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Introduction

”O.K. guys, let's go.”
Yuri Gagarin, 9:05 April 12,1961

Ribosomes
In cells, proteins perform nearly every task. Cells contain protein motors and 
protein messengers, efficient catalysts made of protein, protein supertankers 
to deliver materials and protein highways to guide this delivery. Cells devote 
most of their resources to synthesis of these diverse macromolecular ma-
chines. However, the factory that constructs all of these proteins is com-
posed, quite ironically, not of protein, but primarily of RNA. The machine 
that carries out translation is the ribosome, a large RNA-protein complex 
whose structure is highly conserved in all kingdoms of life. The ribosomes in 
bacteria are yellow and composed of small subunit (30S), containing 16S 
rRNA and about 20 proteins and large subunit (50S), which contain 23S 
rRNA, 5S rRNA, and over 30 proteins (Cate et al., 1999;Yusupov et al., 
2001). The ribosome is an enormous molecular machine, approaching small 
viruses in size. The large subunit of the ribosome is about 100 times large 
than a typical enzyme. The small and large ribosomal subunits associate and 
dissociate during one full cycle of protein synthesis. The large subunit is 
responsible for the chemistry of peptide bond formation. A peptide bond is 
found between every amino acid in a protein. A ribosome moves along an 
mRNA molecule, reading the codon for protein assembly as it goes. As it 
moves, the ribosome assembles amino acids into a gradually lengthening 
protein chain. At the end of the coded message, translation stops, the ribo-
somal subunits separate and detach from the mRNA, and the completed pro-
tein is released (Figure 1). Transfer RNA (tRNA) molecules function as the 
"dictionary" in the translation mechanism. Each of the 20 amino acids used 
in protein synthesis is linked to a specific kind of tRNA. The tRNA is capa-
ble of recognizing and binding the nucleic acid code word (called a codon) 
specifying its attached amino acid in an mRNA molecule.  The identity of 
the amino acid that is added is controlled by the small subunit of the ribo-
some. The small subunit of the ribosome guides the interaction between the 
messenger RNA (mRNA) and anticodon-ends of transfer RNAs. The small 
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subunit therefore controls the reading of the genetic information stored in 
genes and does it with exquisite fidelity (Ogle et al., 2003). Unlike other 
cellular polymerases, the mechanism of ribosomes action appears to be 
based fundamentally on RNA (Green and Noller 1997).  The unusual nature
of the ribosome may be a fossil of evolution, preserved from a time when life 
was based primarily on nucleic acids, before the reign of proteins (Goodsell 
2000).  

Figure 1. Polysomes (inspired by Akira Kaji) 

How does the ribosome look like? 
Small prokaryotic ribosomal subunits have a head and a base with an arm-
like platform (Figure 2A). The large subunit has a prominent central protu-
berance, stalk, and ridge extending from one side. The large subunit has a 
tunnel about 10nm long and 2.5 nm in diameter; the tunnel extends from the 
region containing the A (aminoacyl) and P (peptidyl) sites to the part of the 
large subunit from which the newly assembled polypeptide chain exits the 
ribosome. This tunnel is thought to be the channel that newly assembled 
polypeptide chains travel on the way out of the ribosome. There is a hole or 
an intersubunit canyon between the associated subunits where main func-
tional sites, such as tRNA-binding sites and peptidyl-transferase center 
(PTC) are localized. During translation, aminoacyl-tRNAs enter the inter-
subunit space form one side (entrance channel) and deacylated tRNAs are 
released from the opposite side (exit channel). In the same time the mRNA 
chain is drawn through the hole in the direction from its 5’-end to 3’-end. 
mRNA enters through a channel of the small subunit (Figure 2C), forms a U-
turn around the small subunit’s neck where the decoding center is located, 
and then exits through an opening between the platform and  the head 
(Frank, 2001).The decoding center is located on the small subunit. This is 
the site where the mRNA is recognized by the complimentary codon of the 
mRNA. There are three binding sites for tRNAs on the ribosome. When a 
new aminoacyl-tRNA accommodates on the ribosome it occupies the A site 
(Figure 2D; Figure 8). Before the peptide bond formation the P site is occu-
pied with the peptidyl-tRNA. The E site is specifically designed for the dea-
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cylated tRNA, which exits the ribosome during the elongation cycle (Rama-
krishnan and Moore 2001).   

Figure 2. Architecture of the ribosome at low-resolution, adapted 
from Spirin (2002), Valle et al. (2003a) 

The structure of ribosome has been under biochemical and genetic 
research for the last forty years. Although there were several methods ap-
plied, the first “reasonable” low-resolution maps of the ribosome were ob-
tained using a combination of cryo-electron microscopy (Cryo-EM) and 
single-particle reconstruction (Frank, 2001). With constantly improving 
resolution this technique allows to see many features of the ribosome, such 
as head domain, platform domain, cleft (formed between head and platform), 
shoulder domain, spur for the small subunit; L1-stalk, central protuberance, 
intersubunit canyon, L7/L12 stalk base, L7/L12 stalk for the large subunit 
(Figure 2; Figure 8). Cryo-EM studies significantly contributed to our under-
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standing of ribosome function by showing the sites of interaction of tRNAs 
and translation factors with the ribosome and the conformation changes of 
the ribosome following the factors binding (Gabashvili et al., 2000; Frank 
and Agrawal 2000).  Recently, crystal structures were obtained for the small 
ribosomal subunit from the thermophilic bacterium Thermus thermophilus  
(Schluenzen et al., 2000; Wimberley et al., 2000), for the large subunit from 
the archaebacterium  Holoacula marismortui (Ban et al. 2000) and also  the 
molecular model of whole 70S ribosome from T. thermophilus (Cate et al., 
1999; Yusupov et al., 2001) was constructed. With help of high-resolution 
structures, it was possible to correlate the low-resolution features with par-
ticular rRNA helices and ribosomal proteins (Ramakrishnan and Moore 
2001). Basing on the crystal structures of the ribosomal subunits the mecha-
nisms of peptide bond formation (Moore and Steitz 2003), correct tRNA 
selection (Ogle et al., 2001, 2002, 2003) as well as mechanisms of action of 
dozen antibiotics (Carter et al., 2000; Hansen et al., 2002) have been pro-
posed.

Ribosome in dynamics 
In 1968 Spirin has proposed a model where the mobility of the two loosely 
associated ribosomal subunits is an essential part in the transmitting the 
mechanism for translocation (Spirin 1968; Spirin 1969). In about the same 
time Bretscher (1968) suggested that during translation the ribosomal sub-
units shift relatively each other. Indeed, the results obtained by small-angle 
neutron scattering studies of ribosomes in pre- and post-translocation states 
showed that the ribosome in the post-translocation state is slightly less com-
pact than the pre-translocation particles (Spirin et al., 1987). There was also 
an observation of the mobility of the head of the small subunit relatively to 
its body (Serdyuk et al., 1992). Further the ideas about the ribosomal dynam-
ics were grounded by Cryo-EM studies of the ribosome. First indication that 
the ribosome can be found in different conformations came from the fact that 
addition of ligands, such as tRNAs or EF-Tu ternary complex, to the “na-
ked” or empty ribosome results in the improved resolution of reconstructions 
of ribosomal complexes (Malhotra et al., 1998; Frank, 2001). Hence, the 
empty ribosome may be present in different conformations and the binding 
of tRNAs or translation factors to the ribosome stabilizes one of those con-
formations. In other words, during the peptide elongation process the ribo-
some exists in a number of defined states. So far the best studied are the 
conformational changes that occur in response to the binding of EF-Tu ter-
nary complex and EF-G (Valle et al., 2003a; Valle et al., 2003b). The find-
ing that the binding of EF-G in the GTP form lead to ratchet-like rotation of 
the small 30S subunit relative to the large 50S subunit suggest that the ribo-
some can be found at least in two different conformations (Frank and 
Agrawal 2000; Valle et al., 2003). Basing on these observations, it was pro-
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posed that the empty ribosome oscillates between two conformations and 
that each of these conformations can be stabilized by the binding of tRNAs 
and/or translocation factors to the ribosome (Figure 3; Zavialov et al., 2004). 
In its turn, the ribosomal conformation could be used as a selection tool for 
the binding of translation factors to the particular ribosomal state and espe-
cially for the control of the GTPase activity of translation GTPases (Zavialov 
and Ehrenberg, 2003). 

Figure 3. Two possible conformations of the ribosome. 

 The communication between the subunits is achieved through a large num-
ber of inter-subunit bridges, most of which are RNA helices reaching over 
from the large subunit (Gabashvili et al., 2000; Yusupov et al., 2001). The
mobility of the inter-subunit bridges has direct relevance to possible mutual 
movements of the two ribosomal subunits. There are three main areas of the 
contact between the subunits: the head, platform and helix 44 or the penulti-
mate stem of the small subunit (Figure 2) connected to the head (central 
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protuberance), the L1 ridge and the central height of the body of the large 
subunit, respectively (Gabashvili et al., 2000, Cate et al., 1999). The penul-
timate stem of the small subunit is a 100 Å RNA double helix that runs along 
the long axis of the particle from the head to the end of the body and con-
tacts the large subunit about once per helical turn, thus contributing to about 
half of all the interface contacts between the subunits (Cate et al., 1999). At 
the same time it is a movable element that exhibits relatively big displace-
ments upon subunit association and depending on a functional state of the 
ribosome. The mobility of this intersubunit element, as well as other bridg-
ing elements in the ribosomal interface, indicates to their role in intersubunit 
movement. In the same time, tRNA-binding sites of the ribosome are in the 
direct contact with the central intersubunit bridges, including those of the 
penultimate stem and the platform of the small subunit (Ogle et al., 2001, 
Yusupov et al., 2001). Hence, tRNA binding and translocation, on one hand, 
and the subunit association and intersubunit movement, on the other, seem to 
be somehow coupled (Spirin 2002).

Two in one: the ribosome is a GEF and a GAP 
A GTP-binding protein has a different conformation depending on whether it 
has bound GTP or GDP (Bourne et al., 1991). Usually GTP binding induces 
the active conformation (Figure 4). Hydrolysis of the bound GTP to GDP + 
Pi converts the protein to the inactive conformation. Reactivation occurs by 
release of bound GDP in exchange for GTP. Small GTP-binding proteins 
require helper proteins to facilitate GDP/GTP exchange or to promote GTP 
hydrolysis.  Guanine nucleotide exchange factor (GEF) induces a conforma-
tional change that makes the nucleotide-binding site of a GTP-binding pro-
tein more accessible to the aqueous intracellular milieu, where GTP is usu-
ally present at higher concentration than GDP. Thus a GEF causes a GTP-
binding protein to release GDP and bind GTP (GDP/GTP exchange). A 
GTPase activating protein (GAP) causes a GTP-binding protein to hydrolyze 
its bound GTP to GDP + Pi. The active site for GTP hydrolysis is on the 
GTP-binding protein, although the GAP may contribute an essential active 
site residue (Sprang 1997a). Members of the family of small GTP-binding 
proteins have diverse functions (Sprang 1997b). In some cases, the differ-
ence in conformation associated with substitution of GDP for GTP allows a 
GTP-binding protein to serve as a "switch". In other cases the conforma-
tional change may serve a mechanical role or alter the ability of the protein 
to bind to membranes (Bourne 1997).  
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There are four GTPase involved in the protein synthesis:  IF-2, EF-
Tu, EF-G and RF3. The ribosome functions as a GAP for the translation 
factors (Mohr et al., 2002). For a long time it was assumed that a gunosine 
exchange factor is required only for EF-Tu. It was found that a small protein 
EF-Ts functions as GEF to reactivate EF-Tu. EF-Ts induces EF-Tu to re-
lease its bound GDP and bind GTP. Then EF-Ts dissociates from EF-Tu 
when EF-Tu changes its conformation, upon binding of GTP. Recently we 
found that the ribosome itself catalyzes the exchange of nucleotides on RF3 
and EF-G bound to the ribosome in the particular states (Zavialov et al., 
2001,2002 and 2004). These states were found to be unique for RF3 and EF-
G. Accordingly, the post-termination ribosome in the complex with class 1-
release factors RF1 or RF2 acts as a GEF for RF3 (Figure 5G; Zavialov et 
al., 2001), the pre-translocation ribosome with a peptidyl-tRNA in the A site 
(Figure 5D) or the post-termination ribosome with RRF in the A site (Figure 
5K) is a GEF for EF-G (Zavialov et al., 2004). Our recent data suggests that 
there is also a GEF for IF2 (Zavialov, unpublished).  

Figure 4. The roles of GEF and GAP in the G-protein function.   

Translation today 
The presence of ribosome, mRNA and aminoacyl-tRNAs is the minimal 
requirement for the translocation to go. This means that the ribosome is able 
to translocate tRNAs, built the polypeptide chain and read the information 
provided by mRNA in the absence of translation factors and GTP (Gavrilova 
et al., 1976). The inhibitors of translation, except those whose targets are 
elongation factors, inhibit factor-free elongation. Since aa-tRNA binding, 
transpeptidation and translocation are inherent to the ribosome the transloca-
tion process is thermodynamically spontaneous. Therefore, the translation 
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factors contribute mainly to kinetics of this process (Spirin 2002). Below the 
mechanisms of each step of translation and the role of translation factors are 
discussed. As we will see there are many possibilities to go from one ribo-
somal state to another and thus the number of proposed mechanisms is con-
stantly growing. 

Figure 5. The working version of the mechanism of translocation (not yet in the text 
books)
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Initiation
In the first step of protein synthesis, initiator tRNA fMet-tRNAfMet in a com-
pex with a GTP-binding protein IF2 binds to the 30S subunit together with 
the messenger RNA, which normally contains AUG-cognate codon. There 
are two other proteins required for the initiation, namely IF1 and IF3 
(Gualerzi and Pon 1990; Kozak 1999). One function of these factors is to 
maintain a pool of free 30S subunits available for initiation. Accordingly, 
IF1 promotes dissociation of 70S ribosomes and IF3 binds to the 30S and 
prevents rejoining of the 30S subunits (McCutcheon et al., 1999). Also these 
factors stabilize the binding of fMet-tRNAfMet IF2 GTP to the 30S subunit 
(Maitra et al., 1982). Besides IF3 is also thought to recognize the anticodon 
stem of initiator tRNA and prevents the binding of elongator tRNA to the 
30S initiation complex (Hartz et al., 1989). The location of translational ini-
tiation factor IF3 bound to the 30S subunit of the Thermus thermophilus
ribosome has been determined by cryoelectron microscopy to 27-Å resolu-
tion (McCutcheon et al., 1999). It was shown that IF3 sits in the interface 
side of the platform and neck of 30S, which is involved in extensive contacts 
with the 50S subunit (Ramakrishnan 2002). Although the study of 
McCutcheon et al. (1999) has greatly contributed in our understanding of 
how IF3 dissociate 70S ribosomes into 30S and 50S subunits as well as how 
IF3 helps to discriminate the initiator tRNA among the other tRNAs during
initiation, a higher resolution of IF3-30S complex is required to make unam-
biguous conclusions. Overall, the current structural and biochemical data 
suggest that IF1 binds in the A site (Carter et al., 2001), the P site is occu-
pied by initiator tRNA (Figure 4A), and IF3 is in the E site (Figure 4L). Such 
a complex is probably required for the correct setting of the initiator tRNA 
before the following binding of the 50S subunit to the 30S (Gualerzi and Pon 
1990). The mechanism of initiation and the roles of the initiation factors, in 
particular IF1 in this process are still not clear (Ramakrishnan 2002). After 
the formation of the 70S initiation complex GTP hydrolysis on IF2 converts 
the factor in its GDP form with low affinity for the 70S and IF2 is ejected 
from the ribosome (Figure 4A; Zavialov and Ehrenberg, 2003).  

Elongation
Ternary complex formed from EF-Tu, aminoacyl-tRNA, and GTP delivers 
an aminoacyl-tRNA to the ribosome's A site. In the next step, GTP is hydro-
lyzed by a ribosome-dependent GTPase activity of EF-Tu.  This function 
depends on codon-anticodon recognition correctly positioning the aminoa-
cyl-tRNA in relation to the large ribosomal subunit.  The large conforma-
tional change in EF-Tu, when GTP is hydrolyzed to GDP + Pi, promotes 
dissociation of EF-Tu. Release of EF-Tu leads to repositioning of the ami-
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noacyl-tRNA to promote peptide bond formation. After EF-Tu GDP release 
from the ribosome EF-Ts regenerates an EF-Tu-GTP complex by exchang-
ing GTP for GDP attached to EF-Tu (Rodnina and Wintermeyer 2001).  

The loaded aminoacyl-tRNA must have the correct anticodon to 
base pair with the mRNA codon that is positioned at the A site. Accuracy in 
elongation is ensured by a two-step process. First, it gets rid of ternary com-
plexes bearing the wrong aminoacyl-tRNA before GTP hydrolysis. Recent 
crystallographic studies (Ogle et al., 2001, 2003) showed that the binding of 
mRNA and cognate tRNA in the A site induces nucleotides A1492 and 
A1493 to flip out of the internal loop of helix 44. This binding also causes 
the universally conserved base G530, to switch from the syn conformation 
present in the native structure to an anti conformation. In their new confor-
mations, A1493 and A1492 interact, respectively, with the first and second 
base pairs of the codon-anticodon helix, whereas G530 interacts with both 
the second position of the anticodon and the third position of the codon. The 
result of these induced changes is that the first two base pairs of the codon-
anticodon helix are closely monitored by the ribosome in a way that would 
be able to discriminate between Watson-Crick base pairing and mismatches, 
whereas the environment of the third, or "wobble," position appears to be 
suited for accommodating other base-pairing geometries (Ramakrishnan 
2002). This helps to insure that only the correct tRNA binds. If this screen 
fails, it can still eliminate the incorrect aminoacyl-tRNA in the proofreading 
step before the wrong amino acid can be incorporated into the growing pro-
tein chain (Rodnina and Wintermeyer 2001). Proofreading involves release 
of the aminoacyl-tRNA prior to peptide bond formation, if a particular ribo-
somal conformation is not stabilized by this interaction. These screens rely 
on the weakness of incorrect codon-anticodon base pairing to ensure the 
dissociation will occur more rapidly than either GTP hydrolysis or peptide 
bond formation. Our cryo-EM study (Valle et al., 2003b) revealed that the 
aa-tRNA changes its conformation dramatically as it interacts with the ribo-
some in the A/T site (Figure 5B; Figure 8). In the new conformation, the 
anticodon arm is twisted and kinked, presenting the anticodon at the decod-
ing center in an orientation such that perfect contact can be made with the 
codon. It was concluded from these observations that in the transition from 
the A/T to the A site, a cognate aa-tRNA acts like a molecular spring that is 
first in a high-energy state, then reverts to a low-energy state upon the depar-
ture of EF-Tu that is triggered by GTP hydrolysis.  

The polypeptide chain that was attached to the tRNA in the P site is 
transferred to the amino group of the amino acid carried by the A-site tRNA 
(Figure 6). This step is called peptidyl transer and is catalyzed by an enzyme 
complex called peptidyltransferase, which is an integral part of the 50S sub-
unit. Peptidyltransferase consists of some ribosomal proteins and the ribo-
somal RNA, which acts as a ribozyme (Cate et al., 1999). Despite of exten-
sive crystallographic and biochemical studies the detailed mechanism of the 
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reaction catalyzed by the peptidyltransferase is not clear (Ramakrishnan 
2002).

Figure 6. Peptide bond formation.

Translocation of tRNAs  
EF-G together with GTP controls the translocation of tRNAs and mRNA on 
the ribosome. There are various mechanisms of translocation, which were 
proposed basing on different experimental data or in the absence of any clear 
evidences using the logic of life. Below the most “popular” mechanisms of 
translocation are described. 

Classical model (simple) 
According to the early formulated “classical” model of translocation, the 
starting point is a peptidyl-tRNA in the ribosomal A site and a deacylated 
tRNA in the P site (Figure 7D). Binding of EF-G GTP to the ribosome was 
thought to induce translocation of the peptidyl-tRNA from the A to the P site 
in a reaction that is helped by a high affinity of the factor to ribosomes in 
post-translocation state with peptidyl-tRNA in the P site (Figure 7K). This 
step is followed by GTP hydrolysis and release of EF-G GDP from the ri-
bosome. This conclusion was based principally on the observation that a 
single round of translocation could occur with nonhydrolyzable GTP ana-
logs, while GTP hydrolysis was required for release of EF-G after transloca-
tion (Inoue-Yokosawa et al., 1974). 
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Figure 7. Two alternative models of translocation.   

Hybrid sites model (tRNAs in action) 
The tRNA "footprints" on 16S and 23S rRNA can be used as a direct assay 
for occupancy of the A, P, and E sites on the two ribosomal subunits 
(Moazed and Noller 1989). The state of occupancy of the tRNA binding sites 
has been examined during each step of a round of elongation in vitro. This 
study shows that the CCA end of peptidyl tRNA moves spontaneously from 
the P site to the E site of 23S rRNA upon peptide bond formation, while 
remaining in the P site with respect to 16S rRNA (Figure 7A-B). This results 
in a hybrid site of binding, called the P/E site. Similarly, the CCA end of 
aminoacyl tRNA shifts from the A site to the P site on 23S rRNA, while 
remaining in the 16S rRNA A state (Figure B). Thus, upon peptidyl transfer, 
the two tRNAs shift from A/A and P/P to A/P and P/E site, respectively. 
This movement occurs independently of factors or GTP. In the EF-G and 
GTP-dependent step, both tRNAs and mRNA move relative to 16S rRNA 
(Figure 7C). Thus, translocation of tRNA occurs in two steps; in the first 
step, the tRNAs move relative to 23S rRNA, resulting in hybrid binding 
sites, and the second step returns them to the nonhybrid site. Instead of two 
or three sites of binding for tRNA, there are at least six: A/T, A/A, A/P, P/P, 
P/E, and E/E. Independent movement of the two ends of tRNA allows one 
end to be fixed while the other moves relative to the ribosome. Another im-
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portant implication is that the nascent polypeptide chain remains in the same 
ribosomal location during the elongation cycle. The hybrid site model im-
plies that there is relative motion between the 50S and 30S subunits during 
translocation, which would account for the fact that ribosomes are always 
made up of the two subunits. 

Motor model (energetic) 
As it was written above, for a long time the binding of EF-G GTP

to the ribosome was thought to induce translocation, followed by GTP hy-
drolysis and release of EF-G GDP from the ribosome. However, recent pre-
steady state kinetic experiments showed that GTP hydrolysis occurs before 
translocation and accelerates translocation more than 50-fold relative to that 
observed with nonhydrolyzable GTP analogs (Rodnina et al, 1997). This 
suggests that a conformational transition in EF-G itself is in some way cou-
pled to translocation. According to the “motor” model for translocation, the 
starting point for the action of EF-G is a ribosome with peptidyl-tRNA in the 
hybrid A/P site. Instead of viewing EF-G as a canonical small G protein 
(Bourne et al., 1991), where the action (translocation) is carried out by the 
factor in its active GTP form and its release in the inactive GDP form, EF-G 
was suggested to act as a “motor protein”, where GTP hydrolysis occurs 
before the action of the factor and where the energy of the hydrolytic event 
is channeled into translocation of tRNAs in ways that remain to be ex-
plained.

Neoclassical model (dynamic) 
This model is discussed in the last our paper (Zavialov et al., 2004). It is 
based on the following observations: 

First of all, using Cryo-EM it was shown that upon formation of a 
peptide bond the tRNAs remains in their classical states (Figure 7D; Valle et 
al., 2003a). These data suggest that the starting point for EF-G dependent 
translocation is probably not a ribosome with tRNAs in hybrid sites, as as-
sumed by Rodnina et al. (1997), but rather a ribosome with peptidyl-tRNA 
in A/A and a deacylated tRNA in P/P site (Zavialov and Ehrenberg, 2003). 
However, it is also possible that there is thermodynamic equilibrium be-
tween two ribosomal states (Figure 3) with the tRNAs bound in the classical 
A/A, P/P and in the hybrid A/P and P/E sites respectively. The equilibrium 
might be affected by the deacylated tRNA bound to the E site (Figure 7E-F). 
It was suggested that the binding of EF-G GDP stabilizes the ribosomal 
state with the tRNAs bound to the hybrid sites (Figure 7G; Zavialov et al., 
2004). The ribosomal subunits in this state may rotate relatively to each 
other in the same way as it was observed in the case of EF-G bound to the 
ribosome in the presence of GTP analog (Valle et al., 2003a). This would 
help the tRNAs to be stably bound in the hybrid positions. It was further 
shown that the binding of EF-G GDP to the ribosome follows by the GDP 
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to GTP exchange accompanied by the large conformational changes in the 
factor (Figure H; Zavialov et al., 2004). 

Secondly, it has been demonstrated that the EF-G GTP complex 
mimics the ternary complex of EF-Tu-GTP with tRNA (Nissen et al., 1995). 
Translocation takes place by a conformational change in EF-G so that its 
"tRNA mimicking part" will occupy the anticodon region of the A-site. From 
this follows that EF-G GTP binding may push the tRNA with attached nas-
cent polypeptide from the A site to the P site, while the now unloaded tRNA 
that was in the P site shifts to an exit (E) site. Since the tRNAs are linked to 
the mRNA by codon-anticodon base pairing, the mRNA would move rela-
tive to the ribosome (Figure H; Zavialov et al., 2004). In analogy to EF-
Tu GTP aa-tRNA (Piepenburg et al., 2000), the binding of EF-G GTP to 
the A site may induce the GTP hydrolysis on EF-G. The GTP hydrolysis on 
EF-G results in the conformation switch in EF-G from the GTP to GDP 
form, which forces the tRNAs to accommodate in the post-translocation state 
(Zavialov et al. 2004).    

Termination
Release of peptide from a peptidyl-tRNA in the P/P site is induced by one of 
the class-1 release factors RF1 or RF2 (Figure 5G; Kisselev et al., 2003), 
which recognize the stop codons UAG, UAA and UGA, UAA, respectively. 
Binding of a class-I release factor to a stop codon in the ribosomal A site 
triggers hydrolysis of the ester bond that connects the peptide chain with the 
tRNA in the P site. Genetic and biochemical studies indicate that a univer-
sally conserved Gly-Gly-Gln (GGQ) motif in class-1 release factors interacts 
with the peptidyl-transferase center (PTC) on the 50S ribosomal subunit 
(Figure 5a), thereby inducing protein release from the ribosome (Zavialov et 
al, 2002, Kisselev et al., 2003). This type of studies also suggest that eubac-
terial RFs have two variants of another motif, Pro-Ala-Thr (PAT) in RF1 and 
Ser-Pro-Phe (SPF) in RF2 (Figure 5a), that recognize stop codons by direct 
contact with the mRNA in the decoding center (DC) of the ribosomal 30S 
subunit  (Ito, 2000). Taken together, these experimental results suggest that 
termination of protein synthesis requires that each of the RFs can interact 
simultaneously with the PTC and the DC, i.e. with two functional centers on 
the ribosome that are situated 73 Å apart (Yusupov et al., 2001). The X-ray 
structure of RF2 is surprisingly compact, with a distance between the SPF 
and GGQ motifs of only 23Å (Vestergaard et al., 2001), making simultane-
ous contacts of a RF with the DC and the PTC impossible (Figure 5b).  Re-
cently, this apparent contradiction between functional and genetic studies of 
RF2 on one hand and its crystal structure on the other was resolved by cryo-
EM studies of wild type (Rawat et al., 2003) and a GGQ to GAQ mutant 
(Rawat et al., 2003) of RF2 in post and pre-termination complexes with the 
ribosome. These studies revealed an open conformation for RF2 that allows 
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the GGQ motif to reach the PTC and, at the same time, the SPF motif to 
contact the stop codon at a distance of  ~73 Å from the PTC (Figure 5G). On 
the assumption that both the X-ray and solution structures of RF2 are com-
pact, it was suggested that if, and only if, the stop codon is UAA/UGA and 
thus cognate to RF2, then the structure of the factor unfolds after binding of 
the SPF motif to the DC so that the GGQ motif is brought in contact with the 
PTC (Rawat et al., 2003). This hypothesis implies that unfolding of RF2 is 
conditional on the identity of the codon in the A site and that this major con-
formational change is essential for the ability of the factor to terminate rap-
idly at UAA/UGA codons, while, at the same time, termination at closely 
related sense codons is kept at a very low level (Freistroffer et al., 2000).   

After the peptide release the class-1 release factor is removed from 
the ribosome with the help of a class-2 release factor, the G-protein RF3 
(Kisselev et al., 2003). Free RF3 in the GDP form enters the ribosome, and 
the GDP on RF3 rapidly dissociates when the post-termination ribosomal 
complex contains a class-1 release factor (Figure 5G; Zavialov et al., 2001). 
This leads to a stable complex between the ribosome, the class-1 release 
factor and a guanine nucleotide-free form of RF3 (Zavialov et al., 2001). As 
long as the peptide remains on the tRNA in the P/P site, the complex can 
only be resolved by the binding of another GDP molecule, in which case 
RF3 in the GDP form can dissociate (Zavialov et al., 2002). However, when 
the peptide has been cleaved off the peptidyl-tRNA, GTP will rapidly bind to 
RF3 (Figure 5H), which leads to swift dissociation of the class-1 release 
factor either in their unfolded (Figure 5a) or in their closed (Figure 5b) con-
formation (Rawat et al., 2003). The following hydrolysis of GTP dissociates 
RF3 in the GDP form from the ribosome (Figure 7I-J; Zavialov et al., 2002). 
It was proposed that when the peptide is gone from tRNA in the P/P site RF3 
in the GTP form drives the ribosome into the same conformation as EF-
G GTP (Figure 7I; Zavialov and Ehrenberg, 2003). In this ribosomal state 
with strong binding to RF3 GTP, RF2 or RF1 loses their affinity to the 50S 
subunit and rapidly dissociates from the ribosome.  

Recycling
After the termination of protein synthesis, ribosomes are recycled back to a 
new round of initiation by the joint action of RRF and EF-G (Hirokawa et 
al., 2002; Karimi et al., 1999), but the exact mechanism for this event re-
mains obscure. Ribosomes with a deacylated tRNA in the P site are targets 
for recycling (Figure 5L). The crystal structure of RRF was thought of as a 
tRNA mimic (Selmer et al. 1999), suggesting that recycling of post-
termination ribosomes is equivalent with translocation carried out by EF-G. 
Accordingly, by the action of EF-G RRF could be brought into the P site and 
displace the deacylated tRNA from the P to the E site, from which it rapidly 
dissociates. However, recent chemical footprinting data (Lancaster et al., 
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2002) as well as cryo-EM analysis of the complexes with RRF (Agrawal et 
al., 2004) showed that RRF does not bind to the A site like tRNA. This find-
ing rules out the hypothesis by Selmer et al. (1999), and leaves the structural 
question how ribosomes are split and recycled to new rounds of initiation by 
the action of EF-G and RRF open. Our results showing that the ribosome 
acts as a GEF for EF-G (Zavialov et al., 2004) suggest that after the ex-
change of GDP to GTP the elongation factor in its GTP form alters the con-
formation of RFF in such a way so that the ribosomal subunits will split 
apart (Figure 5 K-L; Zavialov, in preparation). In its turn it will allow IF3 to 
bind the ribosome and make the dissociation of the 30S and 50S irreversible 
(Figure 5L).  

Figure 8. Cryo-EM images of the ribosomal states during the translation cycle (see 
Figure 5). Landmarks: CP-central protuberance; h-head; b-body; sp-spur; sb-base of 
the L7/L12 stalk, GAC-GTPase activating center; DC-decoding center.  
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Pre-view of selected papers 

“The flight is proceeding normally. I feel well." 

Yuri Gagarin. 9:22 flying under South America

Paper I (Zavialov et al., 2001) 

Yarus M (2001) Translation termination: a ghost ballet? Molecular Cell 8, 733-734. 
Reproduced with permission from Elsevier 

One group of codons, the stop codons (usually UAA, UAG, and UGA), is 
not translated by the anticodons of tRNAs but by specialized proteins. Such 
termination proteins (the class I release factors, RFs) have an extended shape 
that touches the mRNA’s termination codons in the ribosomal A site using a 
short amino acid sequence at the end of one arm (Ito et al., 2000). When this 
touch confirms a termination codon, a touch from another arm of the RF 
converts the ribosomal peptidyl transferase (reviewed by Kisselev and Buck-
ingham, 2000) from biosynthesis to hydrolysis, severing the ester bond from 
P site tRNA to the last amino acid of the protein. 

Zavialov et al. (2001) resolve several enduring mysteries surround-
ing the action of eubacterial release factor proteins. In particular, the codon-
reading release factors (class I termination factors  RF1 and RF2 or eRF1) 
are accompanied by a small GTPase (the class II factors, RF3 and eRF3) in 
both eubacteria and eukaryotes. What is the role of these G proteins? The 
answer comes from exquisitely wrought biochemistry on a purified system. 
Very active E. coli ribosomes are poised on an oligoribonucleotide mRNA 
with termination codons in their A sites and a tetrapeptidyl-tRNA ready for 
release in their P sites. When placed on this stage, the codon-translating RF1 
and RF2 factors and the RF3 GTPase act nearly quantitatively. 

The first new finding is that RF3 binds GDP three orders more 
strongly than GTP. Therefore, there is no idling GTPase when RF3 is free. 
RF3 GDP has an affinity for ribosomes bearing RF1 and RF2 but cannot 
exchange its GDP for GTP in the absence of termination itself. Thus, RF3 
does not act to displace class I RFs early, before hydrolysis of the final bond 
to the nascent protein. However, on release of nascent peptide, the ribosome-
class I RF complex, apparently acting as a nucleotide exchange factor for 
bound RF3 GDP, allows GTP to bind. Zavialov et al. show that RF3 GTP 
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(or GDPNP) has a strong affinity for the ribosome that is inconsistent with 
RF2 binding, so the class I RFs are displaced from the ribosome at this point. 
Finally, GTP hydrolysis expels RF3 GDP itself, and it is free to begin an-
other cycle. 

As the details of this intricate and unique terminal ballet have be-
come clear, it has become possible to think about its origins. Zavialov et al. 
make it clearer that eukaryotic and eubacterial termination factors are using 
the same mechanism; eukaryotic and archaebacterial release factors are also 
close molecular relatives (Dontsova et al., 2000). The invention of the pro-
tein release factor mechanism, therefore, likely predates separation of the 
three domains of life. However, one seemingly can’t synthesize protein re-
lease factors, necessarily large and sophisticated proteins, until translation 
itself is well established. Thus, it seems likely that class I RFs are standing in 
for RNAs that did the same job in a more rudimentary translation apparatus. 
RFs made of RNA are plausible in molecular terms: class I RFs have the 
same codon-to-peptidyl transferase span as does tRNA. Termination chemis-
try is built into the peptidyl transferase (see Kisselev and Buckingham, 
2000), itself an ancient ribosomal ribozyme (Nissen et al., 2000) likely pre-
sent in similar form since the RNA world (Yarus and Welch, 2000). Pre-
sumably only prod ding of peptidyl transferase by another molecule that 
stretched to the termination codon would be required for primordial termina-
tion. A somewhat similar idea has actually been around for some time but 
with another emphasis. It is said that eRF1 (and other translational proteins) 
are “tRNA mimics,” meaning that they take the shape of tRNA (Nakamura 
et al., 1996). We may perhaps take this notion more literally, as an indication 
of origins. Class I protein RFs may be ghosts of a vanished tRNA mecha-
nism. Does some trace of these release RNAs still exist somewhere? A pos-
sibility immediately presents itself. The tmRNAs act as both tRNA and 
mRNA, providing an alternative termination-and-peptide-tagging mecha-
nism for mes sages without stop codons (Keiler et al., 1996). The tmRNAs 
are most of what we seek: tRNA analogs, responsible for special transla-
tional termination. These molecules are usually assumed to use protein RFs 
for termination at their own termination codons. However, it does not seem 
to be known whether they necessarily employ protein RFs or alternatively 
can stimulate the hydrolytic activity of peptidyl transferase on their own. 
This now needs clarification. More speculatively, one cannot help but won-
der if tmRNAs have yet unrecognized relatives that would appear if RNAs 
that simply terminated translation were widely sought. 
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Paper II (Zavialov et al., 2002) 
The paper describes the results of a kinetic analysis of the properties of the 
prokaryotic release factors RF1 and RF2, comparing the properties of wild 
type RF1 and RF2 with mutants containing substitutions of the universally 
conserved GGQ motif. These experiments probe, quantitatively, the role of 
the GGQ motif in mediating the hydrolysis of the ester bond of a peptidyl-
tRNA molecule bound to the P site of the ribosome. These data: (i) support 
the hypothesis that the GGQ motif interacts with the peptidyl-transferase 
center, (ii) explain how the GTPase activity of RF3 is regulated, and (iii) 
explains why RF3 removes RF1 and RF2 only after hydrolysis of the pepti-
dyl-tRNA ester bond. 

Previous genetic and structural studies (on eRF1) had suggested that 
the GGQ motif plays an important role in activating the peptidyl-transferase 
center (PTC) of the ribosome to catalyze the hydrolysis of the peptidyl-
tRNA ester bond, thus releasing the nascent polypeptide chain from the ribo-
some. This model of release factor activity was challenged by authors of a 
paper reporting the structure of E.coli RF2 (Vestergaard et al., 2001). In the 
paper Zavialov et al. (2002) it was shown that residues of the GGQ motif are 
either important (Q) or virtually essential (the second G of the GGQ) for the 
ability of RF1 and RF2 to mediate peptide release. The GGA and GAQ mu-
tants have greatly reduced catalytic activity by 100 and 10, 000 times respec-
tively. The almost complete loss od activity of GAQ mutant enabled us to 
compare and contrast other properties of the mutant and wild type release 
factors. The experiments showed that the GGQ mutant did not affect either 
the thermodynamic or kinetic parameters governing the interaction of RF1/2 
with the ribosome and RF3, with and without GTP and/or GDP. Thus, the 
mutant affects a particular property of RF1/2, namely the ability to activate 
the hydrolytic activity of the PTC. By showing that mutant RFs inhibit the 
transfer of the peptide chain to puromycin, we suggested that the GGQ motif 
directly interacts with the PTC. Although this experiment was interesting , it 
could not unequivocally distinguish between direct and indirect interaction 
between the GGQ motif and the PTC. Stryctural data, such as the Cryo-EM 
was required to settle this point (Rawat et al., 2003). Overal, the experiments 
presented in the paper demonstrated the universal function of the release 
factor motif, and redress the confusion generated by Vestergaard et al., 2001. 
Additional experiments showed that the deacylated tRNAs are also capable 
of catalyzing release factor activity. This observation raises the question of 
why protein factors, rather than RNA factors are used as release factors. 
Also highly significant was the demonstration that RF3 cannot function to 
eject RF1 or RF2 until peptide release occurs. The work completed a de-
tailed description of the kinetics and pathway of termination in prokaryotes. 
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Paper III, IV (Rawat et al. , 2003; Klaholz et al., 2003 ) 
By providing images of the termination of protein synthesis on the ribosome, 
this cryo-electron microscopy work shows how the release factor undergoes 
a major conformational change that allows it to transmit the decoding signal 
at the stop codon to the peptidyl-transferase center, where the growing poly-
peptide is hydrolysed. This resolves the discrepancy between the observed 
distances from the codon to the peptidyl position in tRNA (about 75 ang-
ströms) and in the crystal structure of the isolated factor (about 23 ang-
ströms) and allows translating the concept of macromolecular mimicry in 
terms of functional significance. Cryo-microscopic structures at 11-13 Å 
resolution show that the release factor RF2 is in an open conformation when 
bound to the ribosome. Although this open conformation does not mimic a 
tRNA structure, as had previously been proposed, it allows the conserved 
GGQ motif to sit in the peptidyl-transferase center of the 50S subunit, 
thereby providing a structural signal for translation termination. Therefore, it 
was suggested that this tightly bound open conformation signals the presence 
of a stop codon, while the more compact conformation, seen in the crystal 
structure of the isolated RF2 protein, is lower affinity and allows for precise 
codon discrimination.  

Paper V (Pedersen et al., 2003) 

Hayes C & Sauer R (2003) Toxin-antitoxin pairs in bacteria: killers or stress regu-
lators? Cell 112, 2-4. Reproduced with permission from Elsevier

Bacterial toxin-antitoxin (TA) systems generally consist of a toxic protein 
and a cognate antitoxin or antidote protein that is proteolytically unstable 
(Gerdes, 2000; Zielenkiewicz and Ceglowski, 2001). Because the anti toxin 
is degraded continuously, new protein synthesis is required to maintain a 
high steady-state level of anti toxin, which forms an inhibitory complex with 
the toxin. Some TA systems affect the inheritance of the plasmids that en-
code them by acting as “addiction modules.” In daughter cells that fail to 
inherit the plasmid, degradation of the antitoxin in the absence of new pro-
tein synthesis leads to cell death. Intriguingly, TA systems are also encoded 
in the genomes of a variety of bacteria and archaeabacteria. Escherichia coli 
has at least three TA systems, mazEF (chpAI-chpAK), relBE, and dinJ yafQ 
(Gotfredsen and Gerdes, 1998). Transcription of the mazEF operon is inhib-
ited during amino acid starvation, leading to diminished levels of the MazE 
antitoxin and apparent cell killing by MazF (Aizenman et al., 1996) Based 
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on this work, it was postulated that starved E. coli undergo altruistic cell 
death, helping to ensure survival of the population. However, recent studies 
suggest that chromosomal TA toxins may be bacteriostatic rather than bacte-
riocidal. Specifically, Pedersen et al. (2002) demonstrated that expression of 
the MazF or RelE toxins halts cell growth, which can resume if the cognate 
antitoxin is expressed at a later time. Hence, under inclement nutritional or 
environmental conditions, chromosomal TA systems could temporarily in-
hibit specific cellular processes, arresting growth until more favorable condi-
tions return.

In E. coli, the relBE TA system is part of the complex cellular re-
sponse to amino acid deprivation that includes increased synthesis of stress 
proteins and amino acid biosynthetic enzymes, increased proteolysis, and the 
inhibition of tRNA and rRNA transcription (Christensen et al., 2001). After 
amino acid starvation, the levels of the RelB antitoxin fall as a result of de-
creased translation and Lon-dependent proteolysis (Christensen et al., 2001). 
This reduction in RelB concentration frees the RelE toxin (RelB inhibits 
RelE by complex formation), which then acts to decrease translation in some 
fashion.

Pedersen et al. (2003) uncover the molecular details of how RelE in-
hibits translation and affects reversible cell stasis. RelE has or induces a 
novel ribonucleolytic activity that cleaves mRNA codons between the sec-
ond and third nucleotides in the A site of the ribosome in vitro. This cleav-
age occurs with a marked specificity for certain codons, with the UAG (am-
ber) stop codon and the CAG (glutamine) codon be ing cleaved at the high-
est rates. RNA messages cleaved in this manner are no longer competent to 
direct further enprotein synthesis and are not recognized by the protein re-
lease factors that catalyze normal translation termination. Hence, after RelE 
cleavage, ribosomes become trapped in an inactive state at the 3’ ends of 
truncated mRNAs. Without intervention (see below), these ribosomes cannot 
participate in further rounds of translation. One interesting question concerns 
the specificity of RelE-mediated mRNA cleavage in cells. If some mRNAs 
were more sensitive to RelE-mediated cleavage than others, then this could 
provide a way of saving scarce amino acids for translation of messages en-
coding proteins needed to recover from amino acid starvation. 

Is RelE a nuclease or does it induce a nucleolytic activity in the ribo-
some? The latter possibility needs to be considered because purified RelE 
does not cleave mRNA in the absence of ribosomes (Pedersen et al., 2003), 
and ribosome binding normally protects mRNA in and around the A site 
from RNase cleavage (Huttenhofer and Noller, 1994). Of course, RelE could 
have a shape that allows access to codons in the A site, and binding to the 
ribosome could activate RelE nuclease activity. Moreover, RelE-mediated 
cleavage of mRNA codons can also be observed in the ribosomal E site and 
in initiation complexes with the 30S subunit (Pedersen et al., 2003). Hence, 
if a part of the ribosome itself catalyzes mRNA cleavage in a RelE-
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dependent manner, then this element would need to be flexible enough to act 
in each distinct ribosomal environment where cleavage is ob served. 

Figure 9.  Regulation of the protein synthesis by RelE (Pedersen et al., 2003) 

How do cells rescue ribosomes trapped on RelE cleaved mRNAs 
and recover from translation arrest? Ribosomes stalled at the 3’ ends of 
mRNA are typically substrates for SsrA (tmRNA), which contains a tRNA-
like domain that can be charged with alanine and a reading frame for a pep-
tide tag (Karzai et al., 2000). SsrA engages stalled ribosomes like a tRNA, 
adds its charged alanine to the nascent chain, directs translational addi tion 
of the SsrA tag to the C terminus of the polypeptide on the stalled ribosome, 
and then recruits release factors that terminate translation and permit ribo-
some recycling. Pedersen et al. (2003) cite unpublished data that SsrA can 
act on RelE-trapped ribosomes in vitro and is required for efficient recovery 
from RelE-mediated bacteriostasis in vivo. Because SsrA-tagged proteins are 
substrates for several intracellular proteases (Karzai et al., 2000), the poly-
peptides synthesized by RelE, arrested ribosomes would be rapidly degraded 
after SsrA rescue. This should permit recovery of free amino acids that could 
then be used for translation of new proteins required for the cellular response 
to amino acid starvation. It is interesting that none of the codons of the SsrA 
tag are good targets for RelE-mediated cleavage in vitro and, as a result, this 
system could potentially function during the arrest period while RelE was 
still active. SsrA rescue of stalled ribosomes may also result in degradation 
of the truncated mRNA, preventing further trapping of ribosomes on dam-
aged messages. 

The regulatory circuits that control relBE expression are interwoven 
and have the potential to be quite intricate. First, RelB, which binds to and 
inhibits RelE, is a substrate for the Lon protease, and translational inhibition 
is sufficient to inactivate RelB in a Lon-dependent manner (Christensen et 
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al., 2001). It is not known whether Lon-mediated degradation of RelB is also 
enhanced by amino acid starvation, whether the RelB RelE complex is a 
better or worse Lon substrate than free RelB, or if feedback exists between 
global degradation and RelB proteolysis. Second, like many other antitoxins, 
RelB represses transcription of its own gene as well as the adjacent toxin 
gene (Gerdes, 2000; Zielenkiewicz and Ceglowski, 2001). RelB is a member 
of the ribbon helix-helix family of transcription factors, but little else is 
known about its structure, regulatory interactions, or inhibition of RelE. 
Third, RelE, like many other toxins, functions as a corepressor with RelB. 
What is the mech anism of this corepression? Finally, RelE-mediated mRNA 
cleavage of the relBE transcript could affect translation of RelB and/or itself. 
Understanding this genetic and biochemical circuitry at a quantitative and 
predictive level presents an interesting future challenge.

Paper VI  (Zavialov & Ehrenberg, 2003 )
This paper presents biochemical and mechanistic data on GTPase activity of 
translation factors, and their role in translation. Despite the recent burst in 
structural data on the ribosome, careful mechanistic studies on the basic 
steps of translation are limited. In particular, the timing and nature of tRNA 
movements in the classical A, P and E sites during protein synthesis, and the 
role of translation factors in facilitating these movement remain unclear. 
 Here, the GTPase activity and affinity of factors for ribosomes con-
taining either peptidyl-tRNA or deacylated tRNA in the P site was moni-
tored. We took advantage of our highly efficient translation system to pre-
pare homogeneous populations of ribosomes that have completed a fixed 
number of peptidyl transfer and translocation events. Then we compared 
factor binding to these ribosomes in the presence or absence of the peptidyl 
group on the P-site tRNA. Surprisingly, it was found that EF-G and RF3 
have low affinities in their GTP form for ribosomes with a peptidyl tRNA in 
the P-site. These results showed the definitive role of the peptide group in 
controlling both factor affinity for the ribosome, and the rate of GTP hy-
drolysis.  Basing on new data we presented a mechanism, which would 
block ineffective GTP hydrolysis on ribosomes in the incorrect state.  This 
paper brought a new prospective to the process of translocation and termina-
tion of protein synthesis. It introduces a new idea of two stages of transloca-
tion where the first step is driven by EF-G factor in its GTP form and the 
second step is catalyzed after GTP hydrolysis. Iit also put forward an innova-
tive hypothesis that removal of the peptide residue from the P-site bound 
tRNA unlocks the ribosome and allows relative movement of two ribosomal 
subunits.     
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Paper VII  (Valle et al., 2003)
The paper presents cryoelecron microscopy data on the bacterial ribosome in 
different states in the translation cycle. Recent structural (both X-ray and 
Cryo-EM) studies have provided the basis to understand the mechanisms of 
ribosome function. The mechanism by which mRNA moves with respect to 
ribosomes and tRNA, called translocation, remains unclear. One model of 
translocation posists that upon peptide bond formation, the 3’ end of an A 
site tRNA moves spontaneously to the P-site, and the 3’ end of deacylated 
tRNA moves to the E-site; the anticodon-mRNA interactions do not move 
until the action of elongation factor G. The paper of Valle et al. investigates 
the structural states of both tRNAs and the ribosome as they move through 
translocation.
 In these studies an efficient in vitro translation system was employed 
to prepare homogeneous ribosomes that have undergone 3 rounds of peptide 
bond formation and translocation. In the P site is a tetrapepeptidyl-tRNA, in 
the E-site is deacylated tRNA, and the A-site is empty as it contains a stop 
codon. The conformation of these complexes was characterized to an appar-
ent resolution of 10-13 Å using Cryo-EM reconstructions of single particle 
images. The initial structures reveal two tRNAs in their so-called classical P 
and E sites on both subunits. Interestingly, upon release of the peptide using 
puromycin, which leads to deacylated tRNA in the P site, there is no change 
in the positions of the two tRNAs, in contrast to the prediction of the “hybrid 
state” model. Before release of the peptide, EF-G GTP (as GDPNP) does 
not bind to the ribosomes with high affinity; afterwards addition of GDPNP 
or GDP and fusidic acid causes the 3’ end of the deacylated P-site tRNA to 
move to the E-site, and presumably the former E-site tRNA is lost. It was 
shown that previously characterized “ratchet” motion iccurs upon EF-
G GDPNP binding to the ribosomes containing deacylated tRNA. The small 
and large subunits move slightly with respect to each other, and thereis 
movement of the L1 stalk, known to be involved in the E-site tRNA func-
tion. Finally, it was revealed with a complex containing the A-site tRNA that 
upon formation of a peptide bond, the tRNAs remain in their classical states. 
These are important observations in the building story of how the ribosome 
performs translocation. 

Paper VIII  (Valle et al., 2003)
This paper presents the cryoEM structures of two different E.coli ribosome 
complexes. The first complex contains an aminoacyl-tRNA in the P site and 
ternary complex (aa-tRNA EF-Tu GDP) stalled on the ribosome with kir-
romycin so that the second tRNA is in the A/T state. This complex repre-
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sents a higher resolution version of a recently published structure by the 
same group (Valle et al., 2002). The second complex contains the products 
of the peptidyl transfer reaction between fMet-tRNAfMet and Phe-tRNAPhe  a 
deacylated tRNAfMet in the P site and a dipeptidyl tRNA fMet-Phe-tRNAPhe

in the A site. These complexes represent two of the states of the ribosome 
during the tRNA selection process  a pre-accomodation state where EF-Tu is 
still bound but where GTP has been hydrolyzed and a post-accommodation 
post-peptidyl transfer state where the mRNA:tRNA complex awaits translo-
cation. Comparison of these two structures provides information about con-
formational changes that occur in the ribosome and in the tRNA substrates 
during these and the intermediate steps. 
The primary observation in this paper is that the ASLs of both A/T- and A-
site bound tRNAs are poised in a similar orientation on the ribosome to in-
teract with their codon in the A site. However, in the A/T state where EF-Tu 
is still holding on to the acceptor end of the tRNA, none of the available 
tRNA structures (either of free tRNA or EF-Tu complexed  tRNA) can be 
readily modeled into the cryoEM electron density without substantial distor-
tion of the tRNA by bending the molecule at the junction  
 of the ASL and the D arm. . This alternative conformation of the tRNA is 
predicted to be energetically unfavorable and is proposed to be observable in 
this particular complex because of stabilizing interactions between EF-Tu 
and the ribosome. It is further proposed that the reversion of the tRNA to the 
energetically more favorable conformation actively drives accommodation 
into the A site. 
It was also suggested that binding of the ternary complex induces a change 
in the GAC of the 50S subunit, which causes H69 to interact with the junc-
tion between the D arm and the ASL facilitating the "kink" in the tRNA re-
quired for codon-anticodon recognition. GTP hydrolysis would occur some-
time after this point. According to this scheme, the first set of events (from 
ternary complex binding to conformational change of the ASL) is anticodon 
independent, so the system wouldn't really be exploiting the tRNA confor-
mational change for decoding purposes.  

“At 10:55 Cosmonaut Gagarin safely returned  
to the sacred soil of our motherland” 
TIME magazine on April 21, 1961 
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