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Abstract
Understanding protein synthesis in bacteria and humans is important for understanding the origin of many human

diseases and devising treatments for them. Over the past decade, the field of structural biology has made

significant advances in the visualisation of the molecular machinery involved in protein synthesis. It is now

possible to discern, at least in outline, the way that interlocking ribosomal components and factors adapt their

conformations throughout this process. The determination of structures in various functional contexts, along

with the application of kinetic and fluorescent resonance energy transfer approaches to the problem, has given

researchers the frame of reference for what remains as the greatest challenge: the complete dynamic portrait of

protein synthesis in the cell.
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Introduction

The translation of the genetic code is one of the

most crucial (and energy-costly) processes of life.

This task is performed by ribosomes — large ribo-

nucleoprotein assemblies that read the message

encoded in the messenger RNA (mRNA) and syn-

thesise proteins by sequential polymerisation of

amino acids carried by transfer RNAs (tRNAs), in

the form of aminoacyl-tRNAs (aa-tRNAs). The

functional complexity of the protein translation

process is reflected by the structural complexity of

the ribosome, as it is composed of more than 50

different proteins and several RNA components,

even in the simplest organisms. The recent award

of the Nobel Prize to three X-ray crystallographers,

Venki Ramakrishnan, Tom Steitz and Ada Yonath,

amounts to a recognition not only of outstanding

individual scientific achievements, but also of the

pre-eminent role of this molecular machinery in all

forms of life. The architectural sophistication and

functional virtuosity of the ribosome are astound-

ing, especially considering that it is one of the most

ancient macromolecules, having evidently emerged

at the very earliest stages of evolution.

The four major steps during protein synthesis by

the ribosome are initiation, elongation, termination

and recycling (Figure 1). Briefly, in the first step,

ribosomal subunits, mRNA and the initiator

tRNA (fMet-tRNAfMet) are brought together with

the help of initiation factors. Once this initiation

complex is formed, the sequential incorporation of

aa-tRNAs proceeds based on the cognate match

between the codon, a three-base sequence on the

mRNA, with the complementary anticodon of the
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aa-tRNA, a match that is recognised by the decod-

ing centre located on the small subunit. Upon suc-

cessful selection, the aa-tRNA is accommodated in

the ribosome, leading to the immediate transfer of

the peptide bond from the peptidyl tRNA to the

incoming aa-tRNA. Next, the tRNAs along with

the mRNA, are translocated by the span of one

codon, and the decoding site is vacated for the

next round of decoding. In each cycle, the assist-

ance of two GTPases is needed, elongation factor

(EF)-Tu and EF-G. While aa-tRNA accommo-

dation is guided by EF-Tu (eEF1A in eukaryotes),

mRNA–tRNA translocation is promoted by EF-G

(eEF2 in eukaryotes). By contrast, peptide transfer

is catalysed by the ribosome itself, without the aid

of a factor. Once a stop codon of the mRNA

reaches the decoding centre, release factors liberate

the polypeptide from the ribosome. In the last step,

recycling factors (with assistance from EF-G) act to

dissociate the ribosome, allowing each component

to be re-used.

The structure of the ribosome is defined by the

architecture and arrangement of its distinctly sized

subunits, large and small, whose association is

mediated by several inter-subunit bridges. In eubac-

teria and archaea, the small and large subunits are

referred to by their sedimentation values as 30S and

50S, respectively, while their eukaryotic counter-

parts are designated 40S and 60S. Due to the

unique topology of the two subunits, their associ-

ation results in the formation of a �100-Å long

cavity open on both sides, the inter-subunit space.

Figure 1. Schematic diagram of bacterial protein synthesis. Shown are the mains steps comprising the translation process: initiation,

elongation cycle, termination and recycling. Details regarding each step are provided in the main text. For simplicity, some intermediate

stages are omitted in this overview. The mRNA is depicted as a strand running horizontally along the small (30S) subunit, with

alternating white and black segments, each representing one codon. The tRNAs bind at A, P and E sites. The nascent polypeptide is

shown as a string of spheres. The individual structures and cartoons are not drawn to scale.
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The tRNAs employ this cavity to traverse the

entire ribosome as they pass the different primary

binding sites (termed A for amino-acyl, P for pep-

tidyl and E for exit). The cyclic protein elongation

process, encompassing decoding, peptide bond

transfer and translocation, relies on universally con-

served mechanisms. Indeed, the functional centres

of the ribosome (ie decoding and peptidyl-

transferase centres) are located centrally, with highly

conserved tertiary structure and disposition.

In contrast to elongation, the processes of

initiation, termination and recycling diverge much

more among the different kingdoms, and are in

general significantly more complex in eukaryotes

compared with their bacterial counterparts. This is

especially true for initiation. While eubacteria

accomplish this task with the aid of three factors

(initiation factor [IF]1, IF2 and IF3), initiation in

eukaryotes is an intricate, highly regulated process

in which more than ten different factors, some of

which are multi-subunit complexes, are required.1

This high degree of complexity is also reflected in

the biogenesis of the subunits, a process that

requires the assistance of hundreds of accessory pro-

teins and small nucleolar ribosomal RNAs (rRNA)

in eukaryotic systems. In addition, the process is

highly compartmentalised: the first steps occur in

the nucleolus, and the pre-ribosomes are then

exported to the nucleoplasm and, finally, to the

cytoplasm. By contrast, self-assembly seems to be

an intrinsic property of bacterial ribosomes.2

In eukaryotes, with its larger subunits, the

additional proteins and RNA expansion segments

are located mostly at the periphery of the ribo-

some3,4 (see Figure 2). Their functional roles

remain largely uncharacterised, but it is likely that

they are involved in the extra degree of translational

regulation and control required by all multicellular

organisms. Eukaryotic systems present more than

50 extra nucleotide sequences (ie expansion seg-

ments) inserted at the conserved rRNA core. It is

known that the removal or alteration of some of

these segments interferes with the assembly and

stability of the rRNA and ribosomal subunits.5,6

The eukaryotic ribosomal proteins also participate

in the processing of the rRNA during ribosome

biogenesis and are known to be essential for cell

viability.7 In addition, the proteins also present

extra-ribosomal functions. A well-characterised

example is the highly conserved receptor for acti-

vated C-kinase 1 (RACK1), located on the back of

the head of the small subunit.8 RACK1 functions

in a variety of processes, not only participating in

the assembly or transport and localisation of the

ribosomal particles, but also coupling signal trans-

duction pathways with the synthesis of proteins.9

Since the discovery of the ribosome in the

mid-1950s, extensive research has been carried out

on ribosomal structure and morphogenesis, as well

as on the mechanism of its action and regulation.

Yet, despite the wide-scale efforts and widespread

interest, our knowledge of the mechanisms govern-

ing protein synthesis by the ribosome has remained

incomplete. Progress toward an understanding of

the mechanism of translation in bacteria is of great

importance in fighting debilitating pathogenic dis-

eases, as it has the potential to provide clues for the

synthesis and application of semi-synthetic (ie

derived for natural sources) or totally synthetic anti-

biotics against drug-resistant pathogenic strains.10

Several human disorders linked to disruptions of

the protein translation process, including those

caused by mutations in specific mRNAs, tRNAs

or the ribosome itself, have been described

throughout these studies. Among the mutations

that affect human ribosomal components is

Diamond–Blackfan anaemia,4 which is caused by

alterations in ribosomal protein S19. Human bone

marrow failure syndromes related to mutations of

genes that encode additional ribosomal proteins

also include Shwachman–Diamond disease,

cartilage-hair hypoplasia, dyskeratosis congenita and

the Treacher–Collins and 5q– syndromes.11,12

During the past decade, several structural studies

have described the ribosome’s architecture with

increasing precision and resolution. X-ray crystallo-

graphy has been enormously successful as an

approach to solve the structure of certain ribosomal

complexes,13 but this technique runs into limit-

ations when it comes to the analysis of the inher-

ently dynamic behaviour of the ribosome, as many

transient structures are very difficult to trap and
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Figure 2. The structure of the eukaryotic ribosome derived from cryo-EM. (A) The atomic model for the yeast 80S ribosome was

obtained by building on the X-ray structure of the E. coli ribosome using rRNA modelling of expansion segments, homology modelling of

proteins for which there are bacterial counterparts, and placement of some extra 80S proteins whose structure is known.4 Experimental

cryo-EM densities corresponding to 40S and 60S subunits and eEF2 for Thermomyces lanuginosus, used as constraints for modelling, are

shown in transparent yellow, blue and red, respectively. (B) Same as (A) but with extra proteins highlighted (orange, 40S; magenta, 60S),

for which the structures are known and which could be located through cross-linking or by exhaustive computational search. (Note that

helices marked rpL19e, rpL21e, rpL7, rpL16, and rpL16 have bacterial/archaeal homologues represented in the available X-ray structures

for the largest portion of the proteins.) Marked are only pieces (a-helices) supported by EM density proximal to the corresponding protein

and by secondary structure predictions.) Likewise, rRNA expansion segments and 5.8S rRNA are highlighted (blue, 40S; green, 60S). In (B),

eEF2 has been omitted for clarity. The illustration in (A) was reproduced from Frank (2009).
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crystallise. By contrast, the results coming from

cryo-electron microscopy (cryo-EM) data, albeit

originally at lower resolution, are highly informa-

tive in functional terms when obtained from ribo-

somes captured in the process of performing their

work. When interpreted with the aid of existing

X-ray structures, these data provide very accurate

three-dimensional (3D) information on each of the

elements implicated in the course of the reaction,

as well as on the way they are dynamically coupled.

Thus cryo-EM studies, in conjunction with other

biophysical techniques such as fluorescence

stopped-flow and quench-flow analysis or single-

molecule fluorescent resonance energy transfer

(sm-FRET), have helped to shape our present

understanding of two highly complex dynamic pro-

cesses during the elongation cycle — decoding and

mRNA–tRNA translocation.

Cryo-EM as means to study
molecular machines: A short
discourse

In the single-particle method of cryo-EM, the

molecule is embedded in a thin (�1,000 Å) vitr-

eous layer of ice and kept at the temperature of

liquid nitrogen for the duration of the experiment

(see Figure 3). Cryo-EM is able to image the mol-

ecule in a fully hydrated state, without causing

deformations. The complex being studied is free to

assume all functional states without any steric con-

straints, allowing, in principle, the visualisation of

the entire dynamic course of macromolecular inter-

actions. Time resolution can be achieved by taking

‘snapshots’ of the complex in successive states of its

work cycle, by experimentally ‘trapping’ these states

through chemical or physical means. Because of

the low contrast of the molecule in ice and the

need to keep the electron dose at very low levels in

order to minimise the radiation damage, the result-

ing projection images are extremely noisy. To over-

come the noise, images of multiple ‘copies’ of the

molecule, assumed to have identical structure, must

be averaged. The assumption of structural hom-

ogeneity is frequently not valid, however, due to

the molecule’s inherent conformational variability

Figure 3. Principle of cryo-EM and single-particle reconstruction.

Molecules (in this case ribosomes) lying in random orientations

are embedded in a thin layer of ice. Exposure to a low-dose

electron beam in the transmission electron microscope produces

a projection image (‘electron micrograph’). A typical electron

micrograph shows E. coli ribosomes as low-contrast single

particles on a noisy background. After the orientations of the

particles have been determined, usually by matching them with a

reference, they are used to reconstruct a density map by a

back-projection or a similar reconstruction algorithm. This density

map is segmented into the different components (subunits,

ligands), and the different components are displayed using different

colours in a surface representation (bottom panel; small and large

subunits are shown in yellow and blue, respectively. A- and P-site

tRNAs are coloured pink and green, respectively).
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and non-stoichiometric binding propensity, so

classification methodology has to be used to separ-

ate the different sub-populations. Once these are

identified and separated, individual 3D reconstruc-

tions can be generated for each of the individual

conformers or binding states.

The current drawback of this approach, which

might be gradually overcome with time, is that the

spatial resolution of the resulting reconstructions is

limited, with the best resolution for asymmetric

molecules in the range of 5–7 Å.14–16 Higher res-

olutions, coming close to the atomic level, have

only been achieved for molecules with high sym-

metry, where symmetry averaging could be

applied.17 In many cases, however, the atomic

structures of most of the players in the molecular

binding interactions of a complex are known from

X-ray crystallography, or have at least become infer-

able from related X-ray structures by homology

modelling based on sequence comparisons. When

all the individual components of a macromolecular

complex are known to atomic resolution, the

lower-resolution map of the complex will then

allow the components to be placed and their

atomic interactions to be inferred. Thus, fully to

exploit the potential of cryo-EM, it is necessary to

fit and dock the X-ray coordinates into the lower-

resolution cryo-EM maps. Recent examples for

atomic models obtained by such “hybrid” methods

are the E. coli18 and yeast ribosomes.4

Dynamics of the ribosome during
protein synthesis: A gallery of
changes

All aspects of translation involve dynamic events.

The whole translation apparatus must be viewed as

a machinery that is dynamically assembled (during

initiation), that engages functional ligands in a

cyclic way (during elongation) and that is dynami-

cally disassembled (during termination and recy-

cling). In fact, it is now recognised that the

ribosome is a Brownian motor whose main source

of energy comes from the thermal environ-

ment.19,20 sm-FRET has given us a sense of the

ribosome as a molecule in constant motion,

fluctuating between different states21–23 that rep-

resent local minima of a complex free-energy land-

scape. Conformations observable in ensemble

averages provided by cryo-EM or X-ray crystallo-

graphy reflect molecules trapped in those energy

minima. The more sharply we can distinguish

single-particle projections by classification, the

better we will be able to map the entire landscape,

toward an understanding of how the ribosome

works.

mRNA–tRNA translocation

The first discovery of a large conformational

change of the ribosome during translation was

made by cryo-EM.24 In the pre-translocational state

of the ribosome (ie the state immediately after pep-

tidyl transfer), the A-site tRNA is bound to the

polypeptide chain, and the P-site tRNA is deacy-

lated. Upon EF-G binding to the pre-

translocational ribosome, the small subunit of the

ribosome was found to rotate with respect to the

large subunit in a counter-clockwise direction

around an axis running normal to the plane separ-

ating the subunits (Figure 4A, left). During this

so-called ratchet motion, several inter-subunit

bridges are remodelled. As originally proposed by

Spirin,25 this motion has been shown to be essen-

tial for EF-G-based mRNA–tRNA transloca-

tion.26 In recent years, there have been many

reports from studies showing a similar confor-

mational change in response to the binding of a

number of other factors (IF2,27 class-II release

factor 3 [RF3]28,29 and ribosome recycling factor

[RRF];30 see Frank et al.31,and Agirrezabala and

Frank32). However, the EF-Tu-bound post-

translocational ribosomes do not display this

change,33,34 apparently, since the polypeptide

bound to the P-site tRNA stabilises the ribosome

in the ‘normal’ conformation. Interestingly, as dis-

cussed below, this feature serves to prevent EF-G

from binding to a ribosome in the ‘wrong’, post-

translocational state.

Subsequent research by bulk35 and sm-FRET36

revealed that the binding of a factor is not required

for the pre-translocational ribosome to switch its
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conformation – under suitable conditions (low

Mg2þ concentration), this transition occurs spon-

taneously, apparently as a result of thermal

Brownian motions. Indeed, recently, cryo-EM

studies have provided the first structural evidence

for the occurrence of spontaneous ratcheting,37,38

in agreement with the findings of independent

FRET studies.39–42 These studies highlight the fact

Figure 4. Ratchet-like motion and hybrid tRNA configuration. (A) Superimposition of 30S (left) and 50S (right) subunits, as seen from

the inter-subunit side. Classic-state subunits are shown in transparent grey, while the subunits of the hybrid-state ribosome are in solid

yellow (30S) and blue (50S). (B) Close-up view of the 50S subunit showing the classic tRNA configuration. (C) Close-up view of the

50S subunit showing the hybrid tRNA configuration. The orientations of the subunits are shown as successive thumbnails on the left.

Data reproduced from Agirrezabala et al.37
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that the rearrangement is in fact inherent to the

ribosome’s labile architecture: the subunits are

coupled such that relative rotation requires little

expenditure of energy, which is readily supplied by

thermal agitation in the surrounding substrate.

Following up with a closer look at the structures,

the cryo-EM maps37,38 also brought the first visual

evidence for an important event of the transloca-

tion process (first inferred from footprinting studies

by Moazed and Noller),43 the formation of the

hybrid state of tRNA binding, a state that precedes

the complete translocation of the tRNA–mRNA

moiety. In this configuration, the acceptor ends of

the tRNAs interact with the P and E sites of the

large subunit, while the anticodon stem loops

(ASLs) of the tRNAs still reside in the A and P

sites of the small subunit, respectively. It is note-

worthy that earlier cryo-EM work had already visu-

alised the hybrid P/E configuration, but exclusively

in EF-G-bound ribosomes with a single deacylated

tRNA.44 It is now understood, on the basis of the

new cryo-EM work, that the new configuration is

predisposed by a rearrangement of proteins S13, L1

and L5 and helices 68, 69 and 38 of 23S rRNA –

elements that alter their relative location concur-

rently with the spontaneous ratchet motion

(Figure 4B,C). In a newly completed study, X-ray

crystallography of pre-translocational complexes has

produced structures of ribosomes in an intermedi-

ate state of ratcheting.45 These structural intermedi-

ates, albeit obtained using ASL tRNA mimics

instead of complete tRNA molecules, are shedding

light on the way that the tRNAs acquire the hybrid

configuration in atomic detail.

In the cryo-EM studies, the ratcheting of the

small subunit is observed to be coupled with the

movement of another very dynamic component of

the translation machinery, the L1 stalk. This struc-

tural element of the large subunit is seen in two

different positions, open and closed relative to the

body of the large subunit (Figure 4A right). Like a

gate-keeper, the L1 stalk is located at the end of

the tRNA’s pathway. In its closed position (which

coincides with the ratcheted position of the small

subunit44), the L1 stalk is displaced toward the

inter-subunit space, in essence blocking the exit as

it makes contact with the P/E hybrid tRNA.

Recent sm-FRET experiments have identified

three positions of the L1 stalk.46 These confor-

mations, open, half-closed and closed, are coupled

to the tRNA configuration. New studies suggest

the existence of an allosteric collaboration between

the L1 stalk and EF-G during tRNA translocation

and, possibly, during the release of the E-site

tRNA from the ribosome.47

Other relevant illustrative examples of dynamic

features essential for tRNA translocation are the

bending movement of helix 44 (see Figure 4A,

left), causing a displacement of its vertex (where

the decoding centre is located) toward the P site by

�8 Å,48 as well as the small subunit’s head rotation

(or ‘swivelling’) with respect to the body. The

rotation, which proceeds toward the E site, parallels

the trajectory of the tRNAs through the ribosome.

This rearrangement accounts for the remaining dis-

tance of 10–12 Å that separates the A and P sites

after the afore-mentioned bending of helix 44.

Observed first in cryo-EM reconstructions of

eEF2-bound 80S ribosomes,49,50 the relevance of

such a movement for the completion of mRNA–

tRNA translocation has been reiterated based on

the observation of different head orientations in

crystal structures of vacant ribosomes.51

Of fundamental importance in all translational

activity is the recruitment of translational factors by

the ribosome. Some of these factors perform their

catalysis in a GTP-dependent manner (IF2, EF-Tu

and EF-G, and RF3 in eubacteria). Several lines of

research show that the recruitment and

GTP-hydrolysis activity of all these factors is facili-

tated by the so-called L7/L12 stalk (see Figure 4A,

right), a very flexible structural component located

at the side opposite of the L1 stalk.52,53 This stalk,

formed by protein L10 and multiple copies of L7/

12 (with the exact number depending on the

organism), protrudes laterally from the ribosome

and changes its conformation in the course of

elongation. Due to its mobility and highly dynamic

nature, the electron density corresponding to the

stalk is not generally seen in the structures of either

isolated 50S subunits or complete 70S ribosomal

structures; however, cryo-EM studies, combined
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with atomic coordinates of its individual com-

ponents, have helped to delineate its structure and

suggested a mechanism of action.54

Decoding

Of particular interest are the dynamic events of

decoding, crucial for the high-fidelity synthesis of

proteins. The structural basis of mRNA decoding

by the ribosome was elucidated by X-ray crystallo-

graphy of 30S subunits bound with a tRNA frag-

ment in the presence of an antibiotic.55 These data

show that nucleotides G530, and A1492 and

A1493 from helix 44 of 16S rRNA monitor the

correctness of the Watson–Crick geometry of the

helix formed by the base pairing of codon and

anticodon. When the correct (ie corresponding to

cognate pairing) geometry is recognised, these

bases form firm contacts with the minor groove of

the helix. An ensuing global change of head and

shoulder domains, referred to as domain closure, is

the most prominent signature of a cognate match.56

Cryo-EM has greatly contributed toward expan-

sion of our knowledge about the delivery of the

incoming aa-tRNA to the A site, as well as of the

mechanism of GTPase activation that follows the

cognate recognition.33,34,57,58 The analysis by

cryo-EM of ternary aa-tRNA–EFTu–GTP com-

plexes stalled on the ribosome (using specific anti-

biotics) in the so-called A/T state revealed that the

aa-tRNA molecule presents a distorted confor-

mation as it enters the ribosome (see Figure 5).

The bending distortion is localised at positions 44,

45 and 26 of the tRNA, and is associated with a

�45 degree twist of the ASL. This configuration is

pivotal for the cognate aa-tRNA selection, as it

allows Watson–Crick pairing of the codon with

the anticodon. In addition, the GTPase-associated

centre, placed at the base of the L7/L12 stalk and

formed by protein L11 and a fragment of helices

43 and 44 of 23S rRNA, is seen to be displaced

toward the body of the large subunit. As this

motion goes hand in hand with the distortion of

the tRNA, this element, located on the large

subunit, appears to have a role during decoding, a

process which is otherwise mainly orchestrated by

the small subunit.

One of the most fascinating problems in trans-

lation is the nature of the conformational signal

reporting on the successful cognate match at the

decoding centre and travelling to the active region

of EF-Tu. It is still an open question if the signal is

transmitted through the tRNA itself, through a

contact between the 30S subunit and EF-Tu, or by

a combination of these pathways (see Li et al.,34

Figure 5. Decoding and aa-tRNA incorporation. (A) Close-up

view of the 30S subunit showing the decoding centre (DC)

region in the presence of a cognate ternary complex. In the

lower panel, the tRNA is computationally removed to show the

tip of helix 44, in which A1492 and A1493 flip out as the result

of a cognate codon–anticodon interaction. The resulting

configuration is labelled with an asterisk. The orientation of the

small subunit is shown as successive thumbnails on the left. (B)

Arrangement of the P-site tRNA and ternary complex. The

tRNA atomic models (displayed in ribbons) were obtained by

fitting of the experimental cryo-EM densities (shown as

transparent) with the X-ray-derived coordinates of the tRNAs

by real-space refinement.
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Ogle and Ramakrishnan,59, Cochella and Green60,

and Schmeing et al.61 for further insights).

Peptide bond formation

For completeness, the structural basis of peptide

bond formation should briefly be mentioned. Little

is known from cryo-EM data due to resolution

limitations; however, X-ray crystallography studies

have characterised the structure of the peptidyl-

transferase centre in great detail, highlighting the

structural basis for its catalytic mechanism.

According to the present view, the rapid ribosome-

induced peptidyl-transfer reaction (�107-fold

enhancement62) is facilitated by local confor-

mational changes in the cavity where the peptidyl

moiety is positioned upon binding of the A-site

substrate.63,64 This model invokes an induced-fit

mechanism involving nucleotides 2553, 2585 and

2506 (Escherichia coli numbering), in charge of

aligning the reactive substrates — that is, the

a-amino group of the incoming amino acid and

the terminal carboxyl group of the P-site tRNA

(for more details, see Simonovic and Steitz65 and

references therein).

Conclusions and future perspectives

The field of ribosome research has undergone

astonishing progress in recent years, due to our

increasingly acute insights into the structural basis

of the translational machinery. Advances in both

X-ray crystallography and cryo-EM of the ribo-

some have provided extensive information on the

structure and dynamics of ribosomal subunits and

functional ligands, their changing binding constella-

tions and mechanism of action. A revolution of

sorts has taken place in the understanding of ribo-

somal interaction with its ligands, paralleling the

change in the understanding of enzyme kinetics

elsewhere. It is now recognised that in the thermal

environment, the structures of both host and ligand

molecules are in constant flux, and that the final

conformation of the host in which we find the

ligand bound already pre-exists within the whole

range of its dynamically changing conformations.

Most strikingly, as discussed above, both cryo-EM

and sm-FRET show evidence that, after peptidyl

transfer, the ribosome constantly fluctuates between

two major conformations, and that one of these is

stabilised by the binding of EF-G, an event that

triggers GTP hydrolysis and renders translocation

irreversible. Other examples are the spontaneous

fluctuations of the L1 stalk between (at least) three

functional states, probably coupled to the binding

and movement of tRNAs along the inter-subunit

cavity, or the changes in the decoding centre and

the ternary complex triggered upon cognate

codon–anticodon match.

Compared with what is known for bacteria, the

eukaryotic ribosome is still a largely uncharted ter-

ritory. Due to the absence of crystals suitable for

X-ray crystallography, despite many efforts of

several laboratories, the only structural information

has come from density maps from

cryo-EM.3,4,49,50,66–69 On this basis, some atomic

models have been built that depict the interesting

evolutionary development of peripheral, non-

conserved regions.3,4,70 As far as the mechanism of

translation during the elongation cycle is con-

cerned, there is evidence for yeast that mRNA–

tRNA translocation is facilitated by the same

large-scale structural reorganisation and EF-binding

mechanism as in bacteria.49,50,71 Considering that

the most ambitious goal is the understanding of

regulation and control of the human ribosome, par-

ticularly the various dysfunctions of these mechan-

isms in human disease, a very long and tedious path

of discovery is still ahead.
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