, termination,
and recycling; in each of these steps of transla-
tion, the action of a GTPase is required, and
typically the engagement of a factor creates an
atomic constellation that triggers guanosine
triphosphate (GTP) hydrolysis, followed by
changes in both the factor and the ribosome.

There are tantalizing questions on how this
action unfolds in each case, and the reason so
much is still unanswered is that it occurs quite
rapidly, and that its structural characterization

therefore requires some kind of interference,
such as the use of a nonhydrolyzable GTP ana-
log or mutation at a key site, each time invoking
questions about the authenticity of the state
trapped. Thus, the nature of the decisive power-
stroke that brings us from point A to point B in
the processive machinery is uncertain.

Among all steps of translation, eukaryotic
initiation is probably the least understood be-
cause of the multitude of steps and the complex-
ity of the scanning mechanism leading to the
placement of the AUG codon at the P site of
the small subunit. Next there come the variants
of translation initiation through the viral inter-
nal ribosome entry site (IRES) mechanism; here
it is necessary to understand how the IRES is
able to “push the right buttons” on the ribosome
to take over control. Another highlight of this
review is the recent progress in the structural
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characterization of ribosomes of parasitic proto-
zoans; here, the reason little is known thus far is
related to the prevalence of the diseases that they
cause in underdeveloped countries and the pol-
itics of science funding.

As translation of the genetic code into poly-
peptides proceeds through its main phases of
initiation, peptide elongation, termination, and
recycling, the ribosome undergoes numerous
conformational changes and ligand binding/un-
binding events. For a long time, steps toward the
goal of obtaining information on the structural
basis of these events, critical for understanding
the mechanistic basis of biological function,
have been handicapped by shortcomings of
the two main structural visualization techniques,
X-ray crystallography and single-particle cryo-
electron microscopy (cryo-EM). Single-particle
cryo-EM, recently highlighted by the 2017 No-
bel Prize in Chemistry, is the visualization of
molecules in a thin layer of vitreous ice following
rapid plunge-freezing of the sample into a cryo-
gen, or a freezing agent, at liquid-nitrogen tem-
perature (McDowall et al. 1983). Raw data col-
lected on the electron microscope comes in
the form of two-dimensional “snapshots” called
micrographs, each of which include a few to over
100 copies of a biological molecule. Because
molecules are randomly oriented, all view direc-
tions are sampled when a sufficient number of
micrographs are taken. As the electron dose is
spread over a large number of molecules, radia-
tion damage is avoided or strongly reduced.
Raw data are subjected to a specialized series of
computational techniques, during which indi-
vidual copies of the specimen are identified and
the two-dimensional view represented by each
copy is assigned a viewing angle, and a three-
dimensional reconstruction of the Coulomb
potential distribution (colloquially called “den-
sity map”) can ultimately be computed.

While X-ray crystallography, starting with
publications in 2000 (Ban et al. 2000; Schlu-
enzen et al. 2000; Wimberly et al. 2000), has
been the source of many high-resolution atomic
models of the ribosome structure, it is intrinsi-
cally limited as a technique by the conforma-
tional selection taking place during the forma-
tion of the crystal, such that many interesting

functional states will escape visualization. Con-
versely, states that are only transiently visited
may receive inordinate attention because they
happen to be captured in crystals diffracting to
high resolution. Cryo-EM, on the other hand,
apart from the fact that it does not require crys-
tals, has the advantage that it is capable of dis-
playing all states coexisting in the sample without
restriction. The much lower sample volume re-
quired is another benefit. However, until recent-
ly, this technique has been limited in resolution
to 5-6 Angstroms (A, 107'° meters) for asym-
metric molecules (e.g., Hashem et al. 2013a) be-
cause of the low quality of the recording medi-
um. This situation has been radically changed
with the commercial introduction, in 2012, of
direct electron detecting cameras (see McMullan
et al. 2009), which allow near-atomic resolution
to be reached. For the ribosome field, this has
been a game changer as it is now possible to study
ligand-binding events (e.g., with transfer RNA
[tRNA] or various translation factors) in minute
detail. Even ab initio structural modeling is now
possible over large stretches of the reconstructed
density map; magnesium ions can be located;
and ribosomal RNA (rRNA) modifications can
be directly identified by the positions of extra
density in the map (see Fischer et al. 2015; Liu
et al. 2016). This greatly expanded potential of
cryo-EM has led an increasing number of crys-
tallographers to adopt the new technique, helped
by the fact that both techniques of structure re-
search share many mathematical concepts and
modeling tools.

The aim of this article is to give an overview
of the recent gain in fundamental knowledge
on ribosome structure and function, now that
cryo-EM has joined X-ray crystallography as a
powerful alternative technique of high-resolu-
tion structure research. However, the ensuing
large proliferation of structures precludes an ex-
haustive coverage, and some areas receive par-
ticular attention.

Readers unfamiliar with the ribosome may
benefit from a brief introduction to its structure
(Fig. 1). In all organisms, the ribosome is a 2- to
4.5-megadalton (MDa) structure made up of a
small subunit (SSU) and a large subunit (LSU).
Both subunits are composed of rRNA surround-
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Figure 1. General features of ribosome structure and positions of transfer RNAs (tRNAs). The large subunit
appears in blue and the small subunit in yellow. A-site (A/A) tRNA is pink, and P-site (P/P) tRNA is green. Note
that the E site is to the right of the P site as shown from the intersubunit view of the small subunit and
simultaneously to the left of the P site as shown from the view of the large subunit. A hybrid-state A/P tRNA
would appear as an occupied A site on the small subunit and an occupied P site on the large subunit; in the same
way, a P/E tRNA occupies the P site on the small subunit and the E site on the large subunit. (From Agirrezabala
et al. 2008; adapted, with permission, from Elsevier © 2008.)

ed by many smaller ribosomal proteins (r-pro-
teins). From a side view, the solvent side of the
SSU appears relatively flat, whereas that of the
LSU is rounded. A view of the SSU’s intersub-
unit side displays its head region, complete with
a leftward-facing beak, above a thin neck region
that separates the head from the body of the
subunit. The body features a large platform on
the right and a smaller shoulder on the left, nar-
rowing somewhat toward a pointed left foot and
right foot in eukaryotes, or to a single spur in
prokaryotes. Meanwhile, the solvent side of the
large subunit appears roughly round with the
central protuberance at the top. The messenger
RNA (mRNA) passes through the mRNA chan-
nel created by the groove between the head and
the body of the SSU at its intersubunit face. The
mRNA and tRNAs both pass through the three
adjacent A (aminoacyl), P (peptidyl), and E
(exit) sites, which are located on both the SSU
and LSU intersubunit faces.

EUBACTERIAL TRANSLATION
AND TRANSLATIONAL CONTROL

In previous studies, before 2013, cryo-EM re-
constructions could only be used to study large
conformational changes such as intersubunit
rotation or subunit head swivel, at intermediate

(~5-9 A) resolutions. At high (2.5-3.5 A) reso-
lutions readily attainable now, where domain
motions and molecular contacts are much better
defined, insights have been gained into key events
during translation, and into diverse mechanisms
of translational control. Additionally, the capa-
bility of single-particle cryo-EM to visualize mul-
tiple states in a single sample has particularly
benefited the understanding of multistep pro-
cesses such as mRNA-tRNA translocation.
Detailed structural studies have focused on
two pivotal stages of the polypeptide elongation
cycle (see reviews by Voorhees and Rama-
krishnan 2013; Rodnina and Wintermeyer 2016):
elongation factor G (EF-G)-assisted mRNA-tRNA
translocation and tRNA selection/decoding.
As fast and highly dynamic events involving a
multitude of domain motions, these are very
hard to capture by cryo-EM because of the
high degree of ensuing heterogeneity. Particular
difficulties are posed by structural states that
differ in structural constellations (e.g., base flip-
ping) in a local region only, whereas remaining
virtually unchanged elsewhere. In these cases, a
technique called local classification can still be
used, by singling out the region of interest
through imposition of an appropriate mask in
the application of the classification algorithm
(Penczek et al. 2006). In a variant of the tech-
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nique introduced by Scheres (2016), the project-
ed average density is subtracted from the data,
thereby increasing the sensitivity of the local
classification.

Research on the structural basis of mRNA-
tRNA translocation was recently reviewed by
Ling and Ermolenko (2016) and Frank (2017).
Despite a long history of structural studies, the
role of EF-G as it interacts with the ribosome
during mRNA-tRNA translocation is still not
well understood, even though there is basic
agreement on the factor’s catalytic action leading
to a large (10*- to 10°-fold) acceleration of the
translocation rate (Katunin et al. 2002). Brown-
ian intersubunit motion of the ribosome has
been observed in the absence of factors (Agirre-
zabala et al. 2008, 2012; Cornish et al. 2008; Ju-
lidn et al. 2008), and the role of EF-G as provid-
ing a “pawl” in the promotion of translocation
is generally accepted, implying the existence
of some type of power stroke. Specifically, this
pawl is manifest in the tip of EF-G’s domain IV,
which disrupts the codon-anticodon interaction
(Frank et al. 2007; Taylor et al. 2007), a notion
that has received renewed support in a recent
mutation study (Liu et al. 2014).

Intermediate states in factor-free intersub-
unit rotation (Fischer et al. 2010; Agirrezabala
et al. 2012), also observed by X-ray crystallogra-
phy (Zhang et al. 2009; Tourigny et al. 2013;
Zhou et al. 2014), reflect a trajectory across
the ribosome’s “metastable” free-energy land-
scape accessible through ambient thermal ener-
gy (Munro et al. 2009). Brilot et al. (2013) used
cryo-EM to determine the structure of the 70S
ribosome bound with EF-G, trapped in the pre-
translocation state using the antibiotic viomy-
cin. The structure shows a normally transient
state where the A-site tRNA is still bound to
the ribosome as well. A surprising discovery of
the Steitz group made by X-ray crystallography
(Linetal. 2015) is a large conformational change
of EF-G that apparently occurs on the binding of
this factor to the ribosome. It is still unclear how
this result fits into the overall picture of translo-
cation. In their cryo-EM study, Li et al. (2015)
were able to trap EF-G on the pre-transloca-
tional ribosome in two different binding config-
urations, one bound to the rotated and the other

to the unrotated ribosome, making use of the
mutation H94A. The results of the study allowed
the investigators to formulate necessary and suf-
ficient conditions for GTPase activation. Ac-
cordingly, stabilization of the factor by contacts
with protein S12 and the L11-lobe is required, a
condition that is only fulfilled in the rotated
configuration.

In the area of tRNA selection, the most inter-
esting question is the discrimination between
cognate and near-cognate codon-anticodon
pairing, essential for the fidelity of translation.
Here it is clear from previous work (Ogle et al.
2001) that discrimination is achieved as a result
of at least two successive steps of probing
the short codon-anticodon helix with the help
of three bases: A1492, A1493, and G650. It has
been a challenge to image the ribosome-A/T-
tRNA complex for a programmed ribosome
and bring order into the sequence of events.
Here a comparison between two cryo-EM stud-
ies, Agirrezabala et al. (2011) and Loveland et al.
(2017) shows the progress recently achieved in
the examination of the near-cognate case in a
striking way, as the former did not achieve reso-
lution sufficient to delineate the positions of the
bases with certainty, whereas the latter shows
the complexat close to 3 A resolution in multiple
states of intermediate engagement. In passing, it
should also be noted that Fischer et al. (2015),
working with cryo-EM, achieved 2.9 A resolu-
tion with the cognate aminoacylated tRNA-EF-
TueGDP-ribosome complex stabilized with kir-
romycin, a big step forward from the previous
reconstruction of the same complex by Villa
et al. (2009), while shedding no new light upon
dynamics of tRNA selection. The main gain of
the study was the identification and enumera-
tion of rRNA modifications.

It is increasingly recognized that structural
snapshots are not sufficient to understand trans-
location (or any of the steps of translation, for
that matter) and that information on real-time
dynamics is required. A whole series of recent
studies uses single-molecule fluorescence reso-
nance energy transfer (FRET) to study the tim-
ing of binding, domain motions on EF-G, inter-
subunit rotation, small subunit head swivel, and
mRNA-tRNA translocation with respect to the
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small subunit (Chen et al. 2011, 2014, 2016;
Adio et al. 2015; Salsi et al. 2015; Sharma et al.
2016; Wasserman et al. 2016; Kim and Tinoco
2017). A detailed model for the sequence of
events inferred from structural and single-mol-
ecule FRET (smFRET) studies is described by
Wasserman et al. (2016). A new method called
single-molecule polarized total internal reflec-
tion fluorescence (polTIRF) microscopy pro-
vides information not just on distance but on
relative orientation between domains. Applica-
tion of this method to the ribosome indeed al-
lowed the investigators to observe a power stroke
of domain IV of EF-G during translocation
(Chen et al. 2016).

Important inroads have also been made into
the understanding of translational control in eu-
bacteria involving the binding of specific protein
factors, an advance helped by the improvement
in spatial resolution. Here the emerging com-
mon theme is the existence of very specific mech-
anisms for structural recognition of an abnormal
state of the translation process, often going
hand-in-hand with stress conditions in the cell,
which requires intervention and rescue. EttA isa
newly found ATP-binding cassette (ABC) trans-

A
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porter protein, which is found to bind at the
ribosomal E site and suppresses translation
when the energy supply in the cell falls below a
critical level (Boel et al. 2014; Chen et al. 2014).
EttA has a “feeler” domain that is apparently able
to sense the presence or absence of a peptide on
the P-site tRNA and controls the action of the
factor through a mechanism of conformational
signaling accordingly. RelA is a protein factor
active in the stringent response, a response to
conditions of amino acid starvation. In Escher-
ichia coli, RelA synthesizes alarmones on bind-
ing to the ribosome and encountering a deacy-
lated tRNA at the A site (Agirrezabala et al.
2013). Recent cryo-EM studies have uncovered
the detailed molecular mechanism, which in-
volves sensing the absence of the aminoacyl
group on the CCA end of the strongly distorted,
A/T-shaped A-site tRNA (Fig. 2) (Brown et al.
2016; Loveland et al. 2016). BipA is a GTPase
closely related to EF-G and engaged at the
same factor-binding site of the ribosome, but
only if a tRNA is bound at the A site. Curiously,
the ribosome was found in the rotated position
(Kumar et al. 2015), again implying specific rec-
ognition of a local conformational anomaly.

LI} 1 1 1 1
372 404 505 594 663 744

Figure 2. RelA in action on the ribosome, as revealed by cryoelectron microscopy (cryo-EM). (A) RelA monitors
the CCA end of an incoming putative aminoacyl-transfer RNA (tRNA) and binds to the ribosome on recognizing
the absence of an amino acid. (B) Model of ribosome-bound form of RelA oriented from amino to carboxyl
terminus, with the domain organization shown below; hydrolase (HYD), synthetase (SYN), TGS (threonyl-
tRNA synthetase, GTPase and SpoT), Zinc-finger (ZFD) and RNA recognition motif (RRM) domains. Flexible
elements between ordered RelA domains are shown in dashed lines. (From Brown et al. 2016; adapted, with

permission, from Springer Nature © 2016.)
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BipA is known to be essential to survival at low
temperature, nutrient depletion, and various
other stress conditions, but the molecular mech-
anism of its action is as yet unknown. Finally,
ArfA is a factor that recruits release factor RF2
on encountering a ribosome containing truncat-
ed mRNA, a condition characterized by the
presence of a peptidyl-tRNA in the P site and
an empty A site. Thus ArfA rescues translation
in bacteria lacking the trans-translation mecha-
nism. In their recent work, Demo et al. (2017)
were able to elucidate the structure of the ArfA-
RF2-bound ribosome and describe its likely
mechanism of action. Interestingly, this capabil-
ity adds to the versatility of RF2, the protein
factor already known from its classical role as a
class I release factor in stop codon recognition
and, more recently, in translation quality control
(Zaher and Green 2009).

EUKARYOTIC RIBOSOME STRUCTURE
AND FUNCTION

In the past few years, studies of ribosome struc-
ture for eukaryotes have led to a better appreci-
ation of their diversity, particularly because of
the great variation in rRNA expansion segments
and the addition of a variety of eukaryotic-spe-
cific proteins. As we describe below, special
cases are the ribosomes of parasitic protozoans,
which for the first time reached resolutions
that bring them within reach of drug design,
as resolutions in the 2.5 to 3.5 A range allow
bound drug molecules to be directly located
and visualized.

Yeast and Higher Eukaryotes

The first X-ray structures of eukaryotic ribo-
somes, denoted as 80S ribosomes, each compris-
ing one 40S small subunit and one 60S large
subunit, were from Tetrahymena thermophila
(a 40SeelF1 complex [Rabl et al. 2011] and a
60SeelF6 complex [Klinge et al. 2011]) and yeast
(80S [Ben-Shem et al. 2011]), and were reviewed
by Wilson and Doudna Cate (2012) and Klinge
etal. (2012). Specific progress with the ribosome
structure of yeast was discussed by Yusupova
and Yusupov (2014). Yusupov’s group also pub-

lished 16 X-ray structures of the drug-bound
yeast ribosome (de Loubresse et al. 2014; Yusu-
pova and Yusupov 2017). 80S ribosomes from a
growing number of species were solved by cryo-
EM in various states of translation, at close
to atomic resolutions: canine (Voorhees and
Hegde 2016), porcine (Voorhees et al. 2013,
2014), and human (Khatter et al. 2015).

A number of studies focused on translation
mediated by IRESs from viruses on ribosomes
from yeast (Fernandez et al. 2014; Abeyrathne et
al. 2016; Murray et al. 2016), rabbit (Hashem et
al. 2013¢; Yamamoto et al. 2014, 2015; Muhs
et al. 2015), and human (Quade et al. 2015).
Besides adding to our rapidly growing structural
knowledge base, these reconstructions offer
novel insights into the way the eukaryotic ribo-
some is hijacked by viral mRNA. These works
are reviewed in further detail below.

Parasitic Protozoans

In recent cryo-EM studies, several structures of
ribosomes from a number of protozoan para-
sites have been solved at near-atomic resolutions
(2.5 to 3 A), elucidating their unique features,
which are distinct from those of other eukary-
otes. The resulting structures provide a basis for
future functional studies of the translational ma-
chinery of protozoan parasites and have estab-
lished the ribosome as a promising drug target
against these human pathogens. These include a
number of trypanosomatids and Plasmodium
falciparum, all causing debilitating and often-
fatal diseases. Current treatments against these
parasites have poor efficacy, high toxicity, and
increasing levels of drug resistance (Andrews
et al. 2014). The importance of these parasites
in epidemic diseases warrants a special highlight
in our review.

Among pathogenic protozoans, the trypano-
somatids, Trypanosoma cruzi, Trypanosoma
brucei, and Leishmania spp., are a unique family
causing insect-borne diseases: Chagas disease,
African trypanosomiasis (sleeping sickness),
and Leishmaniasis, respectively. Altogether, an
estimated 37 million people are infected with
these parasites worldwide. The first cryo-EM
structures of ribosomes from this family (for
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T. cruziat 12 A [Gao et al. 2005] and for T. brucei
at 5.5 A [Hashem et al. 2013a]) provided a first
glimpse and overview of their architecture. More
detailed insights have only recently emerged
with the advent of the new direct-detector
technology. Cryo-EM reconstructions of native
60S subunits from T cruzi at 2.5 A (Liu et al.
2016, 2017) and Leishmania donovani at 2.8 A
(Shalev-Benami et al. 2016), as well as 80S ribo-
somes of L. donovaniat 2.9 A (Zhangetal. 2016)
have revealed the ribosome structure in unprec-
edented detail, making it possible to dis-
cern rRNA nucleotides, amino acid side chains,
rRNA modifications, solvent molecules, and
metal ions. As a result, atomic models are now
available for the ribosomes of all three species.
A very striking feature of trypanosomatid
ribosomes is the fragmentation of the 28S
rRNA in the large subunit, discovered by use

New Insights into Ribosome Structure and Function

of nucleic acid electrophoresis (Campbell et al.
1987). Following the terminology of Hashem
et al. (2013a), we refer to the six fragments as
LSU-a, LSU-B, and srRNAI through sTRNA4.
The two largest pieces, LSU-o. and LSU-B, are
located on the solvent and interface side, respec-
tively, and provide the scaffold for the large sub-
unit. Locations of these rRNA components and
the unique ways they are knitted together in the
mature ribosome were described in various
depths (Fig. 3) (Hashem et al. 2013a; Liu et al.
2016; Shalev-Benami et al. 2016; Zhang et al.
2016). The srRNAI piece is at the bottom of
the large subunit, as viewed from the solvent
side, opposite the 5S rRNA. It lies close to the
5.8SrRNA, without being associated with it. The
remaining three pieces srRNA2-4 are in close
contact with one another and situated mainly
on the left side of the large subunit under the P

2 SrRNAT

Figure 3. Structure of the large ribosomal subunit of Trypanosoma cruzi. (A) Sharpened cryoelectron microscopy
(cryo-EM) map of the 60S subunit, colored by local resolution and viewed from the subunit interface. (Left)
Surface view. (Right) Central cutaway view. (B) Selected views of density for ribosomal RNA (rRNA) and
proteins, with associated ions and water molecule. (C,D) rRNA architecture of the large subunit: interface (C)
and solvent (D) view. (E) Some rRNA expansion segments in the unsharpened map of a large subunit, viewed
from the solvent side. (From Liu et al. 2016; adapted, with permission, from the National Academy of Sciences in

conjunction with Creative Commons licensing.)
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stalk (solvent-side view). Strikingly, despite the
fragmented nature of the rRNA, the ribosomal
functional cores adopt the complete 3D archi-
tecture that is common to other eukaryotic ribo-
somes. Although the exact mechanism of rRNA
fragmentation in trypanosomatids is unknown,
the high-resolution structures of the T. cruzi and
L. donovani 60S large ribosomal subunit suggest
that cleavage occurs during or postassembly
(Liu et al. 2016; Shalev-Benami et al. 2016).
Further, these structures contain clues on how
these rRNA fragments are most likely assembled
(Liu et al. 2016). In fact, this “archeological” ap-
proach to the interpretation of structure has
resulted in a proposal for the chronology of
biosynthesis of trypanosomatid ribosomes (Liu
etal. 2016).

Compared with other eukaryotic ribosomes,
in particular with the yeast ribosome, the cyto-
solic ribosome in trypanosomatids shows a set
of trypanosome-specific components both in
RNAs and in proteins. In the large subunit, a
number of rRNA kinetoplastid-specific expan-
sion segments (ESs) are located in the periphery
and are unusually large. Many r-proteins have
carboxy-terminal or amino-terminal extensions.
Most remarkably, the r-protein eL19 contains
an extremely long carboxy-terminal extension,
doubling its size compared to its yeast counter-
part. In addition, kinetoplastid ribosomes lack
the r-protein el41, resulting in the absence
of the eukaryote/archaea-specific intersubunit
bridges eB12 and eB14. In contrast to the large
differences seen in the large subunit rRNA, the
small subunit is more conserved.

P. falciparum, an apicomplexan parasite
transmitted by the bite of an infected female
mosquito (Anopheles spp.), is the causative agent
of the most severe form of human malaria. Ma-
laria constitutes an immense global public health
burden; in 2015, it caused an estimated 214 mil-
lion clinical episodes and 438,000 deaths (www
.who.int/mediacentre/factsheets/fs094/en). Us-
ing cryo-EM, the parasite-specific features and
structural dynamics of the P. falciparum 80S
(P£80S) ribosome were recently characterized
(Wong et al. 2014, 2017; Sun et al. 2015). In the
first of these studies, Wong et al. (2014) solved
the structure of the Pf80S ribosome bound to

emetine, a eukaryotic protein synthesis inhibi-
tor, at a resolution of 3.2 A. The Pf80S ribosome
displays extensive differences in the lengths of its
rRNA expansion segments and protein exten-
sions in comparison to the human ribosome.

As for the r-proteins, 15 of these are extend-
ed in P. falciparum when compared to yeast
ribosomes, which are commonly used as a ref-
erence against other eukaryotic ribosomes. Im-
portantly, these extensions result in unique
interactions not observed in the ribosomes of
the human host (Wong et al. 2014; Sun et al.
2015). For instance, r-protein eL41 has a 14-res-
idue amino-terminal extension that reaches into
a pocket formed by 18S rRNA, bridging the large
and small subunits. An additional small bridge is
formed between the platform of the small sub-
unit and the region around the L1 stalk via
interactions between the carboxy-terminal
helix extension of eL8 and the carboxy-terminal
helix eS1. Stabilizing interactions are also ob-
served near the L1 and P stalks, likely with func-
tional implications on translation in P. falcipa-
rum. Sun et al. (2015), with a sample purified
from a schizont-stage P. falciparum cell extract,
obtained five reconstructions showing the ribo-
some either empty or in four different tRNA-
binding states, two of which (an 80S with tRNAs
in the P/P and E/E sites, and a rotated 80S bound
by hybrid-state A/P and P/E tRNAs) are recog-
nizable as part of the canonical elongation cycle.
This study is an example for the capability of
single-particle cryo-EM to provide multiple
functionally relevant structures from the same
sample.

Altogether, the newly determined structures
of ribosomes from human parasites provide a
platform for functional studies of parasite-spe-
cific features (rRNA expansion segments, r-pro-
tein extensions, dynamics, assembly, etc.) and
the development of new therapeutics. Future
studies are expected to explore the binding of
translation initiation, elongation, and release
factors in these parasites, as they are incomplete-
ly understood. Thus, there is vast potential for
high-resolution cryo-EM to characterize the
functions of parasite-specific elements as well
as complexes to guide the design of drugs tar-
geting their translational machinery.
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Canonical Eukaryotic Translation Initiation

Eukaryotic translation initiation occurs in four
stages: 43S preinitiation complex formation,
mRNA attachment, scanning and start codon
recognition, and large ribosomal subunit joining.
This process requires the concerted action of over
a dozen protein factors at different times, with
concomitant conformational changes in those
factors, the ribosome, tRNA, and mRNA (Fig. 4).

New Insights into Ribosome Structure and Function

In the field of eukaryotic initiation, struc-
tural knowledge has lagged far behind the
knowledge in other steps of translation. This
has been the result mainly of the low stability
and structural variability of the various com-
plexes engaged in preinitiation and their path-
way toward assembly. The resulting com-
positional and conformational heterogeneity of
such complexes poses challenges in visualiza-
tion. A breakthrough was achieved with the dis-

Solvent face

ABCE1 elF5B

Intersubunit face

Figure 4. A model of eukaryotic translation initiation. (Note that eukaryotic initiation factor [eIF]4 subunits and
elF5 are not shown.) (A) 43S complex. Factors elF1, eIF1A, ternary complex, and eIF3 bind to the 40S subunit.
DHX29 is required only for initiation on highly structured messenger RNAs (mRNAs) in mammals, and is
shown as a dotted outline. The binding site of the substoichiometric subunit eIF3j overlaps with part of DHX29’s
binding site; the area of overlap is indicated with diagonal lines. The mammalian homolog of factor eIF3 is shown;
yeast eIF3 comprises only core subunits a and c and peripheral subunits b, i, g, and j. Factor ABCE1 likely binds to
the 40S subunit interface, at a conserved GTPase binding site. (B) 48S-open complex. mRNA is delivered to the
complex, and start codon scanning begins. The latch between rRNA helices 18 and 24 on the 40S subunit opens to
allow mRNA entry. Subunits eIF3b, i, and g move from the solvent face to the intersubunit face of the 40S
subunit, likely on mRNA binding. (C) 48S-closed complex. Scanning concludes on start codon recognition in the
40S subunit P site. The 40S subunit head rotates toward the solvent side of the subunit, aiding the closure of the
latch. Subunits eIF3b, i, and g have dissociated from the 40S subunit. Factor ABCEI binds the 40S subunit
interface. Initiator tRNA is accommodated fully in the P site, caused, in part, by e[F2f’s releasing its contacts with
elF1 and eIF1A in favor of contacting the 40S subunit head, moving the ternary complex toward the 40S subunit
head away from the body, whereas the anticodon remains securely in the P site. Factors eIF1 (shown transpar-
ently) and the carboxy-terminal tail (CTT) of eIF1A (not shown) begin to dissociate. Factor eIF5 (not shown)
catalyzes GTP hydrolysis on elF2, after which both factors will dissociate. (D) 80S complex. Factor eIF5B
catalyzes 60S subunit joining. Upon subunit joining, eIF5B will dissociate with eIF1A (not shown), leaving
an elongation-competent 80S complex. (Figure based on data in des Georges et al. 2015 and Simonetti et al.
2016.)
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covery that DHX29, a newly discovered initia-
tion factor (Pisareva et al. 2008; Parsyan et al.
2009), stabilizes the preinitiation complex to
some extent, sufficient for visualization by
cryo-EM (Hashem et al. 2013b). It is worth not-
ing, however, that only 4% of the data showed
the complete complex (with the exception of
elF1), and that all other classes presented com-
plexes where some of the factors were missing, It
is only because of the power of today’s classifi-
cation methods that such a small portion of the
data can be identified. The reason for the low
yield of intact complexes is unknown, but it may
be related to the low binding affinity of some of
the factors and to the forces that act on the speci-
men during the preparation of the EM grid
(Glaeser 2016). This low yield explains the rela-
tively low resolution of the reconstruction. Nev-
ertheless, in this work, the structure and posi-
tion of eIF3 on the ribosome were well defined
for the first time.

43S Preinitiation Complex

Helicase DHX29, first visualized by Hashem
et al. (2013b) as part of the 43S preinitiation
complex, is required to translate highly struc-
tured mRNAs bound to the mammalian 43S
complex (Pisareva et al. 2008). DHX29 is posi-
tioned on the 40S subunit shoulder near the
mRNA entry channel latch, consistent with a
role in unwinding double-stranded stems of in-
coming mRNA. Additionally, the resolution of
this 43S complex, 11.6A, was sufficient to clarify
the orientation of the eIF3 core octamer bound
to the 40S subunit, which differed significantly
from the previous understanding of its orienta-
tion (Siridechadilok et al. 2005); in its actual
orientation, the eIF3 core contacts much less
of the 40S subunit than previously thought.
des Georges et al. (2015) presented the first
set of cryo-EM reconstructions that collectively
show all but eIF3j of the 13 subunits of mam-
malian eIF3 in the context of the 43S complex.
The PCI/MPN octameric core is attached to the
platform of the 40S subunit via subunits eIF3a
and elF3¢; the eIF3 core in mammals differs
substantially from that in yeast, which com-
prises only subunits e[F3a and eIF3c. In a sepa-

rate reconstruction, the investigators resolved
peripheral subunits eI[F3bgi on the solvent side
of the 40S subunit near the shoulder. In a third
reconstruction, a density seen previously (Ha-
shem et al. 2013b) at low resolution is now vis-
ible in des Georges et al. (2015) at intermediate
resolution and tentatively assigned to eIF3d, the
first time a cryo-EM density is attributed to this
peripheral subunit.

Subunit eIF3j was finally visualized by Aylett
et al. (2015) as part of a yeast 40SeelFleelF1Ae
elF3 complex. These investigators enriched for
complete complexes using a lysine cross-linking
technique that tethered components to one an-
other (Erzberger et al. 2014). Subunit eIF3j is a
substoichiometric, nonessential component of
elF3, conserved between yeast and mammals
(Valasek et al. 2001; see Browning et al. 2001);
in the 40SeelFleelF1AeelF3 complex, elF3j is
situated at the mRNA entry channel on the
40S subunit shoulder at the intersubunit face,
near the mRNA entry channel (Fraser et al.
2007). This binding site overlaps with that of
DHX?29, indicating that their binding associa-
tions in the 43S complex are mutually exclusive.
Subunit eIF3j contacts eIF1A and, because eIF1
and eIF1A bind cooperatively (Maag and Lorsch
2003), the cryo-EM study by Aylett et al. (2015)
is the first evidence that links binding of eIF3 to
that of eIF1 and eIF1A. eIF3 makes relatively few
contacts with the 40S subunit, so its interactions
with eIF1 and eIF1A are particularly important.

Also visible for the first time in a cryo-EM
reconstruction is the helical, spectrin-like car-
boxy-terminal domain of subunit eIlF3a, which
extends along the solvent side of the 40S sub-
unit, from the eIF3ac subunit core situated on
the platform to the peripheral eIF3bgi subunit
module near the shoulder.

48S Translation Initiation Complex

For some time, it was difficult to directly assess
structural differences between the stages of scan-
ning and start codon recognition during initia-
tion, because the two were thought to differ only
by relatively small conformational changes and
by start codon placement. Hussain et al. (2014)
broke ground in this area, using a tRNA variant
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to stabilize start codon recognition to yield a
reconstruction of a partial yeast 48S complex
(py48S), containing the 40S subunit, eIFI,
elF1A, ternary complex (ie., e[F2¢GTP-Met-
tRNAM® or nonhydrolyzable GTP analog), and
mRNA, with partial putative eIF5 occupancy.
The 4 A structure, which represents an initiation
complex just after start codon recognition, pre-
sents initiator tRNA, eIF1, and the amino-termi-
nal tail (NTT) of eIF1 A together for the first time.
According to this structural mapping, the initia-
tor tRNA interacts with the mRNA start codon
in the P site; the elF1A NTT is ordered and sta-
bilizes the codon-anticodon duplex; and eIF1 is
seen in a novel conformation in which its two -
hairpins have shifted to avoid a clash with the
tRNA in its current close proximity to the
mRNA. Additionally, the mRNA entry channel
latch between h18 on the 40S subunit head and
h34 on its body (Spahn et al. 2001) is in a closed
state, as expected on start codon recognition. Fur-
thermore, the reconstruction reveals a 13° clock-
wise swivel of the 40S subunit head, with the beak
having moved toward the solvent face of the sub-
unit, about the axis ofh28, the “neck” between the
40S subunit head and body. This swivel motion
brings h29 of the 18S rRNA from the 40S subunit
head into contact with the anticodon stem-loop
(ASL) of initiator tRNA, thereby stabilizing the
tRNA in its start codon-bound state.

Llacer et al. (2015) built on this result by
introducing at 6 A the first open-state py48S
complex, omitting eIF5 and using an mRNA
variant to stabilize a scanning complex (with
40S subunit, eIF1, eIF1A, ternary complex,
mRNA, and parts of eIF3 visible) in addition to
another py48S-closed complex at 4.9 A similar
to the one in Hussain et al. (2014) (with the same
components as the open complex in addition to
elF5). Here “open” and “closed” refer to the state
of the mRNA entry channel latch. The 40S head
tilts away from the body to open the latch during
scanning, which permits mRNA movement
through the now widened channel between the
40S subunit head and neck; the latch closes after
start codon recognition, to “lock” the mRNA in
position.

Specifically, Llacer et al. (2015) showed that
on start codon recognition, h28 is compressed,

New Insights into Ribosome Structure and Function

bringing the 40S subunit head closer to the body
to close the latch. The 40S subunit body com-
ponent of the P site is brought into contact with
the initiator tRNA’s ASL, helping to accommo-
date tRNA; fully in the P site. Concomitantly,
subunit eIF2[ releases its contacts with eIF1 and
eIF1A in favor of contacting the 40S subunit
head. Asaresult, the bulk of the ternary complex
moves toward the 40S subunit head and away
from the body, whereas the ASL is stationary in
the 40S subunit P site (Llacer et al. 2015; Simo-
netti et al. 2016). In conjunction with rearrange-
ments of other initiation factors, including eIF1,
elF1A, and elF20, the 40S subunit head posi-
tions the initiator tRNA in the P site in a closed,
scanning-arrested state.

Simonetti et al. (2016), via a late-stage mam-
malian 48S subunit reconstruction (containing
the 40S subunit, ternary complex, mRNA, eIF3i,
and elF3g), reinterpreted Llacer et al.’s results by
swapping the attributions of eIF3b and elF3i,
both of which bear WD40 domains of similar
size. The reassigned factor eIF3b appears on the
intersubunit face of the 40S subunit in both
open and closed complexes, which suggests
that it has moved from the 40S subunit solvent
face before scanning and start codon recogni-
tion, and likely on mRNA attachment. The re-
located eIF3b contacts elF2y, maintaining the
ternary complex in a scanning-competent con-
formation, as opposed to the 40S head-proximal
conformation mentioned above on start codon
recognition. A follow-up analysis of the same
48S subunit reconstruction (Mancera-Martinez
et al. 2017) indicates that eIF3i and eIF3g likely
relocate with eIF3b from the 40S subunit solvent
face to the intersubunit face as a module, al-
though whether elF3i+g remain bound to the
40S subunit is unclear. Importantly, the investi-
gators additionally reassign a density on the 40S
subunit intersubunit face to the NTPase ABCE1,
positing that ABCE1 binds the interface on start
codon recognition, after dissociation of the
elF3b (along with i+g). Moreover, ABCE1 may
cycle on and off the 40S subunit throughout
ribosome recycling and subsequent translation
initiation, possibly acting as an anti-association
factor and a gatekeeper to multiple steps of
translation initiation.
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Fernandez et al. (2013) visualized a complex
representing the result of the final step of eukary-
otic initiation, eIF5B-mediated subunit joining.
Their 6.6 A structure of factor elF5B in complex
with the yeast 80S ribosome and the initiator
aminoacylated tRNA in the P/I state—a confor-
mation in the P site with the large-subunit end
bound to an initiation factor—was achieved by
optimizing the sample in a stepwise fashion in
response to shortcomings of early reconstruc-
tions of the complex, because of partial occupan-
cy of some components and tRNA heterogenei-
ty. The resultant reconstruction shows that
eIF5B binds tightly to ribosomal protein eL40
at the base of the P stalk, such that there would
be a steric clash if eL40 were ubiquitinated. In
fact, as eL40 is ubiquitinated through the late
stages of 60S subunit maturation (Fernandez-
Pevida etal. 2012), eIF5B promotes subunit join-
ing strictly with mature 60S subunits. Further-
more, some aspects of this complex that are
conserved in bacteria—the P/I conformation
of the initiator tRNA, salient intersubunit rota-
tion, and the general conformation of ribosome-
bound eIF5B—corroborate an earlier low-reso-
lution cryo-EM reconstruction in bacteria (Allen
etal. 2005) that featured eIF5B’s prokaryotic ho-
molog IF2. This suggests that elF5B’s role in ini-
tiation is universally conserved, which would ex-
plain why eIF5B is required even when most
initiation factors are not during many types of
noncanonical 5'-cap-independent initiation.

With all these pieces in place, it is possible
now to put a composite model together for the
stepwise progression of canonical translation
initiation in eukaryotes (Fig. 4).

IRES-Mediated Initiation and Translocation

Cryo-EM has advanced the understanding of
noncanonical translation initiation via IRESs.
In viruses, IRESs are classified into four types,
according in part to the subset of initiation
factors that they require. Type 3 IRESs, which
require very few initiation factors, and type 4
IRESs, which require none, depart the most
from canonical requirements, and recent cryo-
EM studies have helped to elucidate the mech-
anisms of types 3 and 4 IRES function (Kwan

and Thompson 2018) and of IRES-bound ribo-
some behavior.

Type 3 IRESs, such as the classical swine fe-
ver virus (CSFV) IRES, bind to the 40S subunit in
a way that clashes with the mammalian eIF3
core’s ribosomal contacts, eS1, eS26, and eS27.
Hashem et al. (2013c) observed that the IRES
resolves the clash by displacing the eIF3 core
entirely from the ribosome and instead binding
elF3 via the IRES’s own domain III, holding
eIF3 in a position 55 A shifted and 60° rotated
from its canonical position on the 40S subunit
platform.

Initiation with the type 3 IRES appears to
rely on 40S subunit rolling, a movement usually
confined to the elongation stage during canon-
ical translation. Specific to eukaryotes, rolling is
a ~6° rotation about the longest axis of the 40S
subunit, orthogonal to intersubunit rotation
(Budkevich et al. 2011) with the beak moving
closer to the 60S subunit. Canonically, rolling
occurs in the early pre-translocation state where
it serves to shift an incoming tRNA in the A/T
conformation, in which the 3’ acceptor end of
the tRNA is not yet situated in the 60S A site,
into the A/A conformation, which is fully ac-
commodated in the A site. Reverse rolling takes
place concurrently with intersubunit reverse
rotation to yield the posttranslocation complex
(Budkevich et al. 2014). However, Yamamoto
et al. (2014) showed that rolling occurs in the
final steps of hepatitis C virus (HCV) IRES-me-
diated initiation. The subunit-joining GTPase
elF5B recruits the 60S subunit to a 40SeHCV-
IRESeMet-tRNA M complex in the rolled state,
yielding a pre-translocation-like 80S complex
presented at 8.2 A. eIF5B«GTP hydrolysis in-
duces reverse rolling as eIF5B begins to disen-
gage from the complex; this posttranslocation-
like state is captured in an 8.6 A reconstruction.
Yamamoto et al. propose that subsequent eIF5B
dissociation yields an elongation-competent
complex. Thus, the HCV IRES uses canonical-
elongation-like rolling to complete initiation.

Fernandez et al. (2014) obtained two recon-
structions of a model type 4 IRES, the cricket
paralysis virus (CrPV) intergenic IRES, bound
to a yeast 80S ribosome in rotated and nonro-
tated states, at sufficiently high resolution (3.7 A

12 Cite this article as Cold Spring Harb Perspect Biol 2019;11:a032615



fco;ﬁ?% Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

and 3.8 A, respectively) to build an atomic mod-
el of the full-length IRES. They took advantage
of the fact that the 80S ribosome from the yeast
Kluyveromyces lactis is stable (Rodicio and Hei-
nisch 2013) and does not aggregate at pH 6, and
used it to build complexes with the CrPV IRES
RNA, as RNA and especially RNA pseudoknots,
which are found in the CrPV IRES, are stable at
pH 6 (Li and Breaker 1999; Nixon and Giedroc
2000). Importantly, the resultant high-resolu-
tion structures revealed that the CrPV IRES
binds the ribosome with its start codon-initiator
tRNA mimic (Costantino et al. 2008), called
pseudoknot I (PKI), in the A site rather than in
the P site as the canonical start codon-initiator
tRNA complex does; the 80S ribosomesCrPV
IRES assembly therefore requires translocation
to occur before elongation proceeds, and repre-
sents a pre-translocation complex rather than
an initiation complex. In fact, the CrPV IRES-
bound 80S ribosome is in equilibrium between
rotated and nonrotated states (Ferndndez et al.
2014).

Type 3 and 4 IRESs both bind between the
head and body of the 40S subunit in a way that
constrains the flexibility of the 40S head posi-
tion, tilting the head away from the body and
thereby forcing the latch into its open position
(Quade et al. 2015; Yamamoto et al. 2015; Mur-
ray et al. 2016). In this way, the IRESs mimic the
induction of head tilt and latch opening by fac-
tors elF1, eIF1A, and eIF3 during canonical ini-
tiation (Aylett et al. 2015; Llacer et al. 2015). In
the case of the HCV IRES, the model type 3
IRES head tilt of about 17° persists until P-site
tRNA binding occurs, which takes place after
60S subunit joining in HCV IRES-driven initi-
ation (Yamamoto et al. 2015). The incoming
tRNA displaces the HCV IRES domain II from
its position as a wedge between the 40S subunit
head and body, and domain II undergoes a 55°
rotation resulting in contact with the 28S rRNA
on the 60S subunit. In type 4 IRES-driven initi-
ation, stem loops IV and V of the IRES insert
themselves between the head and body of the
40S subunit (Ferndndez et al. 2014; Koh et al.
2014).

During eEF2-dependent translocation, the
type 4 IRES must shift through the intersubunit

New Insights into Ribosome Structure and Function

space as a single flexible body. Two groups
(Muhs et al. 2015; Murray et al. 2016) elucidated
individual mid- and posttranslocation states,
respectively, of ribosome-bound type 4 CrPV
IRES. In a tour-de-force of cryo-EM data collec-
tion and classification, Abeyrathne et al. (2016)
captured the entire arc of IRES translocational
motion by five high-resolution (3.5 A to 4.2 A)
cryo-EM reconstructions of the type 4 IRES
from Taura syndrome virus (TSV) bound to
the 80S ribosome, which was bound in turn by
eEF2. The TSV IRES, in an extended conforma-
tion before translocation, compresses and then
extends again in a stepwise fashion, whereas its
PK1 moves from the A site to the P site. Con-
certed intersubunit rotation and 40S head swivel
accompany the movement of the IRES. As the
ribosome proceeds from the rotated state (3°
more rotated than when eEF2 is absent [Murray
et al. 2016]) to the nonrotated state, 40S subunit
head swivel progresses from moderate (12°)
to high (17°) to minimal (1°). The swiveling
action toward the 60S subunit appears to align
the 40S subunit head A-site region with the body
P-site region to permit the IRES PK1 to advance
from the A site to the P site (Abeyrathne et al.
2016) in addition to a previously known role in
which swiveling permits P-site tRNA’s shift to
the E site (Spahn et al. 2004; Schuwirth et al.
2005).

CONCLUSION

When compared to the knowledge of only 4
years ago, the structural information available
on ribosomes from eubacteria and eukaryotes
is now much richer and more detailed. Especial-
ly, the addition of information on multiple
states and dynamics obtained by single-particle
cryo-EM has helped to broaden the functional
knowledge base in eubacterial and eukaryotic
translation. As we have shown, there are beau-
tiful examples for the elucidation of detailed
mechanisms in the recent structural litera-
ture on translational control and tRNA selection
in eukaryotes, and IRES-mediated initiation
and translocation in eukaryotes. In all, we can
look forward to a much-enriched integration
of biochemical, structural, and single-molecule
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FRET data relating to translation than previous-
ly thought possible.
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