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ABSTRACT 

The ribosome contains three tRNA binding sites, the A, P and E sites. Although the E site is separated 
from the A via the intervening P site, there is a striking communication between these sites. This cross-
talk plays an important role for the accuracy of the decoding process. Codon-anticodon interaction at the 
E site seems to be the signal to switch into the post-translocational (POST) state characterized by a low 
affinity of the A site. This low affinity state forces the ternary complexes aminoacyl-tRNA•EF-Tu•GTP to 
enter the A site via the decoding center preventing the selection of non-cognate aminoacyl-tRNAs and 
incorporation of the amino acid. This has the important consequence that only 1 in 400 mis-
incorporations affects protein functions. Another aspect of the three tRNA binding sites is that at least two 
tRNAs are present on the ribosome. Since the tRNAs are firmly bound by the ribosome whereas the 
mRNA practically only via codon-anticodon interaction during the elongation phase, the movement of the 
tRNA during translocation pulls the mRNA through the ribosome. In fact, the six base pairs of two 
adjacent codon-anticodon interactions are instrumental for maintaining the reading frame. Without the 
codon-anticodon interaction of the E tRNA the reading frame would be lost at least after the incorporation 
of about 50 amino acids into the nascent chain. 
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RESUMEN 

 

Estudios de fidelidad durante en la síntesis de proteínas que involucran al ARNt unido al sitio E y 
la interacción Shine-Dalgarno 
 
El ribosoma contiene tres sitios de unión para ARNt, los sitios A, P y E. Aunque el sitio E está separado 
del sitio A por el sitio P, hay una importante comunicación entre ambos. Esta comunicación juega un 
papel importante en la exactitud de los procesos de decodificación. La interacción codón-anticodón en el 
sitio E parece ser la señal para cambiar al estado post-translocacional (POST) caracterizado por una 
baja afinidad del sitio A. Esta baja afinidad determina que los complejos ternarios aminoacil-ARNt•EF-
Tu•GTP solo puedan entrar al sitio A por el centro de decodificación previniendo la selección de 
aminoacil-ARNts no-complementarios al codón del sitio A y la incorporación de un amino ácido 
incorrecto. Como consecuencia importante, solo una en 400 incorporaciones erróneas afecta la función 
de la proteína sintetizada. Otro aspecto de los tres sitios de unión para ARNt es que al menos dos ARNts 
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están presentes en un ribosoma activo. Puesto que durante la elongación los ARNts están fuertemente 
unidos al ribosoma mientras que el ARNm lo está solo por las interacciones codón-anticodón, el 
movimiento de los ARNts durante la translocación determina el correspondiente movimiento del ARNm a 
través del ribosoma. De hecho, los seis pares de bases de las interacciones codón-anticod-on 
adyascentes son esenciales para el mantenimiento del marco de lectura. Sin la interacción del ARNt-E el 
marco de lectura probablemente se perdería después de la incorporación de aproximadamente 50 
aminoácidos en la cadena polipeptídica naciente. 
 
Palabras clave: Ribosoma, ARNt, sitio E, Shine-Dalgarno 
 

INTRODUCTION. 

All ribosomes have three tRNA binding sites  

During the elongation phase, the central  funct ional phase of  the ribosome, a 
tRNA moves through al l three tRNA binding sites on the r ibosome. Our current  
understanding of  the elongat ion cycle is pictured in Figure  1 ( for review see 1).  
 

 
 

 

Figure 1: The elongation cycle of protein synthesis. For explanations see text. 

 
We start with a r ibosome carrying already two tRNAs, a peptidyl- tRNA at the P 
site (P for peptidyl- tRNA) with the already synthesized nascent pept ide and a 
deacylated tRNA at the E site (E for exit) .  This r ibosome state is called post-
translocational state or POST state (Figure 1a). An aminoacyl- tRNA enters the 
r ibosome at the A site, A for aminoacyl- tRNA (aa-tRNA). I t  binds to this s ite in 
the form of  a ternary complex aa-tRNA•EF-Tu•GTP contain ing EF-Tu, one of 



Salus online 
                                     Vol. 12  Sup. 1 - Biología Molecular - Protein synthesis  
                                       involing the E-tRNA and the Shine-Dalgarno interaction  
 

p. 135  

the two universal elongat ion factors, both being G-proteins,  and is selected at 
the decoding center of  the A site according to the codon of  the mRNA exposed 
at this s ite (Figure 1b). Decoding occurs with the ternary complex al lowing 
codon-anticodon interact ion at the A s ite but prevent ing most of  the contacts of 
the aa-tRNA with the A site outs ide the decoding centers. Af ter this step three 
t ight ly coupled steps happen (Figure 1c and d): ( i)  The r ibosome tr iggers the 
EF-Tu GTPase act iv ity and EF-Tu•GDP having changed its conformation f rom 
the GTP to the GDP conformer falls off  the r ibosome. ( i i)  The E site re leases 
the deacylated tRNA from the r ibosome, and (i i i)  the aa-tRNA moves fully into 
the A site (accommodation). Now the r ibosome is in the pre-translocat ional 
state (PRE-state) character ized by two tRNAs at the A and P sites.  
 
The peptidyl-residue is transferred f rom the P-tRNA (the tRNA in the P site) to 
the adjacent aminoacyl- tRNA yielding the pept idyl -tRNA at the A s ite prolonged 
by one amino acid and leaving a deacylated tRNA at the P site (Figure 1e).  
This PRE state seems to be in equi l ibr ium with a state, where the tRNA can 
move already to the E site on the 50S subunit  but maintaining codon-ant icodon 
interact ion st i l l  on the 30S subunit  in the P s ite (2),  a tRNA posit ion termed P/E 
hybrid site. Next the second elongat ion factor EF-G•GTP binds and brings the 
A-tRNA (tRNA at the A site)  into a hybrid posit ion A/P (3). The energy for th is 
tRNA movement might be paid by the binding energy of  this large factor (Figure 
1f) .  The tRNA movement is accompanied or caused by a ratchet movement 
( forward ratcheting) of  the 30S subunit  by about 4° relat ive to the 50S subunit  
(4,5). Af ter the ribosome has tr iggered the GTP hydrolysis, the P i release 
tr iggers the release of  EF•GDP from the ribosome and the ful l  t ranslocation of 
the two tRNAs into the c lassical  P and E sites (back-ratcheting; POST state; 
Figure 1g). The r ibosome is now ready to enter the next round of  the elongation 
cycle 
 
Features of  the E site. As the descript ion of  the elongation cycle in the 
preceding sect ion implies the three classical r ibosomal tRNA binding s ites A, P 
and E are character ized by a str ik ingly di f ferent capacity to bind dif ferent k inds 
of  tRNAs: ( i)  The A site binds aminoacyl- tRNA and pept idyl- tRNA in each 
elongation cycle and deacylated tRNA only under def ined stress condit ions, the 
stringent response. (i i)  The P s ite accepts deacylated tRNA and peptidyl- tRNA 
during an elongation cycle and aminoacyl-tRNA in the form of init iator Met-
tRNA

i

Met  dur ing eukaryotic and archaeal init iat ion. ( i i i)  The E site is most 
restr icted in this respect, it  binds exclusively deacylated tRNA. The structural  
reason is a hydrogen-bond network around the ult imate A of  an E-tRNA, where 
the residue C2394 plays a central role (Figure 2). This residue is located at the 
3’-base of  hel ix H88, and whenever this hel ix-landmark is present in the 23S-
type rRNA the corresponding C residue is observed including mitochondr ial 
r ibosomes. At the other t ip of  the L-shaped tRNA, i .e. the anticodon site, the 
situat ion is c learer: tRNA in al l  three s ites and their  hybrid variat ions undergo 
codon-anticodon interact ions. 
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Codon-ant icodon interact ion at  the A s ite has to occur, s ince at the decoding 
site – a part of  the A site – codons of  an mRNA are deciphered. In the 
sevent ies codon-ant icodon interact ion at the P s ite was st i l l  a controversial 
issue, and could be sett led only in 1979 (6,7). Short ly af ter the E site was 
detected (8,9), but  only af ter about ten years later  i t  became slowly accepted 
by the scient if ic community, when its existence was demonstrated also in 
archaeal and eukaryotic r ibosomes (10 and 11,12, respectively).  However, the 
existence of  codon-anticodon interact ion continued to be controversial ly 
discussed, and the issue was only recently sett led, when previous biochemical 
evidence (12,13) could be conf irmed by genetic and structural data (14,15,16). 
 
Although the E site is separated f rom the A site via the intervening P s ite, there 
is a str ik ing communication between these s ites. This cross-talk plays an 
important role for two accuracy aspects: 
 
( i)  Codon-ant icodon interact ion at the E site seems to be the signal to switch 
into the post-translocational (POST) state character ized by a low aff inity of  the 
A s ite (17). As we wil l point out later,  the low aff ini ty A s ite is instrumental for 
both an accurate aminoacyl- tRNA select ion and prevention of  incorporat ing an 
amino acid f rom a non-cognate aminoacyl- tRNA; the chemical nature of  which 
is sharply d if ferent from the cognate one and thus would l ikely af fect folding, 
stabi l i ty and funct ion of  the mature protein. I f  the E site is so important for 
accuracy of  decoding, there should be an accuracy problem at the codon just 
fol lowing the init iat ion codon AUG, where the init iator ( f )Met-tRNA is present at 
the P site and the E site is f ree. How the bacter ia l r ibosome solves this problem 
is discussed later. 
 
( i i)  A and E sites interact in a sense of  negat ive cooperat iv i ty with each other 
(18,19,12). This means that in addit ion to the already low aff inity state of  the A 
site tr iggered by the E-tRNA also an occupat ion of  the A site induces a low-
aff inity state of the E site leading to a loss of  the E-tRNA from the r ibosome 
(20). A consequence of  this interact ion is that on average two tRNAs are on the 
r ibosome, either at A and P site in the pre-translocat ional (PRE) state or in at P 
and E sites in the POST state (21,22). Since the tRNAs are f irmly bound by the 
r ibosome, whereas the mRNA is f ixed only via codon-anticodon interact ion 
during the elongation phase (23), the movement of the tRNA during 
translocation pulls the mRNA through the ribosome. In fact,  the s ix base pairs 
of  two adjacent codon-ant icodon interact ions are instrumental for maintaining 
the reading f rame, without the codon-anticodon interact ion of  the E tRNA the 

Figure 2: The ultimate residue A76 of the  
E-tRNA  stacks in between 23S Rrna 
 nucleotides G2421  and A2422  
(E. coli nomenclature),  and hydrogen bonds  
with universally conserved  C2394.  
Taken from Schmeing et al. (66). 
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reading f rame would be lost at least af ter the incorporat ion of  about 50 amino 
acids into the nascent chain (24).  
 
A cognate E-tRNA prevents incorporat ion of  non-cognate aminoacyl-tRNAs The 
binding of  aa-tRNAs to the r ibosome is dictated by the complementarity 
between the anticodon of  the tRNA and the codon of  the mRNA. To ensure the 
high f idelity of  translat ion, the correct stereochemistry of the mRNA-tRNA 
codon-anticodon interact ion is monitored by components of  the small r ibosomal 
subunit ,  in a process known as decoding (reviewed in 25). 
 
 During decoding, the f irst and second nucleot ide posit ions ( in terms of  the 
codon) of  the mRNA-tRNA duplex are closely monitored, whereas interact ion at 
the third or wobble posit ion is less str ic t ly recognized. Consistent ly, the mis-
incorporat ion of the wrong amino acids into polypeptide chains usual ly occurs 
through the binding of  near-cognate aa-tRNAs, i.e.  those tRNAs carrying an 
anticodon similar to that of  the cognate aa-tRNA, rather than non-cognate aa-
tRNAs, which carry d issimilar ant icodons. 
 
Nascent polypeptide chains are surpr is ingly to lerant to mis-incorporat ion, with 
only one in ~400 mis- incorporat ions being deleter ious for the protein’s act iv ity 
(reviewed in 26). The reason for this is that usual ly near-cognate aa-tRNAs are 
selected instead of  the cognate aa-tRNA, and the genetic code lexicon is 
organized in such a way that near-cognate tRNAs bear amino acids that are 
chemical similar to those carr ied by the cognate tRNA. For example, the mis-
incorporat ion of  an aspartate (codon: GAU/C) by near-cognate Asp-tRNA, 
instead of  glutamate (GAA/G) by the cognate Glu-tRNA, both incorporate acid ic 
amino acids. The middle and, also in most cases, the f irst posit ion of  a codon 
are almost never misread, even under error-inducing condit ions such as high 
magnesium or the presence of  aminoglycosides, and are thus considered as 
being non-cognate (for review and references see 27). The terms cognate, 
near-cognate and non-cognate are also def ined funct ionally, viz. the mis-
incorporat ion of  near-cognate amino acids in v ivo  and in vi tro require higher  
GTP consumption than for cognate, whereas non-cognate amino acids are 
never incorporated and no GTP is consumed (17,28), or i f  incorporat ion is 
observed, the rate is greatly reduced (29,30). 
 
Aa-tRNAs can, however, occupy the A site without being subjected to the 
decoding process. For example, the tRNA moiety of  Ala-tmRNA does not even 
have an anticodon, but sti l l  binds eff icient ly to the A site in complex with EF-
Tu•GTP and the SmpB protein (31). Another example is when the ribosome has 
an empty E s ite, i .e. a pept idyl -tRNA occupies the P site while the A and E 
sites are free. In such a situat ion, even a non-cognate aa-tRNA can enter the A 
site leading to an incorporat ion of  the non-cognate amino acid into the nascent 
peptide chain (32,17). After translocat ion a peptidyl- tRNA resides at the P site 
and the E site is t ight ly occupied by a deacylated tRNA (18,24). The E-tRNA is 
released through an act ive mechanism, whereby interact ion of  a ternary 
complex aminoacyl- tRNA•EF-Tu•GTP at the A site is coupled to the release of 
the E-tRNA (19,12). E-tRNA release fo llows the decoding step, but occurs 
before accommodation of the aa-tRNA into the A site (20). 
 
The presence of  an E-tRNA has been shown to be important for -  as mentioned 
above - prevent ing the select ion of  non-cognate aa-tRNAs. In the latter 
exper iment, Geigenmüller et al.  (17) demonstrated that when the E site was 
unoccupied,  the non-cognate acid ic Asp (codon GAC/U) could be mis-
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incorporated in place of  the cognate aromatic hydrophobic Phe (codon UUU/C), 
however, no mis- incorporat ion of  Asp was observed when the E site was 
occupied. Since tRNA near-cognate to the E s ite could not prevent the 
incorporat ion of  a non-cognate amino acid, the conclusion was that codon-
anticodon interact ion at the E site is required to prevent mis-incorporat ion at  
the A s ite (17). This is consistent with the genetic (33,16), biochemical  
(34,35,12), and structural evidence (14) demonstrat ing the likel ihood of  codon-
anticodon interact ion at the E site.  
 
We note that the recognit ion of  the codon-anticodon duplex in the E s ite is very 
dif ferent from that at the decoding s ite in the A site. In the A site the 
correctness of  the Watson-Crick base pairs is checked, i.e. whether or not  the 
bases and sugars are aligned according to a correct base pair .  Reference of 
this checking process are for example the 2’OH groups of  the pairs in the f irst 
and second position of  the codon (25); Figure  3.   
 
 

 
 
 
Figure 3: Codon-anticodon interaction at the decoding center of the A site in the first two positions of the 
codon. A, in the first position, A1493 binds in the minor groove of the A36-U1 base pair. B, in the second 
position, G530 and A1492 act in concert to monitor the A35-U2 base pair. According to Ogle et al. (67). 
 
For example, the universally conserved residue A1493 f l ips into the shal low 
grove of  the f irst base pair  of  codon-anticodon and forms H-bridges with the 
2’OH groups of  the part ic ipat ing nucleotides. Non-Watson-Crick pairs would 
form H-bridges of  lower energy if  at al l thus def in ing the recognit ion mode. The 
middle base-pair  is even checked with an higher effort  involving A1492, G530 
and the Ser50 residue of  the r ibosomal protein S12. Giving a structural basis 
for the known fact that the middle posit ion is pract ical ly never  misread, the f irst 
posit ion very rarely i f  at al l,  and quite of ten the third posit ion (wobble posit ion), 
where more space provides more f reedom to accommodate incorrect base 
pair ings. I t  follows that the k ind of  base pair  of  the type A:U or G:C is of  now 
importance, a surpr is ing observation 25 years ago (36). However, th is is 
precise the recognit ion mode of  the E site, since it  was demonstrated that the 
stabi l i ty of  the codon-ant icodon interact ion inf luencing the aff ini ty of  the E-
tRNA is reversely proport ional to the accuracy at the A s ite (16,15). 
 
A more recent demonstrat ion of  preventing the incorporat ion of  non-cognate 
amino acids by an occupied E site is shown in Figure 4 (32). E. col i 70S 
r ibosomes carried an AcPhe-tRNA at the P site and displayed an AAA codon. A 
stoichiometric mixture of  the cognate basic hydrophil ic Lys-tRNA and the non-
cognate hydrophobic Leu-tRNA (codon UUA/A) was added and the dipeptides 
formed identi f ied via  HPLC chromatography. In the absence of  an E-tRNA a 
signif icant amount of the deleterious dipeptide AcPhe-Leu is observed,  whereas 
in the presence of  an E-tRNA only the cognate product AcPhe-Lys was found 
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Figure 4: Noncognate misincorporation levels. The influence of the E-tRNA: HPLC analysis of dipeptides 
formed by the addition of a stoichiometric mixture of ternary complexes containing cognate [14C]Lys-tRNA 
and noncognate [3H]Leu-tRNA to either (i) Pi-state ribosomes (Left) containing AcPhe-tRNA at the P-site 
or (ii) POST-state ribosomes (Right) carrying AcPhe-tRNA at the P-site and deacylated [32P]tRNAfMet at 
the E-site, generated via EF-G-dependent translocation. The codons are given above the amino acids. 
According to Di Giacco et al. (32). 
 
So how does the presence of an E-tRNA inf luence decoding at the A s ite? An 
occupied E s ite dramatically increases (almost three-fold) the act ivat ion-energy 
barrier for A-site occupat ion, namely f rom ~40 kJ/mol to ~115 kJ/mol ( in a 
physiological buf fer with 3-6 mM Mg2+ and polyamines (37). These f indings 
were incorporated into the alloster ic three-site model (28,18,12) stat ing that the 
A and E sites are reciprocally l inked, such that occupation of  the E site induces 
a low-aff inity A-site, and vice versa. This model expla ins, why in nat ive 
polysomes f rom both eukaryotes and bacter ia precisely two tRNAs per  
r ibosome are observed (21,22).  
 
The next quest ion is how the low-af f inity A-site excludes the select ion of  non-
cognate aa-tRNAs? One possib i l i ty is that the low-af f inity A-site restr icts the 
binding of  the ternary complex (aa-tRNA•EF-Tu•GTP) with the r ibosome to only 
the interact ion between the A-site codon and the anticodon of  the tRNA, unt i l  
successful decoding is completed. In this model,  contacts outside of  the codon-
anticodon interact ion would not contr ibute to the select ion precis ion because 
they are common to al l  ternary complexes, regardless of cognate or non-
cognate, and therefore would al low even non-cognate aa-tRNAs to interfere 
with the select ion process, as well  as leading to the occasional mis-
incorporat ion before the decoding potential of  the codon-anticodon interact ion 
has been explo ited (38). Indeed, cryo-electron microscopic (cryo-EM) studies 
reveal that during A-site decoding the incoming ternary complex aa-tRNA•EF-
Tu•GTP binds in an init ial  A/T state, where codon-anticodon interact ion is 
checked in the decoding centre of  the A site before the aa-tRNA fully moves 
into the c lassic A s ite (39,40,3). Interest ingly, the anticodon loop is kinked 
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relat ive to the anticodon stem by ~40° to al low decoding, whi le s imultaneously 
prevent ing interact ion of  the tRNA outs ide the anticodon loop with the A site 
(Figure 5, A-D).  
 
 

 
 
 
Figure 5: The ternary complex interacting with the decoding center of the A-site as seen by using cryo-
EM. (A) The ribosome position of the ternary complex during the decoding process (A/T-site). (B–D) 
Fitting the aminoacyl- tRNA within the ribosomal-bound ternary complex. To satisfactorily fit the crystal 
structure of a tRNA into the corresponding cryo-EM density requires the introduction of a kink codon stem 
of the aminoacyl-tRNA. (According to Valle et al. (40), modified) 
 
However, EF-Tu interact ion with the r ibosome visual ized in these complexes 
probably ref lects a state af ter the decoding process has been completed, and 
therefore i t  is unclear whether EF-Tu interacts with the ribosome prior to or 
during the select ion process. We assume that EF-Tu contacts the r ibosome 
only after the decoding process (38), but we note that this point remains 
controversial (29,30). 
 
Since non-cognate aa-tRNAs in the cell  are in f ive- to ten-fold excess over a 
cognate aa-tRNA, i t  is clear that the absence of  the benef icia l effects of 
cognate E-tRNA and in part icular i ts codon-ant icodon interact ions would 
pract ical ly exclude the synthesis of  a protein of  a length of  about 400 amino 
acids with an undisturbed structure and funct ion. 
 
Shine-Dalgarno sequence can take over the funct ion of the E site. I f  an 
occupied E site is important for translat ional f idel ity by reducing near-cognate 
or preventing non-cognate mis-incorporat ion at the A s ite, as explained by the 
al loster ic three-site model,  this raises the quest ion as to how accuracy is 
maintained when the f irst aa-tRNA binds to the A site direct ly fol lowing the 
in it iat ion phase. This is a unique situat ion, in which r ibosomes contain only one 
tRNA, namely an init iator-tRNA bound at the P s ite, referred to as a Pi state.  
Therefore, direct ly fol lowing init iat ion the binding of  ternary complex to the 
r ibosome and decoding at the A site occurs with an empty E site and according 
to the al loster ic three-site model, should be error-prone. This would be 
surpr is ing, since there is a strong codon bias at the second posit ion for GCN 
codons in h ighly expressed genes (41), i.e. the codon direct ly fol lowing the 
start codon, and th is posit ion has been shown to have a strong inf luence on the 
eff iciency of  translat ion init iat ion (42). Indeed, stable cognate codon-ant icodon 
interact ion at this posit ion has been proposed to be important for preventing 
premature pept idyl- tRNA drop-off  (41). Furthermore, the f irst few N-terminal  
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amino acids modulate the stabi l ity of proteins as well as providing determinants 
for the cleavage of the N-terminal formyl-methionine residue f rom nascent 
peptide (42,43). Collect ively, this suggests that accurate decoding at the 
second posit ion is important for gene expression and therefore bacter ia must 
have developed a mechanism to ensure accurate decoding at the A site in the 
absence of  an E-tRNA .  

 
Recently, we have demonstrated that the presence of  a Shine-Dalgarno (SD) 
sequence located in the 5’ untranslated region of  an mRNA can funct ional ly 
compensate for the lack of  a cognate tRNA at the E site, a situat ion that  occurs 
direct ly following the init iat ion phase of  translat ion. Ribosomes carr ied an fMet-
tRNA and exposed a GUA codon at the A site cognate for Val-tRNA (Figure  6).  
Similar to the above descr ibed exper iment in Figure 4 a stoichiometric mixture 
of  cognate hydrophobic Val-tRNA and non-cognate acidic hydrophil ic Asp-tRNA 
were added. The HPLC analysis revealed that the presence of  the Shine-
Dalgarno interact ion does suppress the formation of  non-cognate fMet-Asp in a 
similar way then the presence of  an E-tRNA (32). 
 
We thus demonstrated that the SD sequence confers similar benef ic ia l ef fects 
as an E-tRNA, in terms of  accuracy during the selection of  ternary complexes 
aa-tRNA•EF-Tu•GTP at the decoding center: The select ion of  the near-cognate 
aa-tRNA is moderately improved by a factor of  two (32), but - most signif icant – 
the mis-incorporat ion of  detr imental non-cognate amino acids is abol ished. 
[Figure 6] 
 
 
 

 
 
 
Figure 6: Noncognate misincorporation levels. The influence of SD on selection of noncognate 
aminoacyl- tRNA in the presence of  MVF-mRNA: HPLC analysis of  d ipept ides.  Af ter  
f i l l ing the P-site w ith fMet- tRNA, a mixture of ternary complexes was added conta in ing 
cognate [1 4C]Val-tRNA (codon GUA) and noncognate [3H]Asp-tRNA (GAC/U). In the 
absence of the SD sequence,  an er ror  of  7.7% was observed (Lef t) ,  whereas in i t s 
presence,  a s igni f icant  amount  of  noncognate fMet-Asp is not observed (Right) .  
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Recent X-ray crystal lography studies have v isual ized the interaction of the SD 
sequence with the anti-SD sequence located in the 3´-end of the 16S rRNA on 
the ribosome (14,45-47). These studies reveal that the SD-helix sits in a pocket 
located between the head and platform of  the 30S subunit ,  adjacent to but not 
direct ly in the E s ite. The SD-ant iSD interact ion probably reduces the t ime 
necessary for mRNA-ribosome programming, s ince it  helps to guide the mRNA 
from an init ial stand-by s ite into a posit ion whereby the AUG start codon is 
correct ly posit ioned in the presence of  init iator tRNA (48,49,45). Interestingly, 
the conformation of the mRNA in the E site appears to be inf luenced by the 
state of  the r ibosome. In the in it iat ion state, the mRNA is considered to be in a 
structural ly constrained conformation, such that codon-anticodon interact ion 
would not be possible in the E site (14,47).  
 
However, fol lowing init iat ion the whole SD-helix rotates on the r ibosome 
towards the E s ite, which leads to conformational re laxation in the mRNA, such 
that the A-form hel ix adopted by the E-codon of  the mRNA that  now al lows 
codon-anticodon interact ion at the E site (14). The recent observat ion that the 
SD hel ix appears to f ix the or ientat ion of  head of  the 30S subunit  (46) might 
provide the f irst structural hint as to how the SD hel ix (or E-tRNA) inf luences A 
site accuracy, however further work ut i l iz ing both in vi tro and in v ivo 
exper imental systems wi l l be required to fully elucidate th is mechanism. 
 
We do not know if  or how the eukaryot ic 80S r ibosomes overcome the accuracy 
problem during the f irst decoding step, since their  mRNAs do not contain SD 
sequences. Eukaryotic translat ion systems require about 12 init iat ion factors, 
some of which are composed of several dif ferent subunits ( for reviews see 
50,51), whereas bacter ial systems use only three monomeric init iat ion factors. 
Thus, we can only speculate that the more complicated system required for the 
formation of  both the 40S and subsequent 80S init iat ion complexes solves the 
accuracy problem of  the f irst aa-tRNA select ion. 
  
Final ly, archaeal mRNAs of ten contain an identi f iable SD, but their  set of 
in it iat ion factors is similar -  although somewhat s impler – to that in eukaryotes 
(52). Curiously, archaea contain a number of  leader less mRNAs, i .e. mRNAs 
that have no 5’ untranslated region (and therefore no SD sequence), and start 
direct ly with an AUG start codon. Based on the f indings presented here, we 
would predict that leader less mRNAs are error prone at the step of  forming the 
in it ial dipeptide. Whether the corresponding proteins can tolerate an increased 
error at the N-terminus, or whether another mechanism operates,  remains 
unknown. At least in bacter ia, only a f ract ion (below 0.1%) of  mRNAs are 
leader less and do not comprise mRNAs of  essential genes (53), therefore the 
accuracy problem might not  pose a s ignif icant problem towards cel l v iabi l i ty in 
these cases.  
 
In summary, the SD sequence, in addit ion to its canonical funct ion related to 
mRNA posit ioning, has a second important funct ion. This is seen in the fact 
that the SD-antiSD interact ion can funct ional ly replace the E-tRNA to confer 
accurate decoding of  the codon following the AUG. Specif ical ly,  the SD 
sequence reduces near-cognate mis- incorporat ion and precludes the select ion 
of  non-cognate aa- tRNAs, thereby protect ing the cell  f rom amino acids 
substi tut ions detr imental to protein folding, stabi l ity and funct ion. 
 
Maintaining the reading frame.    The r ibosome must ensure that the binding 
of  the tRNAs remains faithful to the codon of  the mRNA displayed at the A site 
and that the correct  reading frame of  the mRNA is maintained during translat ion 
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(reviewed in 54). During translation the error f requency associated with 
f rameshif t  events is extremely low and has been est imated to be not higher 
than one event per 30,000 amino acids incorporated (55). However, in specif ic  
mRNAs there are loci designated recoding sites, where the eff iciency of  these 
f rameshif t  events is signif icantly higher ( reviewed in 56). A classic example of 
such a site is located with in the mRNA of the E. col i prfB gene, which encodes 
the termination release factor 2 (RF2). Translat ion of  the full- length and act ive 
RF2 protein requires a +1 f rameshif t  at the 26th posit ion of  the mRNA, in order 
to bypass an in-f rame UGA stop codon. In fact,  this programmed frameshif t ing 
site acts as an auto-regulatory mechanism, since RF2 terminates translat ion at 
UGA stop codons.  Therefore, when the intracellu lar levels of RF2 are high, 
termination at the 26th posit ion in the prfB mRNA predominates producing an 
inact ive truncated RF2 protein that is rapidly degraded. However, when RF2 
levels are low, the stop codon is bypassed via the +1 f rameshif t ing event, 
leading to the production of  ful l- length protein. What is extraordinary is that the 
f rameshif t ing rate was determined to be ~30% (57-59) and could be modulated 
to occur with up to 100 % eff iciency (60), i .e. f rameshif t ing on the prfB mRNA 
occurs with a f requency that is more than four orders of  magnitude higher than 
normal. 
 

Several features have been ident if ied that contribute to this ef f iciency; 
Frameshif t ing is faci l itated because ( i)  translat ion termination occurs slowly at  
a weak UGAC stop signal (61,62), part icular ly when the int racel lular levels of 
RF2 are low, ( i i)  of  the weak G:U wobble base pair  of  the ol igopept idyl-
tRNALeu at the P s ite, which promotes sl ippage into the new +1 f rame (63), ( i i i)  
a perfect real ignment of  the peptidyl- tRNA at the P s ite with the new aminoacyl-
tRNA Asp-tRNA in the new frame is acquired af ter the f rameshif t ing (63), and, 
( iv) a Shine-Dalgarno(SD)- like sequence precedes the UGA stop codon, which 
has complementary to the anti-SD sequence found at the 3’ end of  16S rRNA 
(59). 
 
We have noted that the complementari ty between the SD-l ike sequence of  the 
mRNA and the anti-SD sequence of  the 16S rRNA extends into the r ibosomal E 
site. This prompted us to establ ish an in vi tro  translat ion system that al lows 
both the ef f iciency of  frameshif t ing to be measured as well as the extent of  
deacylated-tRNA release f rom the ribosomal E site. I t  could be demonstrated 
that the SD-ant iSD interact ion enhances f rameshif t ing by causing the release of  
the deacylated-tRNA from the ribosomal E s ite. Indeed, we could show by 
monitoring dipeptide-formation within a model of the prfB +1-f rameshif t  window, 
that the presence of  a tRNA at the E site, and probably codon-ant icodon 
interact ion at this si te, prohibits sl ippage of the tRNAs in the +1 f rame and also 
stable binding of  the A-site tRNA out of  frame (24). This suggests that the 
occupation of  the E site by a tRNA is instrumental for maintain ing the reading 
f rame, and that modulat ion of  this dependence is exploited for the highly 
eff icient feedback regulat ion of the translat ion of  the RF2 mRNA. 
 
I t  is l ikely that codon-anticodon interact ion at the E site plays a decisive role 
for the observed ef fects. There is a growing body of  evidence for the presence 
of  such interact ion.  ( i) Chasing experiments of  label led E-tRNAs f rom the 
r ibosome are only effect ive if  the chase tRNA carr ies an ant icodon 
complementary to the E site codon (reviewed in 64). ( i i ) The distances between 
anticodons of  adjacent tRNAs on the ribosome are comparable of  tRNAs at A 
and P sites and tRNAs at P and E sites (20±3 Å and 16±3 Å, cryo-electron-
microscopic study, (65). Since simultaneous codon-ant icodon interact ion of 
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tRNAs at A and P sites is a generally accepted feature, the same feature 
should therefore hold for tRNAs at P and E sites. ( i i i ) The X-ray structure of  
70S r ibosomes during the in it iat ion and elongation phase demonstrated that  
af ter init iat ion the E-site codon adopted a classical A-hel ical conformations 
ready to form codon-anticodon interact ion (14). ( iv) Recently three groups 
demonstrated in vivo that the strength of  codon-ant icodon interact ion at the E 
site is reversely proport ional to the accuracy/f rameshif t eff iciency in a system 
contain ing the RF2 frameshif t  window (15,16). 
 
I t  fol lows that  codon-anticodon interact ion at the E s ite is  a standard feature 
during protein synthesis, essent ia l for maintaining the reading frame. One can 
est imate that without an E-tRNA translat ion would run into a f rameshif t  after 
incorporat ion of  20 to 50 amino acids making it  prohibit ively d if f icult  to 
synthesize proteins of  a length of  300 to 500 amino acids, the average length 
of  proteins. 
 
New understanding of antibiotics action and perspectives on light of  the E 
site The features of  the E site and its involvement on aminoacyl- tRNA select ion 
at the A s ite are also useful  for studying the act ion of  a number of  important 
ant ib iot ics. For example, the mechanism of  act ion of aminoglycosides, 
thiostrepton, and v iomycin could be fully understood when the features of  the E 
site and its role in the elongation cycle are considered (27, 68). The act ivi ty of 
novel r ibosomal inhibitors l ike oxazol idinones involve also binding to structural 
motifs of  the E site, documented via footpr int ing techniques (69), and more 
recently via crystal structure studies together with other new antibiotics (70,  
71). As one should expect f rom a key structure for r ibosomal funct ion, the E 
site is a lso a hot spot for attack with novel drugs specif ical ly constructed to 
inhibit  the r ibosomes of  an infect ious agent. The recent tendencies for 
r ibosome structure-based antibiot ic design (72,  73)  wi l l  make use of  the 
available biochemical and molecular information about the structure and 
funct ion of  the E site. 
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