
Structural studies of the ribosome exemplify the evo
lution of structural studies in cell biology from the early 
negatively stained images of macromolecular assemblies 
in whole cells, to a detailed atomic understanding of the 
mechanism of action of a large assembly. The earliest 
electron microscopy (EM) images that captured ribo
somes in a cell were obtained by George Palade, and 
were initially called Palade particles1.

Biochemical studies in the 1960s showed that the 
larger subunit of this 2.3MDa RNA–protein assembly 
from Escherichia coli catalysed peptide bond formation, 
whereas interactions of the anticodon of tRNA with 
mRNA bound to the small subunit effected translation 
of the message. At the same time, specialized binding 
sites were identified on the large ribosomal subunit: the 
A site that binds aminoacyl-tRNAs and a P site that binds 
peptidyl-tRNAs. It was hypothesized that translocation 
from the A site to the P site occurs following peptidyl 
transfer, thereby suggesting how protein synthesis may 
progress along the mRNA2.

Our understanding of ribosomal structure has pro
ceeded from the early reconstructions of the shapes of 
the two interacting subunits from negatively stained 
images by Jim Lake3, to the current atomicresolution 
structures of the prokaryotic 70S ribosome4–6 and of its 
large and small subunits captured in various functional 
states7–11. In prokaryotes, the larger of the two subunits 
sediments at 50S, is ~1.5 MDa in molecular weight and 
contains ~3,000 nucleotides of ribosomal RNA (rRNA) 
and 34 proteins. The smaller subunit sediments at 30S, 
has a molecular weight of 0.8 MDa and comprises 1,500 
nucleotides of rRNA and 21 proteins.

An increasingly detailed view of the mechanisms 
by which this large RNA–protein machine can accu
rately translate the information that is encoded in the 
mRNA into specific proteins is now emerging from 
highresolution crystal structures of each of its two 
subunits and of the whole ribosome, as well as from 
cryoEMderived models that capture several states of 
the aminoacid incorporation cycle. The mechanistic 
level of structural insights into ribosome function now 
exceeds that achieved in the early structural studies of 
lysozyme, carboxypeptidase and ribonuclease. After 
a short overview of the mechanism of ribosome 
mediated translation, the process as it is currently 
understood will be discussed step by step as it occurs in  
more detail.

Introducing ribosome-mediated translation
The ribosome consists of two ribonucleoprotein sub
units, one of which is about twice the size of the other, 
and these two subunits perform different roles in protein 
synthesis12. The small subunit mediates the correct inter
actions between the anticodons of the tRNAs and the 
codons in the mRNA that they are translating in order 
to determine the order of the amino acids in the protein 
being synthesized. The large subunit contains the peptidyl- 
transferase centre (PTC), which catalyses the formation 
of peptide bonds in the growing polypeptide.

Both subunits contain three binding sites for tRNA 
molecules that are in three different functional states 
(FIG. 1). The A site binds the aminoacyltRNAs that are 
about to be incorporated into the growing polypeptide 
chain, the P site positions the peptidyltRNA and the 
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Anticodon 
A unit that is composed of 
three nucleotides in the tRNA 
that are complementary to and 
recognize the three bases of 
the codon on the mRNA.

A site
The site on the ribosome that 
binds aminoacyl-tRNA.

Aminoacyl-tRNA
A tRNA attached to an amino 
acid, which is ester linked to 
the sugar of the 3′ nucleotide.

P site
The site on the ribosome that 
binds peptidyl-tRNA.

Peptidyl-tRNA
A tRNA with the peptide being 
synthesized linked to the 3′ 
nucleotide.
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Abstract | Ribosomes, which are central to protein synthesis and convert transcribed mRNAs 
into polypeptide chains, have been the focus of structural and biochemical studies for more 
than 50 years. The structure of its larger subunit revealed that the ribosome is a ribozyme 
with RNA at the heart of its enzymatic activity that catalyses peptide bond formation. 
Numerous initiation, elongation and release factors ensure that protein synthesis occurs 
progressively and with high specificity. In the past few years, high-resolution structures have 
provided molecular snapshots of different intermediates in ribosome-mediated translation  
in atomic detail. Together, these studies have revolutionized our understanding of the 
mechanism of protein synthesis.
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70S ribosome
The complete prokaryotic 
ribosome particle, which is 
composed of the small (30S) 
subunit and large (50S) 
subunit.

Ribosomal RNA
(rRNA). A type of RNA that is 
synthesized in the nucleolus by 
RNA polymerase I. 
Approximately 65% of a 
ribosome is composed of 
rRNA.

Peptidyl-transferase centre
(PTC). The active site of the 
ribosome where peptide bond 
formation occurs.

E site
The site on the ribosome that 
binds the deacylated tRNA 
before it leaves the ribosome.

EF-Tu
Elongation factor Tu 
(temperature unstable), known 
as EF-1 in other kingdoms, 
delivers the aminoacyl tRNA to 
the ribosome in a codon-
specific manner.

E site is occupied by all deacylated tRNAs before they 
dissociate from the ribosome.

Of central interest are the mechanisms of peptide bond 
formation and mRNA decoding, which are crucial pro
cesses in the elongation phase of protein synthesis by the 
ribosome. During this phase of protein synthesis, nascent 
polypeptides are elongated from the N to the C terminus 
by the addition of one amino acid at a time. This process 
is facilitated by two protein factors: elongation factor Tu  
(EF-Tu), which facilitates the delivery of aminoacyltRNA 
to the A site of the ribosome, and elongation factor G 
(EF-G), which promotes the translocation of the tRNAs and 
associated mRNA from their positions in the A site and 
P site to the P site and E sites, respectively, and dissociates  
the previously bound Esite tRNA.

At the end of the elongation cycle when the stop codon 
has been positioned in the A site, one of two protein release 
factors (RFs), RFI or RFII, binds to the A site and promotes 
the deacylation of the peptidyltRNA. A recycling factor, 
with the help of EFG, then leads to the dissociation of the 
release factor and the two ribosomal subunits.

Delivery of aminoacyl-tRNAs to the A site
The accurate delivery of the correct aminoacyltRNA to 
the A site is facilitated by EFTu and involves at least two 
distinct steps. First, an interaction is made between the 
anticodon base triplet in the tRNA and the corresponding  

codon of the mRNA that resides in the A site of the 
ribosome. Second, the correct delivery of the appropriate 
anticodon to a messenger RNA is somehow communi
cated to the GTPase centre located in the large subunit, 
which results in the hydrolysis of GTP bound to EFTu. 
This causes the release of EFTu from the tRNA and 
ribosome and the subsequent accommodation of the 
aminoacyl end of the tRNA into the PTC, which is fol
lowed rapidly by peptide bond formation. Although the 
structural basis of recognition of the correct anticodon 
by the small ribosomal subunit is now well understood7, 
the way in which the GTPase centre is stimulated by this 
event and how accommodation is achieved has not been 
completely elucidated.

Determinants of codon–anticodon specificity.  The 
structural basis by which the ribosome facilitates and 
detects the specificity of codon–anticodon interaction 
in the A site has been derived from structures of the 
small subunit of Thermus thermophilus in complex with 
mRNA and a cognate anticodon stem-loop mimic bound 
in the A site7, as well as a more recent structure of the 
70S ribosome with tRNAs bound in all three sites5. These 
structures show that when cognate bases of the anticodon 
of the tRNA form a Watson–Crick basepaired complex 
with the mRNA codon bound to the A site, three 16S 
rRNA bases (A1492, A1493 and G530) — which previous 

Figure 1 | An overview of ribosomal structure and mRNA translation. mRNA translation is initiated with the binding of 
tRNAfmet to the P site (not shown). An incoming tRNA is delivered to the A site in complex with elongation factor (EF)-Tu–GTP. 
Correct codon–anticodon pairing activates the GTPase centre of the ribosome, which causes hydrolysis of GTP and release 
of the aminoacyl end of the tRNA from EF-Tu. Binding of tRNA also induces conformational changes in ribosomal (r)RNA 
that optimally orientates the peptidyl-tRNA and aminoacyl-tRNA for the peptidyl-transferase reaction to occur, which 
involves the transfer of the peptide chain onto the A-site tRNA. The ribosome must then shift in the 3′ mRNA direction so 
that it can decode the next mRNA codon. Translocation of the tRNAs and mRNA is facilitated by binding of the GTPase 
EF-G, which causes the deacylated tRNA at the P site to move to the E site and the peptidyl-tRNA at the A site to move to 
the P site upon GTP hydrolysis. The ribosome is then ready for the next round of elongation. The deacylated tRNA in the 
E site is released on binding of the next aminoacyl-tRNA to the A site. Elongation ends when a stop codon is reached, 
which initiates the termination reaction that releases the polypeptide (FIG. 7). Figure adapted from REF. 61.
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EF-G
Elongation factor G (GTPase), 
known as EF-2 in other 
kingdoms, binds to the 
ribosome and promotes tRNA 
and mRNA translocation 
powered by GTP hydrolysis.

Stop codon
A codon that codes for the end 
of the message that is 
recognized by the release 
factor.

Release factor
(RF). A protein factor that 
recognizes a stop codon in 
mRNA and catalyses the 
deacylation of the peptidyl-
tRNA.

GTPase centre
The region of the ribosome 
50S subunit that includes the 
sarcin–ricin RNA and 
stimulates the GTPase activity 
of elongation factors.

Stem-loop
The structure that is formed 
when a self-complementary 
nucleic acid sequence forms a 
duplex joined by a loop.

Type I A–minor interaction
A specific hydrogen-bonding 
interaction between an A base 
and a G–C base pair through 
the minor groove of duplex 
RNA.

Watson–Crick base pairs
The complementary hydrogen 
bond between bases A and T 
(or U) and G and C that form 
duplex nucleic acids.

genetic and biochemical experiments12 had implicated in 
decoding — alter their conformations to interact with the 
anticodon7 (FIG. 2). In the absence of the A site mRNA 
and anticodon ligands, these three bases point away 
from the codon–anticodon binding site. however, when  
the cognate complex between tRNA and mRNA binds 
to the A site, these three bases reorientate to interact 
within the minor groove of the threebasepair helix that 
is formed by the codons and anticodons.

On codon–anticodon recognition, A1493 makes a 
type I A–minor interaction13 with a first base pair made by 
the anticodon with the codon. This interaction consists 
of three hydrogen bonds between A1493 and the minor 
groove base pair that is identical for all four Watson–Crick 
base pairs and is not possible for any noncognate base 
pairs. hence, this interaction in the minor groove not 
only stabilizes the complex of a Watson–Crick base pair, 
but this conformational change in A1493 also appears 
to occur only in the presence of Watson–Crick base 
pairing7. The orientation and interactions between the 
anticodon stemloop of a tRNA bound to the 70S ribo
some and the mRNA codon are observed to be identical 
to what was seen in the previous complex with the 30S 
subunit alone5.

The formation of a correct Watson–Crick base pair 
at the second position of the anticodon is stabilized and 
detected by a change of conformation (from syn to anti)  
in G530. This allows G530 to interact with A1492, which in  
turn forms a type II A–minor interaction with the second 
codon–anticodon base pair in the minor groove7. As 
with the type I A–minor interaction, the type II A–minor 
interaction will work with any of the four Watson–Crick 
base pairs but not with a nonWatson–Crick base pair. 
This conformational change in the 16S rRNA and the 
conformational change that results from the recognition 
of the first codon–anticodon recognition constitute the 
first step in a signal that the correct base pairs have been 
delivered. By contrast, the interactions between a small 

subunit with a third base pair in the anticodon helix is 
significantly less specific, consistent with the observation 
that wobble base pairs (for example, Gu base pairs) can 
occupy this position.

The importance of the conformational changes that 
these three bases induce by cognate codon–anticodon 
interactions is reinforced by the mechanism of action of 
the antibiotic paromomycin. It induces miscoding errors 
through binding to the 30S ribosomal subunit and by 
inducing the same conformational changes in the three 
bases that are produced by formation of Watson–Crick 
base pairs at codon positions 1 and 2, even in the presence  
of mismatches or no bound substrate14.

how the delivery of a correct anticodon is commu
nicated to the GTPase centre15 is partly answered by 
the observation that global changes in the overall con
formation of the small subunit accompany the local 
conformational changes that occur in the A site when 
the small subunit interacts with the cognate codon–anti
codon complex14. The ‘head’ domain of the small subunit 
rotates towards the large subunit when cognate inter
actions occur at the A site, which results in it clamping 
down on the tRNAbinding site. Although these con
formational changes do not occur with noncognate 
codon–anticodon complexes in the A site, they do occur 
with noncognate complexes in the presence of paro
momycin, again suggesting that these conformational  
changes are functionally significant.

Signalling correct codon–anticodon interactions. The 
recognition of correct codon–anticodon interactions is 
communicated to the GTPase centre in the large ribo
somal subunit ~70 Å away. This causes the hydrolysis of 
GTP on the EFTu and its subsequent release, followed 
by accommodation of tRNA in the A site. The ques
tion arises as to how the conformational changes in the 
rRNA that were induced by correct codon–anticodon 
interactions are transmitted. Some tantalizing clues have 

Figure 2 | Recognition of codon–anticodon interactions by the ribosome. a | Cartoon of the decoding site of the 30S 
subunit, showing the codon of mRNA in the A site (purple) and the tRNA anticodon stem-loop (ASL; gold). Crucial bases of 
the 16S RNA (grey) that bind to and stabilize the tRNA–mRNA complex are shown in red. Protein S12 (orange) is in the 
area. The magenta spheres are thought to be magnesium ions. b | Details of minor groove recognition at the first (I),  
second (II) and third (III) base pairs between codon and anticodon. In base pair I, A1493 is shown making a type I A–minor 
interaction with A36 from the tRNA and U1 from the mRNA. In base pair II, A1492 makes a type II A–minor interaction with 
A35 and U2 is stabilized by G530. In base pair III, no restrictive interactions are seen with G34 and U3. Figure reproduced 
with permission from REF. 7  (2001) American Association for the Advancement of Science.
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Type II A–minor interaction
A second type of specific 
hydrogen bonding between an 
A base and a G–C base pair 
through the minor groove of 
duplex RNA.

Wobble base pair
A non-Watson–Crick base pair 
such as G–U.

D stem
One of the three stem-loops of 
the tRNA cloverleaf that stacks 
on the anticodon stem, forming 
one arm of the tRNA molecule.

been provided from a cryoEM reconstruction of the 70S 
ribosome in complex with mRNA and EFTu–aminoacyl
tRNA that has been stalled by the antibiotic kirromycin16. 
In this model, EFTu in complex with aminoacyltRNA 
is observed to bind in a wide, large RNA cleft that lies 
between the 30S and 50S subunits. The aminoacylated 
CCA end of the tRNA lies >70 Å from the PTC in what 
is called the preaccommodation state, and the GTPase 
active site of EFTu lies close to the sarcin–ricin RNA 
loop of the 50S subunit. (The sarcin–ricin loop appears 
to be at the centre of this activity because its cleavage by  
the toxins sarcin or ricin kills the GTPase activity.) When the  
anticodon arm of the tRNA is fitted onto the cryoEM 
map, it shows a new conformation of tRNA that appears 
to be necessary to facilitate the initial codon–anticodon 
interaction. There is a significant kink or bend between 
the anticodon stemloop and the D stem. Furthermore, the 
elbow region of the tRNA appears to contact the GTPase 
centre of the 50S subunit of the ribosome. Frank and col
leagues16 hypothesized that the tRNA has an active role in 
the transmission of the signal between codon–anticodon  
interaction and the GTPase hydrolysis on codon recog
nition. It remains to be established how a noncognate 
complex differs from a cognate complex and therefore 
does not produce hydrolysis, and exactly how contacts 
between tRNA and the GTPase centre stimulate hydroly
sis. Another cryoEM reconstruction of the same com
plex at a similar resolution from van heel and colleagues 
was interpreted differently17 and concluded that the  
structural deviation of the aminoacyltRNA from that 
of the crystal structure results from a distortion in the 
anticodon loop; however, a subsequent cryoEM study 
at a resolution of 8 Å confirmed that the distortion in the 
tRNA is indeed a kink18.

The anticodon stemloop in the preaccommodation 
complex with EFTu on the ribosome exhibits the same 
orientation relative to the small subunit as the stemloop 
bound to the isolated 30S subunit7,16 and a deacylated 
tRNA bound to the 70S ribosome5. The rest of the tRNA, 
however, is significantly bent from the accommodated 
structure at the junction between the anticodon stem 
and D stem, which results in the aminoacyl end of the 
tRNA that is bound to EFTu being positioned ~70 Å 
away from the peptidyltransferase centre. Whichever 
way the signal is transduced, GTP hydrolysis causes con
formation changes in EFTu that result in its dissociation 
from the aminoacyltRNA. Presumably, the departure 
of EFTu allows the tRNA to adapt the more stable, 
unkinked tRNA structure, which places the aminoacyl 
end into the PTC.

Interactions of tRNA at the P site
Several recent structures have provided insights into 
the interaction between the Psite tRNA anticodon 
and mRNA5,6,14,19. Watson–Crick base pairs are formed 
between the mRNA and the Psite tRNA but, unlike the  
A site, the rRNA does not make interactions with  
the codon–anticodon basepaired triplets that ‘check’ the 
correctness of this interaction (FIG. 3). Instead, extensive 
interactions between the Psite tRNA and both ribo
somal proteins and RNA are made that bury 2,200 Å2 of 
tRNA surface and assure its tight and stable binding.

A special scenario is proposed to exist during the 
initiation of translation, whereby the initiating formyl
methionine tRNA binds directly to the P site, rather than 
being transferred from the A site. The extra stable bind
ing of initiator tRNA to the P site can be explained, at 
least in part, by the observation that A1339 and G1338 of 

Figure 3 | P‑site–tRNA interactions in the ribosome. a | Overview of both ribosomal RNA and protein interactions with 
P-site tRNA. P-site tRNA interacts with many ribosomal protein tails, such as L27, L16, L5, S13 and S9, and with 16S and  
23S RNA. These extensive interactions ensure tight and stable binding to the P site. b | 16S RNA bases 790, 1338 and 1339 
interact with the anticodon stem, thereby acting as a gate between the P and E sites. Presumably, during translocation 
they move out of the way as the head domain of the 30S subunit rotates. 
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Ribozyme
A ribosome is classified as a 
ribozyme (ribonucleic acid 
enzyme) because its active site 
is composed of RNA.

Nucleophilic attack
A reaction whereby an 
electron-rich atom (such as 
nitrogen) attacks an 
electropositive group.

16S RNA form type I and type II A–minor interactions13 
with G–C base pairs 30–40 and 29–41 of the Psite 
tRNA5,6,19. Other tRNAs may contain Au base sequences 
in these regions and are unable to make these interac
tions, which may explain the greater stability. It has also 
been suggested that G1338 and A1339, which lie between 
the Psite and Esite tRNAs, may prevent inappropriate 
movement from the P to E sites and may act as a switch 
during both initiation and translocation5.

The structure of a tRNA bound to the P site shows that 
the tRNA is distorted compared with the crystal structure 
of yeast tRNAPhe. The main distortion is a deformation of 
the anticodon stem, which exhibits an opening up of its 
narrow major groove around the base pair that is formed 
between tRNA residues 26 and 44 (REF. 5). The authors of 
this study suggest that if these constraints are released after 
peptidyl transfer, the relaxation of the deformation may 
assist in drawing the tRNA towards the E site, where it 
assumes the straight and, presumably, energetically more 
stable conformation. The movement of the peptidylCCA 
of the Asite tRNA to the P site — thereby forming the 
hybrid state — might be favoured by the additional base 
pair with the 23S rRNA P loop that is formed by C74 as 
well as the 180o rotated conformation of the CCA relative 
to the acceptor stem8.

Interestingly, some interactions that stabilize tRNA 
binding to the P site may also have a catalytic role in peptide  
bond formation. Selmer et al.5 found that a polypeptide 
tail of protein L27 interacts with the acceptor stem of 
the Psite tRNA and extends down to interactions with 
A76. Presumably, this interaction with L27 stabilizes the 
positioning of the CCA end of Psite tRNA and thereby 
contributes to a modest increase in catalysis5. Consistent 
with this, the removal of the first three residues of L27 
reduces peptidyltransferase activity20. A disordered loop 
of L10e in the Haloarcula marismortui (hma) 50S subunit 
(which is a homologue of eubacterial L16) occupies a 
similar location; a model of it in a fully extended conform
ation is consistent with the possibility that it might also 
interact with the acceptor stem, but might not participate 
directly in peptide bond formation21. 

Perhaps most striking is the close similarity of the 
structures of the PTC interacting with the CCA of 
Psite tRNA in the T. thermophilus 70S ribosome5 and 
with the CCA complex in the hma 50S subunit9,22. The 
interactions that are made are, within error, identical 
in both ribosomal subunits, which is consistent with 
the conclusion that the structures of the 50S subunit 
in complex with substrates, products or intermediates 
accurately reflect the structures of full tRNA substrates 
bound to the complete ribosome. however, at this 
point, it cannot be excluded that the different inter
pretation of a considerably lower resolution (3.7 Å) 
map of a similar complex with the 70S ribosome6 is 
a crystallographic artefact of the lower resolution and 
weaker data (BOX 1).

Ribosome-catalysed translation 
The emerging structural studies of the ribosome are not 
only providing a detailed look at the process of protein 
synthesis, but also demonstrate that the rRNA, which 
is at the heart of all aspects of the processes that make 
the ribosome a ribozyme8, undergoes an Asite substrate
induced conformational change that prevents nonspecific 
hydrolysis of the peptidyltRNA9.

Substrate-induced conformational changes. The cata
lytic mechanism of many enzymes, including that of 
the ribosome, involves the activation of a nucleophilic 
attack by one substrate on a second substrate; therefore, 
enzymes must guard against erroneously activating the 
hydrolytic attack of an omnipresent water molecule on 
the second substrate when the first substrate is absent. 
how does the ribosome guard against activating a bound 
water molecule (which would hydrolyse the peptidyl
tRNA) when the A site is empty, which is the case for 
most of the time? The answer is substrateinduced fit 
— a mechanism that Koshland proposed nearly 50 years 
ago to explain why hexokinase does not hydrolyse ATP 
in the absence of glucose23. In this case, the active site of 
the enzyme is not properly configured to perform cataly
sis until the proper attacking substrate (for example,  

 Box 1 | Do the two subunits function alone as in the full ribosome?

For many decades, the biochemistry of the peptidyl-transferase reaction has been studied using small analogues of the 
tRNA substrates and the isolated large ribosomal subunit, in what is known as the fragment assay. The most detailed 
structural analysis of peptide bond formation has likewise been achieved using the Haloarcula marismortui (Hma) large 
subunit. The possibility that the conformation of the peptidyl-transferase centre (PTC) in the 70S ribosome might differ 
slightly from that in the isolated 50S subunit and affect the rate of catalysis was suggested by Schuwirth et al.4 on 
examination of their model of the 70S apo-ribosome PTC at 3.5-Å resolution. Likewise, Korostelev et al.6 concluded that 
the 3.7-Å resolution structure of the 70S ribosome in complex with tRNAs bound at the P and E sites exhibited 
significant differences in the CCA end of the P-site tRNA and in several PTC bases compared with the structures of 
complexes with the 50S subunit at 2.4–2.8-Å resolution. By contrast, Selmer et al.5 found no difference between  
the structures of the Hma 50S subunit complexes with CCA analogues bound to the P site and their 2.8-Å resolution 
structure of the 70S ribosome bound to a P-site tRNA substrate. Because the only obvious difference between the two 
recent 70S complex structures is the tRNA in the P site (tRNAphe versus tRNAfmet), it appears that the significantly lower 
resolution of the Korostelev et al. study6 fails to provide convincing evidence for the veracity of the proposed 
differences from the other structures. Indeed, further analysis using data from both recent 70S crystal forms leads to 
the conclusion that both exhibit the same structure of the PTC as the 50S subunit59. Furthermore, recent kinetic studies 
by Rodnina and co-workers show no major differences in the rate of peptide bond formation by the large subunit alone 
or by the 70S ribosome if appropriate substrates are used60. Thus, it appears that there are no significant structural 
differences between the PTCs of the 50S subunit and the 70S ribosome that are relevant to catalysis.
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glucose) is bound24, whereupon it induces a conforma
tional change in the enzyme that correctly configures the 
active site and substrates.

 When the A site is unoccupied during protein syn
thesis on the ribosome, the conformation of the Psite 
rRNA sequesters the esterlinked carbonylcarbon of the  
peptidylCCA (which is the carbon atom through which 

the peptide bond will be formed) from a nucleophilic 
attack by water molecules (FIG. 4a). however, when the 
CCA of the aminoacyltRNA binds to the A site, it induces 
a conformational change in the rRNA of the PTC. This 
change optimally positions the αamino group of the 
aminoacyltRNA for its nucleophilic attack, and exposes 
and reorientates the target carbonylcarbon9 (FIG. 4b).

Figure 4 | Substrate‑induced rearrangements in the peptidyl‑transferase centre promote peptide chain formation 
and suppress hydrolysis. a | Conformation of the peptidyl-transferase centre when only the P site is occupied. The ester-
linked carbonyl-carbon (labelled C) of the peptidyl-tRNA (shown in green) is sterically protected from nucleophilic attack 
by water (red spheres) by bases A2486, C2104 and U2620 in Haloarcula marismortui. A76 is the 3′ nucleotide of the P-site 
tRNA, O is the carbonyl oxygen and Phe is the side chain of the linked peptide. b | Binding of an aminoacyl-CCA analogue 
of aminoacyl-tRNA to the A site induces conformational changes in the ribosome, and repositions the peptidyl-tRNA to 
facilitate peptide bond formation. With an A-site substrate that lacks C74 (cytidine-hydroxypuromycin (ChPmn); shown in 
light pink with the ribosomal (r)RNA in beige) and mimics an empty A site, the substrate is positioned higher in the A site.  
In substrates that contain C74 and more closely mimic the tRNA occupied A-site state (cytidine-cytidine-
hydroxypuromycin (CChPmn); shown in magenta with orange rRNA) or in a transition-state analogue (TSA; black, with 
brown rRNA) that mimics the transition-state intermediate conformation, C74 stacks with U2590 of the ribosome. This 
shifts the substrate down and moves the α-amino group closer to the ester carbon of the P-site substrate. To maintain 
interactions between the rRNA and the substrate occupying the A site, G2618 is shifted, which also causes methyl-U2619 
to move. c | A view of the same three complexes described in part b, but from the P site. The movement that is induced in 
G2618 by A-site substrate binding breaks its G–U wobble pair with U2541, which swings through 90°. This allows a 
rearrangement of methyl-U2619 and U2620, which previously protected the carbonyl-carbon from nucleophilic attack. 
This then allows a rotation of the carbonyl-carbon (compare the position of the light-green P-site substrate (when ChPmn 
occupies the A site) with the dark-green substrate (with CChPmn bound)), which makes it accessible to the A-site 
substrate. The post-attack, transition-state position is also shown (TSA; black). d | The α-amino group is stabilized in the 
pre-attack conformation (CChPmn) through hydrogen bonding to N3 of the ribosomal base A2486 and to the 2′ hydroxyl 
group of the P-site substrate. Although mutation of A2486 has no effect on the rate of peptide bond formation, removal of 
the 2′ hydroxyl group of A76 greatly reduces this rate. In this ground-state structure, the reactive groups are 3.7 Å apart. 
The nucleotide numbers in parentheses are the numbers in the E. coli rRNA sequence.
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Evidence for the inducedfit mechanism comes from 
the structures of the hma 50S subunit in complex with 
various substrate and intermediate analogues9–11 and 
is consistent with biochemical data25,26. When the ana
logue of peptidyltRNA, CCAPhecaproic acidbiotin 
(CCApcb), is bound to the P site with sparsomycin 
but no Asite substrate, the ester group of CCApcb is 
both positioned and sequestered by three bases of the 
50S subunit of hma: u2620 (2585), A2486 (2451) and 
C2104 (2063) (the nucleotide numbers in parentheses 
correspond to those of the E. coli rRNA sequence). 
Furthermore, the carbonyl oxygen of the ester group 
points towards the position that is eventually occupied 
by the αamino group of the Asite substrate, and the 
carbonylcarbon is sequestered from water. however, 
when the analogue CChydroxy puromycin binds to the 
A site, it induces a series of conformational changes in 
the rRNA that result in the movement of base u2620 
(2585) away from the ester group. This allows the expo
sure and reorientation of its carbonyl group in a manner 
that is favourable for nucleophilic attack by the nearby 
αamino group. On binding of both the A and Psite 
substrates, the rRNA — particularly the A loop and 
P loop, which interact with the 3′ CCAs of the Asite 
and Psite tRNAs — properly position the attacking 
αamino group and esterlinked carbonylcarbon for 
reaction. The proper orientation of the two substrates 
— as in all enzymes — is likely to make the major con
tribution to the catalytic power of the ribosome in the 
peptidyltransferase reaction27,28. 

Catalysing the peptidyl-transfer reaction. The structure 
of a complex that manifests the preattack conform
ation of the substrates bound to the PTC (FIG. 4c) 
shows that only two residues are hydrogenbonded to 
the attacking αamino group: the N3 of A2486 (2451) 
and the 2′ hydroxyl group of the A76 of peptidyltRNA. 
Thus, these are the only possible candidates that might 
serve an additional chemical role in catalysis9. The 
hypothesis that the N3 of A2486 (2451) might serve 
as a general base to activate the attacking αamino 
group8 was conclusively eliminated by genetic and 
biochemical experiments by Green and coworkers. 
They showed that mutation of A2486 to any other base 
has no effect on the rate of peptide bond formation 
when full aminoacyltRNA substrates were used in the  
70S ribosome29.

By contrast, the 2′ hydroxyl group of residue A76 
of the peptidyltRNA has been shown to have a pro
minent role in the mechanism of ribosome catalysis  
of peptide bond formation. Evidence from a series of 
structural, biochemical and genetic experiments led 
to the conclusion that the 2′ hydroxyl group functions 
as a vital proton shuttle in substrateassisted catalysis 
(FIG. 4d). It receives the proton either directly from 
the attacking αamino group or from an intervening 
water molecule, while providing a proton to the leav
ing 3′ hydroxyl group of the tRNA on completion of 
peptide bond formation9,10,22,30,31. The 3′ hydroxyl 
group may also have a substrateassisted catalysis role 
to deprotonate the 2′ hydroxyl group. In a modelled 

complex of the 50S subunit with a peptidyltRNA that 
lacks the 2′ hydroxyl group (2′ deoxyA76), the bulk 
solvent water still has no access to the 3′ hydroxyl group  
of the peptidelinked tRNA. This will presumably ham
per the peptidyl transfer to the attacking αamino group 
because there is no source from which the 3′ hydroxyl 
group can receive a proton upon deacylation10. Strobel 
and colleagues31 found that the rate of peptide bond 
formation by peptidyltRNAs containing 2′ deoxyA76 
was at least 106fold slower than the riboA76, which 
highlights the pivotal importance of the 2′ hydroxyl 
group in peptide bond formation. These data support 
the proposal that the 2′ hydroxyl group functions as a 
proton shuttle that receives a proton ultimately from 
the αamino group and donates it to the 3′ hydroxyl 
group. however, it might be inappropriate to consider 
that the 2′ hydroxyl group provides a 106fold enhance
ment when compared with the uncatalysed reaction. A 
2′ deoxyA76 would have a 100fold reduced rate owing 
to the vicinal effect of the 2′ hydroxyl group even in the  
absence of the ribosome. Furthermore, in solution,  
the 3′ hydroxyl group of A76 would have access to bulk 
solvent, thereby allowing it to be protonated on deacyla
tion, as the reaction requires. By contrast, water has no 
access to this 3′ hydroxyl group on the ribosome.

Stabilization of the transition state of the peptidyl
transferase reaction by the ribosome might contribute 
to catalysis. This possibility has been examined in 
structures of several complexes of the hma large sub
unit using analogues in which either a phosphodiester 
or triester mimics the tetrahedral transition state that 
occurs during peptide bond formation10. The struc
tures of numerous analogues, some of which have a 
protein sidechain mimic and none of which contain 
a nonbridging phosphorothioate, were determined at 
resolutions between 2.4 Å and 2.8 Å. They showed that 
the oxyanion mimic of the intermediate points away 
from A2486 (2451) and interacts with a water mole
cule, which in turn is positioned by interactions with 
two nucleotides. It is possible that the electropositive 
hydrogen from the polar water molecule partially stabi
lizes the negative charge that is formed in the oxyanion 
transition state and thereby contributes to catalysis.

A thorough examination of the binding of both 
divalent and monovalent cations using manganese and 
potassium ions, among others, clearly demonstrates 
that no metal ion is directly involved in catalysis at the 
PTC10. Therefore, the ribosome achieves catalysis of 
peptide bond formation by three mechanisms: first, by 
properly positioning the two substrates that are to react; 
second, by using the 2′ hydroxyl group of the Psite A76 
as a general acid–base proton shuttle; and third, by elec
trostatically stabilizing the oxyanion transition state.

Therefore, at present, the most convincing biochemi
cal and structural data lead to the conclusion that there 
are no significant structural differences between the 
PTC of the 50S subunit and the 70S ribosome when they 
are engaged in catalysing the peptidyltransferase reac
tion. In addition, the mechanistic conclusions that have 
been drawn from structural studies of the 50S subunit 
also apply to the whole ribosome (BOX 1).
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Translocation of the tRNAs and mRNA
After the peptidyltransfer reaction is completed, the 
3′ end of the deacylated tRNA in the P site and the pep
tidyltRNA in the A site move to the E site and P site, 
respectively. It has been concluded that their CCA ends, 
which interact with the large 50S subunit, are the first 
parts to move and that they do so spontaneously. This 
results in the formation of a hybrid state32, which was 
shown initially by biochemical experiments32 and seen 
more recently in cryoEM studies33. In response to the 
binding of EFG, the anticodon stemloop on the small 
subunit, as well as the mRNA with which it interacts, are 
also translocated34.

Although several atomic structures of EFG exist 
either with or without bound GDP35,36, the current 
understanding of the structural basis of transloca
tion driven by EFG is derived entirely from cryoEM 
studies, which have been interpreted in the context of 
biochemical and kinetic studies. The translocation step 
requires GTP hydrolysis by ribosomebound EFG, 
which is observed to precede translocation37. This has 
led Rodnina et al.37 to suggest that the chemical energy 
of GTP hydrolysis is transformed into mechanical energy 
during translocation in a manner similar to the actin–
myosin power stroke in muscle that is activated by ATP 
hydrolysis. The largest conformational change in the 
ribosome is a ratchetlike rotation of the small subunit 

relative to the large one, which occurs on binding of the 
GTP complex with EFG34,38. This rotation advances the 
mRNA in the direction that is required for translocation 
on the 30S subunit. In the structure of its complex with 
the 70S ribosome, the domains of EFG are observed to 
be rearranged when compared with the crystal structure. 
An elongated domain Iv is seen to extend to the A site 
on the small subunit, while the GTPase domain is seen 
interacting with the large subunit. A recent 7.3Å resolu
tion map of the complex shows details of the interactions 
between the RNA of the large subunit and the ordered 
loops 1 and 2 of EFG39.

Binding of tRNAs to the E site
The structures of the hma large subunit in complex with 
the CCA end of tRNA or with an RNA stemloop mimic 
of the acceptor stem40 show that the unstacked bases of 
the CCA end interact with conserved Esite nucleotides. 
In archaea and eukaryotes, these bases also interact 
with ribosomal protein L44e, which is only found in 
these kingdoms. The terminal base, A76 of the tRNA, 
is inserted between two conserved rRNA bases and is 
hydrogen bonded to a conserved base of the rRNA. The 
bases of C74 and C75 are, however, unstacked, splayed 
out and interact extensively with a polypeptide loop 
of the L44e protein (FIG. 5a). The E site can only bind 
deacylated tRNA because the 3′ hydroxyl group of A76 

Figure 5 | Different interactions of the tRNA with the e site across kingdoms. a | The CCA motif (yellow) of a tRNA 
bound to the ribosome E site of the archaeon Haloarcula marismortui. Bases C74 and C75 are splayed out and interact 
extensively with a polypeptide loop of the ribosomal protein L44e (green), which is only found in archaea and eukaryotes. 
A76 is inserted between two conserved ribosomal (r)RNA bases (white). The pocket that binds the sugar of A76 is of 
limited volume, which ensures that the E site can only accept deacylated tRNA because even a tRNA charged with the 
smallest amino acid, Gly, would sterically clash with rRNA. The nucleotide numbers in parentheses are the numbers in the 
E. coli rRNA sequence. b | The CCA portion of the tRNA adopts a different conformation when bound to the eubacterial 
ribosome from Thermus thermophilus, which lacks L44e but instead has L28. Whereas the binding site of A76 is conserved, 
C74 and C75 show a continuously stacked conformation, presumably because there is no L44e homologue or analogue 
for these bases to interact with, and L28 overlaps with the splayed conformation of C75 seen in Haloarcula marismortui. 
The addition of ribosomal proteins L28 and L44e to ribosomes must have occurred after the split of the kingdoms.  
The nucleotide numbers refer to the E. coli rRNA sequence.
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sits in a pocket of limited volume, and even esterifica
tion by a Gly residue would sterically clash with rRNA. 
Presumably, deacylated tRNAs spontaneously move their 
3′ ends into the E site due to the ability of the D stem to 
adapt an energetically more stable unkinked conforma
tion and, perhaps, an intrinsically tighter tRNA binding 
to the E site that can exclude acylated tRNAs.

The binding site for the CCA portion of tRNA is 
not, however, universally conserved. In eubacterial 
T. thermophilus ribosomes, the CCA portion of tRNA 
that is bound in the E site adapts a different, continu
ously stacked conformation5,6 (FIG. 5b). This is presum
ably the case because there is no protein analogue or 
homologue of L44e in eubacteria with which C74 and 
C75 can interact. Furthermore, protein L28, which is 
present in eubacteria but not archaea or eukaryotes, 
overlaps with the splayedout conformation of C75 
that is seen in the hma 50S subunit complex, thereby 
preventing this adaptation in eubacterial ribosomes. 
Likewise, the stacked conformation of the CCA that is 
observed in the eubacterial E site is blocked by L44e, 
which overlaps with the stacked conformation of C75. 
Because proteins L44e and L28 must have been added to 
the protein portfolio of the ribosome after the split of the 
kingdoms, their introduction is presumably responsible 
for the different CCA conformations. One might posit 
that the last common ancestor was able to bind CCA to 
the E site as seen in eubacteria, interacting with univer
sally conserved rRNA bases. And only after the addition 
of L44e to the archaeal and eukaryotic lineage did the 
unstacked protein interaction arise. This protein differ
ence also accounts for the observation that antibiotics 
(such as 13deoxytedanolide, which targets the E site) 
inhibit eukaryotic and archaeal ribosomes, but not 

eubacterial ribosomes: this is because some antibiotics 
are seen to interact in part, but significantly, with L44e41. 
Also importantly, protein L28 significantly overlaps with 
the 13deoxytedanolidebinding site.

What’s up in the tunnel?
unwin and coworkers first observed in EM images of 
the ribosome what has become known as the polypep
tide exit tunnel42. Since its identification in the early 
1980s, the polypeptide exit tunnel has been the subject 
of extensive study and much speculation concerning 
its nature and function. Emanating from the PTC, the 
tunnel is 12–20 Å in diameter and traverses through 
the centre of the 50S subunit, exiting on the other side 
~80 Å away43. CryoEM reconstructions have been 
interpreted to show a main tunnel and a side tunnel 
that leads to a second exit44. This led to the proposal that 
this side tunnel might be used for certain categories of 
polypeptides to exit from the ribosome, such as secreted 
proteins, whereas the main tunnel would be used for 
the soluble majority of proteins. The crystal structure 
of the 50S subunit does not support the existence of a 
second tunnel exit45.

No role for the tunnel in protein folding. Numerous EM 
studies of the ribosome over the past two decades have 
been interpreted to suggest that the folding of polypep
tide chains could occur within the tunnel, which might 
function analogously to a chaperone protein46. however, 
polypeptides being synthesized by the ribosome are 
protected from digestion by proteases; depending on 
the protein being studied, somewhere between 30 and 
50 amino acids are protected from protease digestion, 
presumably because they have not yet exited the tunnel47. 
This suggests that at least half of the polypeptide is in an 
extended conformation and less than half could form a 
simple αhelix.

A detailed analysis of the tunnel using the coordi
nates derived from the refined 2.4Å resolution crystal 
structure of the hma 50S subunit48 shows that, even 
though the tunnel is extremely porous for molecules 
the size of water, there are no side tunnels that are large 
enough to allow the passage of a polypeptide, even one 
as narrow as polyAla45. Furthermore, analysis of the 
structure in the polypeptide exit tunnel strongly suggests 
that protein folding beyond the level of formation of an 
αhelix is extremely unlikely. Most certainly, it rules out 
the possibility that an immunoglobulin domain could 
fold within the tunnel (FIG. 6b) and be released, as has 
been concluded from a cryoEM study46.

It has been suggested that the tunnel may be flexible 
and might be able to expand in diameter to accommodate 
a folding polypeptide46. however, expansion appears to 
be unlikely because structures of the RNAs surround
ing the tunnel are identical in both of the 50S ribosomal 
subunit structures that have been determined as well as 
three 70S structures4–6, and the required expansion of the 
tunnel would be 10–20 Å. The extremely porous nature 
of the ribosomal RNA structure leads one to compare 
it to that of a sponge; however, the possible robustness 
of the structure may be more appropriately compared 

Figure 6 | Space‑filling models of the polypeptide exit 
tunnel. a | An α helix, the surface of which is delineated by 
the mesh, can be accommodated by the polypeptide 
tunnel. b | An immunoglobulin domain modelled in the 
polypeptide shows many steric clashes, which give rise to 
the spheres on the outside of the mesh, and therefore 
cannot be accommodated.
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to that of the Eiffel Tower. The many crisscrossing RNA 
helical rods make specific interactions with each other 
and with proteins to stabilize and reinforce a particular 
structure, thereby making it extremely unlikely that the 
tunnel can expand and contract by 10–20 Å.

Protein folding at the end of the tunnel. Some cotrans
lational protein folding does appear to occur, which is 
assisted by a protein bound at the end of the polypeptide 
exit tunnel. Models of the 50S subunit bound to trigger  
factor (which were derived from cocrystal structures of 
the 50S ribosomal subunit with fragments of the trigger 
factor protein) lead to the conclusion that the trigger factor  
forms a significant interior volume at the bottom of the 
tunnel that is sufficient in size to allow the protected fold
ing of modestsized protein domains49,50. The structure 
of the Nterminal binding domain of the Deinococcus 
radiodurans trigger factor bound to the D. radiodurans 
large ribosomal subunit shows that it interacts with 
proteins L23 and L29 and 23S rRNA at the end of the 
tunnel50. Superposition of the fulllength trigger factor on 
the Nterminal domain shows that there is a hydrophobic  

crevice at the end of the tunnel that is large enough to 
accommodate the nascent polypeptide chain. Taken 
together with cryoEM models of the signal recognition 
particle (SRP) bound to the ribosome, it appears that 
simultaneous binding of both trigger factor and the SRP 
to the tunnel exit is possible50.

Protein synthesis termination
When a stop codon in the mRNA reaches the A site of 
the ribosome at the end of the elongation phase of protein 
synthesis, translocational release factors (RF1, RF2 and 
RF3 in bacteria) catalyse the hydrolysis and release of the 
esterlinked polypeptide on the Psite tRNA (FIG. 7). One 
primary mechanistic question that remains is how the 
release factor proteins are able to recognize the stop codon 
in the mRNA on the small subunit and thereby enable 
the other end of the factor to catalyse release on the large 
subunit, some 70 Å away. Furthermore, is the hydrolysis  
achieved by inducing the same PTC conformational 
change that is produced by the A site substrate9 that posi
tions an attacking water molecule for nucleophilic attack, 
direct chemical catalysis or some combination thereof?

Figure 7 | An overview of termination of translation. A stop codon in the mRNA A site (red hexagon) recruits either 
release factor-1 (RF1) or RF2 to mediate the hydrolysis and release of the peptide from the tRNA in the P site. This 
functions as a signal to recruit RF3–GDP, which induces the release of RF1/2. Exchange of GDP for GTP on RF3 and 
subsequent hydrolysis is thought to release RF3. The ribosome is left with mRNA and a deacylated tRNA in the P site.  
This complex is disassembled by the binding of ribosomal release factor (RRF) and the EF-G elongation factor62. GTP 
hydrolysis causes the dissociation of the 50S ribosomal subunit, and initiation factor-3 (IF3) is required to dissociate the 
deacylated tRNA from the P site. Figure adapted from REF. 61. 
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Tantalizing insights into the structural basis of 
release factor function derive from lowresolution 
crystal structures of the 70S ribosome in complex with 
tRNA molecules bound in a codonspecific manner to 
the P sites and either RF1 or RF2 bound in the A site51. 
They found that the RFs exhibit the overall shape 
of a tRNA. A loop in domain 2 of RF1 containing a 
PvT sequence (in RF1) is observed in the vicinity of 
the uGA stop codon21, consistent with genetic data52. 
Domain 4 interacts with the Nterminal domain of L11, 
and the GGQcontaining loop of domain 1 is seen in 
the PTC near the site of the peptide link to the Psite 
tRNA. The low resolution, however, prevents a detailed 
understanding of the structural and chemical mecha
nism by which the GGQ loop promotes hydrolysis of 
the esterlinked peptide.

Recently, two structures of the bacterial 70S ribosome 
in complex with the ribosomal recycling factor (RRF) 
have been determined that have led to hypotheses about 
its mechanism of action53,54.

Conclusions and future directions
Excellent cryoEM maps of the ribosome have been 
obtained, capturing it at various stages in the process 
of protein synthesis. These include complexes of the 
bacterial 70S ribosome with bound EFG–GTP, EFTu 
with aminoacyltRNA or RF, as well as a 5Å resolution 
Xray map of an RF complex. however, none of these 

complexes is known at atomic resolution. The structural 
basis for how proteins are cotranslationally secreted has 
begun to be addressed by the crystal structure of the trans
locon alone55 as well as by a cryoEM map of a ribosome 
secreting a polypeptide through a translocon dimer that 
is bound at the end of the exit tunnel56. One model for 
the mechanism by which proteins are cotranslationally 
secreted is based on the crystal structure of a monomer as 
well as biochemical studies, and posits the existence of a 
channel in the centre of the monomer through which the 
polypeptide passes. however, a second model based on 
the cryoEM data proposes that secretion occurs between 
a bound translocon dimer. Clearly, a detailed atomic
resolution view of the polypeptide passing through the 
translocon is required.

Although the core aspects of decoding and protein 
synthesis are highly conserved across the three kingdoms, 
other aspects, such as the initiation of protein synthesis, 
differ significantly. So far, only lowresolution cryoEM 
studies of eukaryotic ribosome structures have been suc
cessful. highresolution structural studies of eukaryotic 
ribosomes and, most importantly, complexes of the  
40S ribosomal subunit captured in the act of initiation 
in complex with initiation factors, fRNAfmet and mRNA 
have not yet been accomplished. Structural insights 
into this aspect of protein synthesis will be of particu
lar interest because of its crucial role in the regulation  
of translation57,58.
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