
Abstract. In the sixties James Watson suggested a two-
site model for the ribosome comprising the P site for 
the peptidyl transfer RNA (tRNA) before peptide-bond 
formation and the A site, where decoding takes place 
according to the codon exposed there. In the eighties a 
third tRNA binding site was detected, the E site, which 
was specific for deacylated tRNA and turned out to be 
a universal feature of ribosomes. However, despite hav-
ing three tRNA binding sites, only two tRNAs occupy the 
ribosome at a time during protein synthesis: at the A and 
P sites before translocation (PRE state) and at the P and 

E sites after translocation (POST state). The importance 
of having two tRNAs in the POST state has been revealed 
during the last 25 years, showing that the E site contributes 
two fundamental features: (i) the fact that incorporation 
of a wrong amino acid is not harmful for the cell (only 1 
in about 400 misincorporations destroys the function of a 
protein) stems from the presence of an E-tRNA; (ii) main-
tenance of the reading frame is one of the most remark-
able achievements of the ribosome, essential for faithful 
translation of the genetic information. The presence of the 
POST state E-tRNA prevents loss of the reading frame.
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Introduction

In 1965, James Watson published the book ‘Molecular 
 Biology of the Gene’, which inspired a whole generation 
of scientists working in the field of molecular biology and 
genetics [1]. In the chapter on protein synthesis he outlined 
ribosomal activity in the frame of a model containing two 
binding sites for transfer RNAs (tRNAs), the principles of 
which he had published 1 year prior in a obscure journal 
that was not so easily accessible to the wider scientific 
community (Fig. 1; [2]). The three basic steps of peptide-
chain elongation are depicted in this illustration:

1) Occupation of the decoding site (today called A site) 
by an aminoacyl (aa)-tRNA occurs according to the 

codon of the messenger (mRNA) exposed at this site. 
Adjacent to the A site is a second tRNA binding site, 
the P site, where the peptidyl-tRNA carrying the syn-
thesized polypeptide (before peptide-bond formation) 
is located.

2) Peptide-bond formation occurs: the peptidyl residue 
is cleaved off and transferred to the aa-tRNA with the 
result that now the peptidyl-tRNA is located at the A 
site, extended by one amino acid. 

3) A translocation takes place on the ribosome, where 
the tRNA• mRNA complex moves by a codon length. 
In doing so, the peptidyl-tRNA enters the P site, and 
the uncharged tRNA exits the ribosome leaving only 
one tRNA behind. Translocation also brings a new 
codon into the A site, and with re-selection of an aa-
tRNA, the ribosome enters into the next elongation 
cycle.
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The two-site model with a donor site (P site) and an ac-
ceptor site (A site) was not only satisfying for theoretical 
reasons, but also agreed with the operational definition 
of these sites based on the so-called puromycin reaction 
[3]. Puromycin is an antibiotic that mimics the 3′ end of 
an aa-tRNA, namely the ultimate adenosine A76 (here 
a dimethyl A), attached to a methylated tyrosyl residue. 
The latter moiety is linked to the ribose of the adenosine, 
not via the canonical ester bond, but by an amide bond. 
This is an important feature of puromycin since the am-
ide linkage cannot be cleaved by the peptidyl-transferase 
(PTF) center of the ribosome (Fig. 2a). Puromycin binds 
to the A-site region of the PTF center and will receive the 
peptidyl-residue from a peptidyl-tRNA located at the P 
site analogous to a canonical peptidyl transfer (compare 
Fig. 2b and c). However, since puromycin represents only 
a small part of the acceptor arm of a tRNA, it is not stably 
bound to the ribosome and thus falls off as peptidyl-puro-
mycin and stops protein synthesis.
Even if the ribosome should by chance bind a peptidyl-
puromycin to a free P site, the peptidyl residue will not 
be transferred to an incoming aa-tRNA, since the amide, 
rather than ester, linkage between the ribose and the ty-
rosyl moiety in puromycin cannot be broken. The end 
result is that a puromycin reaction will definitely lead to 
an abrupt halt in protein synthesis. With respect to the op-
erational definitions of tRNA binding sites, a positive pu-
romycin reaction indicates that the P site of the ribosome 
is occupied by a peptidyl-tRNA and that the A site is free. 
However, if the peptidyl-tRNA is located at the A site, 
then puromycin cannot bind and thus the puromycin re-
action is negative. It is obvious that a puromycin reaction 
traces exclusively acylated (charged) tRNAs and cannot 
detect the presence of deacylated (uncharged) tRNAs.
This concept of the operational definition of A and P 
sites did not change when a puromycin reaction was also 
detected from a peptidyl-tRNA located at the A site [4], 
since this reaction is about 200–300 times slower then 
the puromycin reaction with a peptidyl-tRNA at the P site 
under near in vivo buffer conditions [C. M. T. Spahn and 
K. H. Nierhaus, unpublished]. However, the A-site reac-
tion was taken as strong evidence for the existence of a 
‘hybrid site’ A/P (or P/E), where the tRNAs are still lo-
cated at the A site on the 30S subunit but covered already 

the P site on the 50S subunit. This state seems to be a 
transient tRNA position during the translocation reaction, 
but lowly populated in the pre-translocational (PRE) state 
(see below).
An early saturation experiment with [32P]labeled deacyl-
ated tRNAs to polysomes did not yield unequivocal re-
sults, being compatible with two or three tRNA binding 
sites [5]. The authors suggested that if there are indeed 
three sites, then one should be specific for deacylated 
tRNA and represent a position where the tRNA resides 
before leaving the ribosome. On this basis they proposed 
the name ‘E site’ for this putative site, where ‘E’ is for 
exit.
Solid evidence for a third tRNA binding site was only 
presented 15 years later [6, 7] and confirmed by others 
[8, 9]. This evidence suggested that the two-site model 
for translocation was too simplistic and that tRNAs pass 
through three binding sites on the ribosome during trans-
lation. Subsequently, the E site was also observed in ribo-
somes from archaea [10], lower (yeast; [11]) and higher 
eukaryotes (rabbit; [12]). The universal presence of this 
site implied an important function.
The next sections will consider the structural and bio-
chemical features of the E site, including the involvement 
of the E site in translocation, followed by a description of 
two important functions of the E site, namely (i) reducing 
the effects of misincorporation and (ii) maintenance of 
the translational reading frame.
The most frequent errors in ribosomes result from mis-
takes in selecting the aa-tRNA at the A site and therefore 
misincorporation of the incorrect aminoacyl residue. Mis-
incorporation into the nascent peptide chain occurs once 
in about 3000 amino acid incorporations [13], but such 
events are not harmful to the cell since only one in 400 
misincorporations destroys the structure and/or function 
of the protein [14]. The fact is that only misincorporation 
of amino acids that are benign for the cell is attributable 
to the presence of an E-site tRNA (E-tRNA).
Loss of the reading frame is a disaster, since it means 
immediate loss of the genetic information for the cor-
responding ribosome. An essential role of the E-tRNA 
in maintaining the reading frame has been discovered by 
analyzing the frameshifting mechanism within the gene 
encoding the termination release factor RF2 [15].

Figure 1. Two-site model for the elongation cycle with A-site occupation by aa-tRNA (left), peptide-bond formation and release of the 
deacylated tRNA (middle) and finally translocation of the peptidyl-tRNA (right). Taken from [2].
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Visualizing the E site

Direct visualization of the E-site tRNA on the ribosome 
was first seen in the crystal structure of a complex of 
70S ribosomes bearing tRNAs at A, P and E sites from 

the bacteria Thermus thermophilus [16] as well as in me-
dium-resolution cryo-electron-microscopic (cryo-EM) 
and single-particle reconstructions of post-translocational 
(POST)-state ribosomes with tRNAs at P and E sites from 
Escherichia coli (see, for example, [17]). Subsequently, 

Figure 2. The puromycin reaction. (a) Comparison of puromycin (left) and A76 region of a Phe-tRNA (right) with the differences high-
lighted (red) on the tRNA (right). (b) The peptidyltransferase reaction with the A- and P-site tRNA ligands shown in red and green, respec-
tively. The A- and P-loop nucleotides of the 23S rRNA interact with the acceptor stem of the A- and P-tRNA ligands, respectively. (c) The 
puromycin reaction, where puromycin (A-site ligand in red, with differences to tRNA ligand shown in blue) accepts the peptide moiety to 
become peptidyl-puromycin.
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higher-resolution crystal structures have provided the 
most accurate description of the tRNA binding sites so 
far [18]. Unlike the A- and P site tRNA binding positions, 
which are predominantly composed of ribosomal RNA 
(rRNA), the E-site tRNA binding position is composed 
of both rRNA and ribosomal proteins. On the small ribo-
somal subunit (30S), the anticodon-stem loop (ASL) of 
the E-tRNA is positioned between the head and platform 
of the 30S (Fig. 3a), where it interacts with nucleotides 
within helices 28 (h28), h23 (690 loop), h24 (790 loop) of 
the 16S rRNA as well as ribosomal proteins S7 and S11 
(Fig. 3b, c). Specifically, the ASL of the E-tRNA is con-
tacted on one side by the β-hairpin of S7 and the α-helix 
(h6) of S11, on another by the loop regions of h23 (693) 
and h24 (788–789) and the tip of the ASL contacts h28 
(1382) [18]. This placement is consistent with the cross-

linking of the E-tRNA to ribosomal protein S7 and the 30 
nucleotides at the 3′ end of the 16S rRNA [19].
On the bacterial large 50S subunit, the acceptor stem in-
serts into a pocket formed from 23S rRNA nucleotides, 
namely helices 11 (H11), H68, H74–75 and H88, and is 
approached on each side by ribosomal proteins L31 and 
L33 (Fig. 3d, e). Ribosomal protein L33 has been cross-
linked to tRNA probes modified at or near the 3′ end [19]. 
A large proportion of this contact is formed through mi-
nor-groove interactions of the acceptor stem with H68, 
and the 3′ end interacts with the stem of H88 (Fig. 3d, e), 
in agreement with hydroxyl radical cleavage of H88 and 
surrounding rRNA by reactive moieties tethered to the 
3′ end of E-site-bound tRNA [20]. The structural detail 
of the interaction of the acceptor stem, in particular, the 
terminal CCA-3′ end of the E-tRNA with the ribosome 

Figure 3. Interaction between the ribosomal subunits and the E-tRNA. (a) Intersubunit overview of the 30S subunit, with the components 
of the 30S subunit highlighted (see labels in b and c) that interact with the E-tRNA (red). Helix 44 is also coloured (magenta) for reference, 
whereas all other rRNA and ribosomal proteins are coloured grey. (b) Closeup of a showing that the anticodon stem-loop of E-tRNA (red) 
interacts with 16S rRNA components of h23 (green), h24 (orange) and h28 (yellow) and with ribosomal protein S7 (blue). The path of the 
mRNA is shown using the thrS-mRNA (cyan). (c) Close up, bird’s-eye view of a, showing interaction of ribosomal proteins S7 (blue) and 
S11 (purple) with ASL of E-tRNA. Panels a–c are a composite of E-tRNA [18], mRNA [57] and the 30S subunit [65] from PDB1GIX/Y, 
PDB1YL3/4 and PDB1IBL, respectively. (d), 50S subunit viewed from L1 stalk side, with components of the ribosome that interact with 
the E-tRNA highlighted (see labels in e). (e) Closeup of d showing that the acceptor stem of E-tRNA (red) interacts with 23S rRNA com-
ponents of H11 (magenta), H75 (yellow), H68 (green) and H88 (orange) and with ribosomal proteins L31 (blue) and L33 (purple). Panels 
d and e are a composite of E-tRNA (PDB1GIX/Y; [18]) with the 50S subunit [66]. ( f ) Interaction of CCA (pink) with the H. marismortui 
50S subunit 23S rRNA and ribosomal protein L44e (blue). Note that the C74, C75 and A76 are splayed. The terminal A76 is inserted and 
stacked between G2421 and A2422 (pale blue) and forms hydrogen bonds (green dashes) with the highly conserved C2394 (yellow). All 
numbering is E. coli, and this figure was made from PDB1QVG [21]. All figures were made with PyMol (www.pymol.org).
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were revealed by crystallography. High-resolution crystal 
structures of RNA oligonucleotides mimicking either the 
deacylated acceptor and TΨC arm, or the CCA end, of a 
tRNA in complex with the Haloarcula marismortui 50S 
subunit were determined [21]. Interestingly, unlike in the 
A and P sites, where the bases of C74 and C75 stack upon 
each other, in the E site, the bases of the CCA end are 
splayed apart. The terminal A76 inserts and stacks be-
tween two bases, G2421 and A2422, and forms hydrogen 
bonds from the N3 and the 2′ OH with N4 and N3 of 
the highly conserved C2394 of the 23S rRNA (Fig. 3f). 
These interactions are consistent with the protection of 
C2394 from chemical probing by binding of deacylated 
tRNA to the ribosome [22] and mutations at this site that 
destabilize E-tRNA binding [23]. Unlike bacteria, eu-
karyotes and archaea (such as H. marismortui) contain 
a single ribosomal protein L44e (and L15e) within the 
E site, instead of bacterial proteins L31 and L33. In the 
aforementioned crystal structure, the CCA end of the 
E-tRNA inserts through a loop in L44e, whereas on a 
bacterial ribosome an extension of L31 approaches this 
region. The divergence of the ribosomal proteins and 
conservation of the rRNA within the E site suggests that 
the common ancestor to bacterial and archaeal/eukaryotic 
ribosomes may have had an ‘all-RNA’ E site, at least on 
the 50S subunit [21].

An additional interaction observed between the ribo-
some and the E-tRNA, by cryo-EM and crystallogra-
phy studies, is that of the L1 stalk with the elbow of 
the tRNA. In the 70S•tRNA3 crystal structure, the L1 
stalk is in a closed form [18], and therefore would block 
tRNA release from the E site, whereas in the Deino
coccus radiodurans 50S structure the L1 stalk is in a 
more open conformation [24], which would allow re-
lease of the E-tRNA. Thus, the movement of the L1 stalk 
may control removal of deacylated tRNA from the E site 
of the ribosome. This mechanism may be universal since 
in yeast there is a huge 70 Å difference in the position 
of the L1 stalk when comparing a P-tRNA-bound 80S 
ribosome (pseudo-PRE, state) with a stalled translat-
ing ribosome (artificially induced POST state) [25, 26]. 
Furthermore, yeast have an additional elongation factor 
eEF3 that hydrolyzes ATP to open the L1 stalk, enabling 
release of the E-tRNA upon binding of the ternary com-
plex to the A site [11].

Features of the E site

Three features characterize the E site: (i) Deacylated 
tRNA present at the E site (E-tRNA) is bound in a stable 
fashion. (ii) The E-tRNA is connected to the mRNA via 

Figure 4. The elongation cycle in the frame of the allosteric three-site model. Modified from [67, 68].
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codon-anticodon interaction. (iii) The E site is linked to 
the A site in a reciprocal manner (for review see [27]).
The fact that the E-tRNA is bound to this site in a stable 
fashion has been shown both in vivo and in vitro. The in 
vivo evidence is seen in the following observation: Most 
of the ribosomes (50–100%) are in the POST state, i.e. 
after translocation the tRNAs from the A and P sites to 
the P and E sites (see Fig. 4). An analysis of formed poly-
somes in vivo revealed that at least 70% of the POST 
ribosomes carry an E-tRNA after an isolation procedure 
that lasts 15–20 h [28]. Similarly, POST ribosomes pre-
pared in vitro can be pelleted through a sucrose cushion 
for 12 h without losing significant amounts of E-tRNA 
[29]. The important factor here is the use of in vivo near 
buffer conditions with low Mg2+ (4.5–6 mM) and the 
presence of polyamines, particularly spermidine (2 mM). 
In contrast, the E-tRNA can be easily lost with half-lives 
of seconds up to 3 min in standard buffers with 10 mM 
Mg2+ and without polyamines (Figs. 1 and 2 in [30], but 
see also [31]).
Codon-anticodon interaction of the E-tRNA has been 
shown in two ways. [32P]-labeled E-tRNA could only be 
efficiently chased from a programmed ribosome when 
a large excess of cognate deacylated tRNA was added, 
namely tRNA with an anticodon complementary to the 
codon at the E site, but not with non-cognate tRNA [11, 
32]. Further evidence was provided by both cryo-EM 
analysis of POST-state ribosomes and ribosome crystals 

containing three tRNAs [17, 18], revealing that the dis-
tance between tRNA nucleotides 37 (3′-adjacent to the 
anticodon) of A and P-tRNAs is 23 Å. The correspond-
ing distance of P- and E-tRNAs is even shorter (21 Å), 
suggesting that the tRNAs at the P and E sites can un-
dergo simultaneous codon-anticodon interaction as they 
do at A and P sites (Fig. 5a, b). Although the E-tRNA in 
the ribosome crystal was non-cognate, namely the anti-
codon was not complementary to the respective codon, 
the middle bases of both codon (mRNA) and anticodon 
(tRNA) formed a base pair. This indicates that cognate 
codon and anticodon pairs present at the E site during 
protein synthesis would – for energetic reasons – form 
three base pairs.
The feature with the most significant consequence for 
translation is the presence of a reciprocal linkage between 
A and E site (allosteric three-site model of the elongat-
ing ribosome [33, 34]; for review see [35]). This linkage 
dictates that occupation of the A site with an aa-tRNA 
reduces the E-site affinity for tRNA, with the result that 
the E-tRNA is released from the ribosome. The opposite 
is also true, namely an occupation of the E site induces a 
low-affinity A site for binding an aa-tRNA. Recently, the 
precise step of A-site occupation triggering the release of 
the E-tRNA has been identified. A-site occupation oc-
curs in two steps: First, decoding takes place, where the 
ternary complex aa-tRNA•EF-Tu•GTP predominantly 
establishes contacts with the codon of the mRNA. Fol-

Figure 5. The tRNA binding sites on the ribosome. (a), The bacterial ribosome is composed of two subunits, a small 30S (blue) and large 
50S (orange) subunit. Each subunit is composed of RNA and protein coloured light and dark, respectively. The 70S ribosome has three 
tRNA binding sites, termed the A (for aa-tRNA, shown in magenta), P (for peptidyl-tRNA before peptide bond formation, shown in olive) 
and E (for exit site, which binds deacylated tRNA, shown in cyan). (b), During the elongation cycle (see Fig. 3), the ribosome oscillates 
between PRE and POST states. The distances between ribose (ring oxygen) of residue 37 of A- and P-tRNA and P- and E-tRNA, respec-
tively, were measured from the crystal structure [18].
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lowing the decoding step, GTP is cleaved by EF-Tu, EF-
Tu•GDP leaves the ribosome and the aa-tRNA moves into 
the A site (accommodation). The release of the E-tRNA 
is triggered after the decoding step, but before EF-Tu-
dependent GTP cleavage and accommodation of the aa-
tRNA into the A site [36].
Another consequence of the reciprocal linkage is the fact 
that during the elongation cycle there are always two, but 
never three, tRNAs found on the ribosome, either in the 
PRE state, with tRNAs located at the A and P sites, or in 
the POST state, with P and E sites occupied [28]. Only 
during the initial decoding process, where the aa-tRNA is 
still bound to EF-Tu at the A site, are three tRNAs found 
on the ribosome. The three tRNAs seen in the crystals of 
Thermus thermophilus ribosomes [18] are probably the 
result of a superposition of PRE and POST states in the 
crystal, explaining the relatively moderate resolution of 
5–7 Å.
The PRE and POST states are the two main states of the 
elongation phase and are separated by high activation en-
ergy barriers of about 120 kJ/mol [37]. One important 
function of the elongation factors is to reduce the energy 
barriers, thus allowing the transition from one state to the 
other. In the absence of elongation factors and GTP, the 
ribosomes are frozen in either of the two main elongating 
states. A welcome consequence is that both states can be 
prepared with good homogeneity in vitro, without fear 
that a purified PRE state will re-establish equilibrium 
between PRE and POST states. Such homogeneity is a 
prerequisite for structural studies such as cryo-EM and 
X-ray crystallography.
One remark on the G-protein features of the elongation 
factors EF-Tu and EF-G: Reduction of energy barriers is 
also a standard function of an enzyme. An enzyme ac-
celerates its respective reaction rate by factors often in 
the range of 108–1011; however the reaction is catalyzed 
until equilibrium is reached. Therefore, an enzyme can 
catalyze a reaction in both the forward and backward di-
rections depending on the starting conditions in the test 
tube. This is in striking contrast to G-proteins, such as 
elongation factors, since these factors not only reduce 
the activation energy barrier but also determine the di-
rection of reaction, driving the reaction in one direction 
to completion, namely into the PRE or POST states. For 
this reason, we have two universal elongation factors, one 
for the transition POST to PRE (EF-Tu in bacteria or EF1 
in archaea and eukaryotes) and another for the PRE to 
POST transition (EF-G or EF2, respectively). Determin-
ing the direction of reaction is a specialty of G-proteins, 
and they perform this function by adopting two differ-
ent conformers depending on whether they bind GTP or 
GDP [38]. In the GTP form, a G-protein adopts an ‘on’ 
conformation, in which it binds the substrate and triggers 
a reaction (e.g. EF-Tu in the ternary complex catalyzes 
the transition of the POST to the PRE state). In this re-

action the product (for EF-Tu the PRE state) probably 
binds even more strongly to the ternary complex, and 
this gain in energy might determine the direction of re-
action. At the same time, the PRE state sends a signal 
to aa-tRNA•EF-Tu•GTP triggering GTP hydrolysis, and 
EF-Tu adopts the GDP conformer, loses its affinity for 
the PRE state and dissociates as EF-Tu•GDP from the 
ribosome, whereas the liberated aa-tRNA accommodates 
into the A site and now, with its aminoacyl residue, oc-
cupies the PTF center.
Figure 4 describes the elongation phase of protein synthe-
sis in the frame of the allosteric three-site model [33, 34], 
highlighting the steps catalyzed by the elongation factors 
EF-Tu and EF-G. The PRE and POST states are shown 
with rectangular and round ribosomes, respectively, to 
indicate the two main states of elongation, and the gap in 
either the A or E site indicates the low-affinity state.

The sequential movement of tRNAs  
through the ribosome

The E site is specific for deacylated tRNA [7]. Modifica-
tion of the 3′ end of a tRNA decreases or even abolishes 
the affinity of tRNA for the E site, whereas binding to 
A and P sites remains unaffected [39]. Biochemical data 
first suggested a direct contact of A76 and C2394 at the E 
site [40], which was borne out by crystal structures of ri-
bosomes containing tRNA fragments with an intact 3′ end 
[21]. As mentioned, the terminal A76 is stacked between 
G2421 and A2422, and shows H bonds from the base and 
2′OH to C2394, shielding this residue and explaining its 
specificity for deacylated tRNA (Fig. 3f). An intriguing 
observation is that this specific interaction between the 
3′ end of a deacylated tRNA with the E site is required 
for an efficient translocation reaction [41]. In particular, 
the 2′ OH group of A76, as well as position 71 of a P-
tRNA, were demonstrated to be essential for transloca-
tion [42]. Various cryo-EM structures of PRE and POST 
ribosomes have resolved the tRNA movement from the P 
to the E site and the participation of its 3′ end. The ribo-
somal subunits perform a ratchet-like movement, where 
the 30S subunit turns counterclockwise ∼6° relative to 
the 50S subunit on EF-G•GTP binding, as seen from the 
cytoplasmic side of the small subunit, and returns upon 
EF-G-dependent GTP cleavage [43] (see Fig. 6a–c). This 
observation has led to the hypothesis that tRNAs move 
sequentially from A and P sites to P and E sites, respec-
tively. The binding of EF-G•GTP to a PRE state moves 
the tRNAs from A and P sites into the hybrid sites A/P 
and P/E, and translocation from A/P and P/E hybrid sites 
to P and E sites is completed upon EF-G-dependent GTP 
cleavage (Fig. 6b, c).
An alternative view was forwarded with the hybrid-site 
model [44], according to which the tRNAs switch into hy-
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brid states just after peptide-bond formation, but before 
EF-G interacts with the ribosome to trigger the transloca-
tion reaction. Recently the Green lab published support-
ive evidence demonstrating that a significant population 
of ribosomes after peptide bond formation adopt a hybrid 
state that is a favourable substrate for subsequent EF-
G-dependent translocation [45, 46]. An important con-
sideration with regard to these analyses is that the PRE 
states and the subsequent translocations were performed 
in a buffer containing 15 and 20 mM Mg2+, conditions far 
from in vivo (4–5 mM Mg2+) that only allow slow and er-
ror-prone protein synthesis and are characterized by weak 
E-site occupation (see above). Indeed, even at 10 mM 
Mg2+, deacylated tRNAs at the P site adopt hybrid P/E 
positions, in striking contrast to canonical P-site positions 
observed by cryo-EM under in vivo near conditions (low 
Mg2+, polyamines, [47]; see Fig. 5d).
Applying near-in vivo conditions, footprinting studies 
have identified a significant, albeit weak E-site signal in 
a PRE-state ribosome, indicative of hybrid-site formation 
[23], whereas cryo-EM analysis with preparations from 
two different groups have identified tRNAs in the canoni-
cal A and P sites [17, 48]. This apparent discrepancy can 
be reconciled by taking into account that the footprinting 
technique can identify even minor populations of func-
tional complexes, whereas cryo-EM focuses on the major 
fraction of a mixture of functional populations. An equi-
librium between a PRE state with tRNA in the canonical 
A and P sites and a PRE state with hybrid sites has been 
postulated (measurements at 15 mM Mg2+; [49]). Then at 
least under low Mg2+ conditions the equilibrium lies on 
the side with the canonical A and P sites (Fig. 6d). Only 
during translocation do tRNAs transiently pass through 
hybrid positions to form POST states containing canoni-
cal P and E tRNAs.

Misincorporations are not harmful for the cell,  
due to the E site

As mentioned in the introduction, misincorporations 
occur with a frequency of 1 in about 3000 amino acid 
incorporations [13], and only one misincorporation in 
400 is actually fatal for the structure and/or function of 
a protein. The reason for this is that when a near-cognate 
aa-tRNA is selected, the amino acid that is incorporated 
is either identical to the cognate or at least the chemical 
characteristic of the amino acid is similar to the correct 
one. This arises because a near-cognate tRNA has an an-
ticodon that is similar to the correct or cognate tRNA, and 
the arrangement of the genetic code is such that near-cog-
nate and cognate codons correlate with the same or simi-
lar amino acids. Indeed, a selection error leading to the 
incorporation of the identical amino acid occurs with all 
amino acids coded for by a ‘family box’ of four codons. 

Figure 6. Translocation of tRNAs through the ribosome. (a) Left, 
schematic representation of the large 50S (blue) and small 30S (yel-
low) subunits as a PRE-state 70S ribosome with tRNAs bound at A 
(pink) and P sites (green). Right, cryo-EM reconstruction of small 
subunit (yellow) viewed from interface and top side. (b) Left, bind-
ing of EF-G•GTP leads to ratchet motion of 30S subunit relative to 
50S (indicated by arrow) and movement of tRNAs in hybrid states. 
Right, ratchet movement of small subunit as seen by cryo-EM upon 
binding elongation factor [69]. (c) Left, hydrolysis of GTP to GDP 
leads to ratchet back and translocation of tRNAs to form the POST 
state. The schematic was inspired by [43] and the cryo-EM images 
were modified from [69]. (d) Equilibrium between PRE (right) and 
HYBRID states (left) is modulated by magnesium concentration 
(Mg2+), such that high Mg2+ leads to formation of hybrid sites, and 
low Mg2+ leads to the canonical PRE state. Respective cryo-EM 
images of PRE and HYBRID states taken from [17].
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For example, the four GCN codons that code for Ala are 
decoded by two different ‘isoaccepting’ tRNAs: tRNAAla1 
recognizes the codons GCA, GCG and GCU, whereas 
tRNAAla2 is specific for GCC [50]. For each cognate aa-
tRNA, between two and four near-cognate aa-tRNAs can 
exist. This still leaves unanswered the question of what 
mechanism prevents the acceptance of one or the other of 
the 90% of non-cognate aa-tRNAs that will have a more 
fatal consequence for the structure/function of a protein 
if misincorporated.
The answer to this problem is related to the aforemen-
tioned reciprocal relationship between A and E sites [11, 
34]. A conspicuous consequence of this reciprocal rela-
tionship is a striking dependence of the activation energy 
on the presence of an E-tRNA for A-site occupation. With 
an occupied E site, the activation energy was found to be 
three times larger than that determined with a free E site, 
namely 120 kJ/mol versus 40 kJ/mol (AcPhe-tRNA bind-
ing at 3 mM Mg2+ in the presence of 2 mM spermidine; 
[37]).
If we assume for a moment that the A site is always in 
a high-affinity state for a ternary complex aa-tRNA•EF-
Tu•GTP independent of the E-site state, then the binding 
energy of this A-site ligand would be strongly dominated 
by interactions outside of the anticodon and therefore 
cannot add to the discrimination potential. Note that EF-
Tu within the ternary complex is identical in all ternary 
complexes and thus contributes to the non-discrimina-
tory fraction of the binding energy. EF-Tu increases the 
affinity of tRNA to the A site by two orders of magni-
tude (enzymatic binding) compared with aa-tRNA bind-

ing alone (non-enzymatic binding) [51]. The inevitable 
consequence is that every non-cognate ternary complex 
interferes with the selection process and should there-
fore occasionally be incorporated into protein synthesis 
before the equilibrium between cognate aa-tRNAs and 
near- plus non-cognate aa-tRNAs is reached. Establishing 
equilibrium is a requirement for exploiting the discrimi-
nation potential of codon-anticodon interactions (for re-
view see [27]).
There is evidence that the E-tRNA-induced low-affinity 
state of the A site reduces or even abolishes the non-dis-
criminatory interactions of the ternary complex by lim-
iting it to monitoring codon-anticodon interaction. The 
essential experiment is shown in Table 1, where AcPhe-
tRNA is bound to the P site of poly(U)-programmed ri-
bosomes, and a mixture of ternary complexes containing 
cognate Phe-tRNA (A-site codon UUU) or non-cognate 
Asp-tRNA (requires a GAU/C codon) is offered to the A 
site. The decoding error is determined by a high-perfor-
mance liquid chromatography (HPLC) analysis of the di-
peptides formed [52]: a high-affinity A site resulting from 
a free E site allows incorporation of the non-cognate Asp 
residues, as indicated by a large error of 0.72%, whereas 
with an occupied E site, only background values of Asp 
incorporation are seen (0.05%; experiment 1). Another de-
tail shown in experiment 2 is that binding a near-cognate 
tRNALeu (codon UUG/A) to the E site does not prevent 
Asp incorporation. In other words, codon-anticodon inter-
action at the E site seems to be the trigger for the ribosome 
to flip into the POST state and to establish a low-affinity A 
site for proper selection of the ternary complexes.

Table 1. Accuracy of aa-tRNA selection at the A site depends on E-site occupation.

Conditions Results

Exp. no. Initial complex E site Addition of ternary complex Error (%)  
[AcPheAsp/(AcPhePhe  
+ AcPheAsp)] × 100]

Ratio error  
(E site free) to error 
(E site occupied)[14C]Phe-tRNA [3H]Asp-tRNA

1

free

0.2 × 4 ×

0.72

14

occ. 0.05

2

free

0.2 × 4 ×

1.2

 0.75

occ 1.6

A cognate deacylated tRNAPhe must be at the E site in order to avoid the incorporation of non-cognate Asp in poly(U)-programmed 70S 
ribosomes (experiment 1). A near-cognate deacylated tRNALeu (codon UUG/A) is not sufficient (experiment 2), implying that a tRNA at 
the E site must undergo codon-anticodon interaction in order to induce the low-affinity A site that is prerequisite for non-interference of 
non-cognate aa-tRNAs at the A site. Data from [52].
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There are many studies supporting allosteric linkage be-
tween the A and E sites. For example, (i) the antibiotic 
edeine, which binds in the E site on the 30S subunit, 
induces translational misreading at the A site [53]; (ii) 
weakening of the E-tRNA via mutations at the S7-S11 
interface, which binds the anticodon loop of an E-tRNA, 
induces dramatic selection problems such as misincorpo-
ration and readthrough [54]; and (iii) loss of codon-anti-
codon interaction at the E site provokes high-efficiency 
frameshifting [15, 55]. (iv) A tRNA with an altered 
CCA-3′ end does not bind well to the E site [39], which 
may explain the increase in error rate at the A site, when 
tRNAVal bearing a mutation at the CCA end is present at 
the E site [56]. Furthermore, allosteric effects between 
the A and E sites have been observed in the crystal struc-
ture of 70S ribosomes from Thermus thermophilus at 5.5 
Å, where components of the E site were well ordered 
when an E-tRNA was present. In contrast, the elements 
were disordered when the A site instead of the E site was 
occupied [57]. Cryo-EM structures of ribosomes with a 
bound ternary complex in the presence of non-cleavable 
GTP analogs demonstrate that the decoding step occurs 
in a state where most of the tRNA interactions with the 
A site are avoided before the aa-tRNA is accommodated 
[58], thus enabling decoding at a low-affinity state of the 
A site (Fig. 7a).
The important consequence of the reciprocal relationship 
between A and E sites is apparent: in the low-affinity 
state the A site practically does not exist for the non-cog-
nate aa-tRNAs, thus reducing the selection problem by 
an order of magnitude. Instead of 1 out of 42 different 
aa-tRNA species (a tRNA species is defined as a tRNA 
with a distinct anticodon), the selection is reduced to only 
1 out of up to 4 tRNAs. In this respect the selection task 
is now similar to that of a transcriptase that selects one 

out of four nucleotides during RNA synthesis and does so 
with a precision of one error in more than 50,000 incor-
porations without even taking a proofreading mechanism 
into account [59, 60]. Thus the reciprocal A site – E site 
mechanism explains why the non-cognate ternary com-
plexes do not show any ribosome-triggered GTPase ac-
tivity, why the respective amino acids are never incorpo-
rated into proteins, and why even an excess of more than 
100-fold non-cognate aa-tRNAs does not effect the rate 
or accuracy of protein synthesis ([61], A. Batertzko and 
K. H. Nierhaus, unpublished observation).
A final remark on the mechanism that the ribosome 
uses to select the cognate ternary complex out of pool 
of cognate plus near-cognate complexes: X-ray analyses 
have revealed that the decoding center recognizes the 
stereochemical correctness of the Watson-Crick base 
pairing of the codon-anticodon complex at the A site 
rather than the stability of base pairing. In the latter case 
one would expect that G:C-rich codons would be more 
precise than A:U-rich codons; however, this not the case 
[62]. Instead, the decoding center predominantly senses 
the correct arrangement of the 2′OH positions of the 
codon-anticodon interaction (Fig. 7b; for review and 
references see [63]).

The E site maintains the reading frame

Maintenance of the reading frame is of utmost impor-
tance for translation of genetic information and is one 
of the most remarkable features of the ribosome; a spon-
taneous frameshift occurs only once in at least 30,000 
amino acid incorporations [64]. Recently, by studying the 
translation of mRNA coding for the termination release 
factor RF2, the underlying ribosomal mechanism of read-

Figure 7. (a) Cryo-EM and single-particle reconstruction of the 70S E. coli pre-translocation-state ribosome in the process of binding 
the ternary complex EF-Tu-aa-tRNA-GTP. This complex was stalled with the antibiotic kirromycin, which allows hydrolysis of GTP to 
GDP but not the associated conformational changes in EF-Tu that allow it to dissociate. The P- and E-site tRNAs are indicated in green 
and orange, respectively. Taken from [70]. (b) The principles of decoding, at the first position, a codon of the mRNA at the A site of the 
ribosome. A1493 (green) of the 16S rRNA binds within the minor groove of the base pair between A36 (yellow) and U1 (cyan) of the 
tRNA and mRNA, respectively. A1493 monitors the stereochemical correctness of the A36-U1 base pair via hydrogen-bond interactions 
(dashed). Based on [65].
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ing frame maintenance was unravelled. The RF2 mRNA 
has a UGA stop codon at the 26th codon position that is 
recognized by RF2. This is the basis for a simple nega-
tive feedback regulation system: when sufficient amounts 
of RF2 are present in the cell, the synthesis of RF2 is 
terminated after the 25th codon, and the 25-mer peptide 
is released and rapidly degraded. If, however, there is a 
shortage of RF2 in the cell, a +1 frameshift occurs with 
up to 100% efficiency, i.e. four orders of magnitude more 
often than a spontaneous frameshift. This means that a 
mechanism for maintenance of the reading frame must 
exist, which is switched off during the synthesis of the 
RF2 factor.
A special feature of the RF2 frameshift site is a Shine-
Dalgarno-like (SD) sequence, which has an unusually 
short spacer of two nucleotides to the last sense codon 
in the initial frame. Generally, the SD sequence is found 
in front of the initiation codon AUG with a spacer of 5–9 
nucleotides.
The outcome from a systematic analysis of the RF2-
frameshifting phenomenon was that the structure of the 
RF2-mRNA (in particular the SD-like sequence) pro-
vokes a premature release of the E-tRNA, and that the 
presence of the E-tRNA prevents slippage of the mRNA 
via codon-anticodon interaction. It follows that the pre-
mature release of the E-tRNA paves the way for the 
highly efficient frameshift [15]. An in vivo analysis of 
another highly efficient frameshift confirmed the essen-
tial role of codon-anticodon interaction at the E site for 
preventing frameshift [55]. Additionally, the mutation of 
C2394G, the highly conserved nucleotide within the 23S 
rRNA that base-pairs with A76 of deacylated tRNA at 
the E site, has, as previously mentioned, been shown in 
vitro to lead to translocation defects, but also promotes 
frameshifting and misreading at stop codons in vivo, par-
ticularly at UAA [23].
Marquez et al. [15] also demonstrated that in the absence 
of an SD-like sequence and without an occupied E site, 
a +1 frameshift can occur in up to 25% of cases, pro-
vided that the peptidyl-tRNA at the P site can slip in the 
+1 direction. If we assume the –1 frameshifts would be 
equally likely in the absence of an E site, and taking into 
account the wobbling potential of the third base pair in 
a codon-anticodon complex, one can estimate that with-
out the E-tRNA, only polypeptides of a chain length of 
less than 50 amino acids could be synthesized before a 
frameshift would destroy the genetic information. Facing 
the average length of a protein of 300–400 amino acids 
in prokaryotes and 500–600 in eukaryotes, life on this 
planet as we know it today would not be possible without 
a functional E site.
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