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Introduction 

Translation, or protein biosynthesis is a core information processing 
pathway in the cell. It is an ancient process, with many of the components 
being universal for the whole tree of life, which means these were inherited 
from the Last Universal Common Ancestor (LUCA) of all the extant life. 
The ribosome is a molecular apparatus that synthesizes protein (Spirin, 
2002). The bacterial 70S ribosome is made up of two unequal subunits, 
small and large. The small (30S) subunit is formed of the 16S rRNA and 
about 20 proteins; the large subunit contains the 23S and 5S rRNAs and 
more than 30 proteins (Cate et al., 1999; Yusupov et al., 2001). The large 
ribosomal subunit is responsible for the catalysis of the peptide bond forma-
tion, while the small subunit translates information encoded in mRNA into 
an amino acid sequence via codon-anticodon recognition of mRNA and 
tRNA.  

Structural elements such as a shoulder, a platform, and a head are recog-
nized in the small subunit; a central protuberance, an L7/L12 protuberance, 
and a L1 protuberance are the landmarks of the big subunit. Both subunits 
have sites that participate in tRNA binding: there are three sites (A, P, and E) 
on the large subunit and two (A and P) on the small subunit. During transla-
tion, tRNA is consecutively transferred from the A to the P site, from the P 
to the E site, and from the E site it finally dissociates into the cytoplasm.  

The eukaryotic 80S ribosome is very similar to its prokaryotic counter-
part, and can be seen as an extended version of the latter: extra ribosomal 
proteins are added, additional rRNA sequences (so-called “expansion seg-
ments”) are intercalated in the prokaryotic rRNA (Spahn et al., 2001a). 
Some proteins, however, are specific for either bacterial or eukaryotic ribo-
some, e.g. components of the L7/L12 protuberance.  

Along with the ribosome, additional molecules are involved in protein 
synthesis. First, there are RNAs, which encode the amino acid sequence of 
the protein (mRNAs); serve as an adaptor, supplying activating amino acids 
and ensuring a correspondence between nucleotide triplets and amino acids 
(tRNAs); and play a regulatory role (transport-messenger RNAs, small 
RNAs). Second, there are small molecules: ATP, GTP, amino acids, and 
various ions. The third group includes aminoacyl-tRNA (aa-tRNA) syn-
thases, translation factors, and numerous accessory proteins involved in 
regulation of translation. 
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The general translational cycle is universal for all the kingdoms of life 
and consists of four parts: initiation, elongation, termination and ribosomal 
recycling. During the first step, initiation, an initiation complex is assembled 
from small and big ribosomal subunits, mRNA and initiator tRNA (Fig. 1). 
This process is assisted by an array of specialized factors, referred to as ini-
tiation factors (IFs). Then, during the elongation step, the polypeptide chain 
is produced by sequential steps of addition of new aminoacids to the grow-
ing chain and concerted movement of the ribosome along the mRNA. The 
aminoacid addition is mediated by delivery of the aa-tRNAs in the complex 
with factor EF-Tu/eEF1A in the GTP-bound form, and translocation is cata-
lyzed by EF-G/eEF2 factor. Upon reaching the stop codon, the peptide is 
cleaved off from the ribosomal complex by a dedicated protein factor in the 
process dubbed as “termination”. This results in a so-called post-termination 
ribosomal complex, composed of the ribosome, mRNA and deacylated 
tRNA in the P-site. This complex then proceeds to the ribosomal recycling 
step in which it is split into subunits and tRNA and tRNA are removed, pre-
paring the system for the new round of initiation. 

A great array accessory proteins (translation factors) are involved in the 
translational cycle, and a subset of these possess GTPase activity, i.e. enzy-
matic activity in GTP hydrolysis to GDP (for review, see (Rodnina et al., 
2000; Hauryliuk, 2006)). Translational GTPases (trGTPases), which are 
possibly among the most ancient extant proteins (Weiner & Maizels, 1987), 
share extremely structurally conservative GTP binding/hydrolyzing domain, 
but also possess additional domains, which are important for the specific 
function of the particular trGTPase. trGTPases hydrolyze GTP at certain 
steps of protein synthesis, and GTP hydrolysis is coupled with factor binding 
to the ribosome fazed in a proper functional state.  

In bacterial as well as in mitochondrial and chloroplast translational appa-
ratus, the “classical” set of such trGTPases includes initiation factor 2 (IF2), 
which supplies the ribosome with the initiator fMet-tRNAfMet (Maitra U., 
1982); elongation factors EF-Tu and EF-G which are responsible for binding 
and translocation of tRNA in the A site of the ribosome, respectively 
(Rodnina et al., 1995; Stark et al., 1997; Agrawal et al., 1998; Noller et al., 
2002), SelB, which brings specialized selenocysteine tRNA to the ribosome 
instead of EF-Tu, (Hilgenfeld et al., 1996; Lescure et al., 2002) and release 
factor 3 (RF3), which releases another non-GTPase termination factor (RF1 
or RF2), which is responsible for the peptide release, from the posttermina-
tion ribosome complex (Freistroffer et al., 1997; Zavialov et al., 2001) (Fig. 
1). In addition to translocation, EF-G also acts during recycling, splitting up 
the ribosome in concerted action with dedicated protein factor RRF 
(Hirashima & Kaji, 1973). All the above GTPases were discovered more 
than two decades ago and comprise a “classical” set of translational 
GTPases. Evidently, GTPases play a role at all steps of protein synthesis.  
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In addition to the abovementioned proteins, there are several “accessory” 
trGTPases in bacteria. These trGTPases, viz. LepA (Qin et al., 2006), 
TypA/BipA (Owens et al., 2004)  and TetO (Spahn et al., 2001b) are not 
essential for the basic translational cycle and serve different auxiliary func-
tions in translational apparatus, either regulatory (TypA/BipA, (Owens et al., 
2004)), or facilitating translation under specific conditions, such as high 
ionic strength (LepA, (Qin et al., 2006)), or counteracting antibiotic effect on 
translation (TetO) (Burdett, 1996; Trieber et al., 1998).  

 
Figure 1. The stages of translation and the GTPases involved in bacterial system. 
Most non-GTPase factors are omitted for the sake of clarity. Initiation: A-C. A: 
mRNA binds to the 30S subunit. B: IF2 facilitates loading of initiator tRNA the 30S 
subunit. C: The 50S subunit is recruited to form the 70S initiation complex. Elonga-
tion, D. EF-Tu delivers aminoacyl-tRNAs to the ribosome and EF-G catalyses trans-
location of the peptidyl-tRNA. Termination, E-G: A stop codon is reached and ter-
mination begins, with cleaving of the peptide by the class I release factors (RF1 or 
RF2). F. RF3 causes the class I release factors to dissociate from the ribosome. Ri-
bosomal recycling, G-H. G. Post-termination complex serves as a substrate for the 
recycling. H. Concerted action of EF-G and ribosome recycling factor (RRF) pro-
motes the dissociation of the ribosomal subunits. Anitibiotics interfering with func-
tion of trGTPases are annotated with respect to the translational steps they act upon. 
See text for details. 

The eukaryotic translational apparatus is considerably more complex than 
the bacterial one, and the number of trGTPases is correspondingly larger. 
The core set consists of eIF2, eIF5B, eEF1A, eEF2, eSelB and eRF3. 
Briefly, eIF2 and eIF5B act during the initiation step, ensuring the loading of 
the initiator tRNA and subunit joining (Pestova et al., 2000), eEF1A, eSelB 
and eEF2 are orthologues of bacterial EF-Tu, SelB and EF-G, respectively 
(Leipe et al., 2002). eRF3 acts during translation termination, bringing eRF1 
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release factor to the ribosome, much the same as EF-Tu brings the aminoa-
cylated tRNA (Hauryliuk et al., 2006).  The archaeal translational system in 
terms of the array of protein factors involved is a simplified version of the 
eukaryotic one – there are no endemically archaeal translation factors, and 
some of the eukaryotic ones are missing in archaea (eRF3, for instance 
(Inagaki & Doolittle, 2000; Inagaki et al., 2003)). Therefore, the archaeal 
translation system will not be discussed in much detail.  

GTPases: structural elements, functional cycle and 
regulation 

During the last thirty years, nucleotide hydrolysis and exchange on 
GTPases have been extensively studied with biochemical and structural 
methods. Many x-ray crystal structures are now available for GTPases in the 
apo-state, in complex with GDP, or with non-hydrolysable GTP analogues 
GDPNP and GDPCP or slowly hydrolysable analogue GTP� S. In GDPNP 
and GDPCP, the oxygen atom bridging the � - and � -phosphates of GTP is 
substituted by nitrogen or a carbon atom, respectively. In terms of bond an-
gles and bond lengths, GDPNP is more similar to GTP than GDPCP. In 
GTP� S, one of the oxygen atoms at the � -phosphate of GTP is substituted 
by sulfur.  

It is worth mentioning, that in addition to its normal substrates (GDP and 
GTP) GTPases EF-G (Macvanin et al., 2000) and IF2 (Milon et al., 2006) 
have been shown to bind one more G nucleotide, an alarmone molecule 
ppGpp, with inhibitory effect on the translational system. This principally 
could serve as an additional regulatory role of ppGpp in addition to its well-
established role in transcription regulation (Zhang & Bremer, 1995) or might 
simply reflect non-discriminating nature of the ppGpp nucleotide binding to 
trGTPase: di-phosphate moiety attached to 3´ is not surveyed by specific 
elements of the GTPase fold.   

The GTP-binding domains in the GTPase family have similar sequences 
and overall structures, and five structural motifs (G1-G5) involved in nucleo-
tide binding have been identified (Table 1). Presently, there are two coexist-
ing classifications for the motifs, one is using terms G1-G5, and the other 
uses specific names for all the motifs, such as “phosphate-binding or P-
loop”. The correspondence between the terms will be given below, but 
throughtout the narration I will use the latter terminology.  

The G1 / P-loop (Walker A), G4 / NKxD and G5 / SAL motifs confer 
non-specific GTPase binding to GTP and GDP. The P-loop motif has the 
consensus sequence (G/A)xxxxGK(S/T), and binds strongly to the � � and 
� �  phosphates of GDP and GTP, thus the name, “phosphate-binding”. The 
NKxD motif, aided by the SAL motif, binds strongly to the guanine moiety 
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and the ribose ring. The SAL loop is absent in some GTPases (Bourne et al., 
1991) which probably reflects its auxillary functions in the nucleotide bind-
ing by G1-G4 loops.  

Table 1. The consensus motifs of structural elements in trGTPases 
Structural element Conserved motif Function 
G1 (phosphate-binding 
or P loop) 

(G/A)xxxxGK(S/T) Binding to � � and 
� �phosphates of 
both GDP and GTP 

G2 (Switch I or effector 
loop) 

RxITI GDP/GTP dis-
crimination via 
threonine interac-
tion with GTP �-
phosphate 

G3 (Switch II) DXXG GDP/GTP dis-
crimination via 
glycine interaction 
with GTP �-
phosphate 

G4 NKxD Interaction with G 
moiety and the 
ribose ring 

G5 SAL Interaction with G 
moiety and the 
ribose ring 

 
The G2 / switch I (effector) and G3 / switch II (Walker B) loops allow the 

GTPase to discriminate between GTP and GDP, and are thus essential for 
the conformational switches at the heart of GTPase function (Sprang, 1997). 
Switch I normally contains a specific threonine, sometimes replaced by a 
serine, which coordinates an Mg2+ ion in a manner determined by the identity 
of the GTPase bound guanine nucleotide. In trGTPases this threonine is a 
part of the RxITI sequence, specific for this subfamily. The role of the 
threonine (or serine) is either to promote selective GTPase binding to GTP in 
relation to GDP or to prevent premature hydrolysis of the GTPase-bound 
GTP molecule (Sprang, 1997). 

Switch II accommodates the � � phosphate of GTP and is necessary for 
the GTP hydrolysis reaction (Sprang, 1997; Kosloff & Selinger, 2001).  This 
structural element often undergoes large rearrangements when GTP replaces 
GDP on the GTPase (Berchtold et al., 1993; Kjeldgaard et al., 1993; Sprang, 
1997; Nissen et al., 1999). The two conformations observed in the complex 
with GTP and GDP are often referred to as the GDP- and GTP-bound forms 
of the GTPase. Accordingly, switch II has been implicated as a major deter-



 14 

minant of the overall changes in GTPase conformation in response to GTP 
hydrolysis or guanine nucleotide exchange (Sprang, 1997), as verified by 
crystal structures of several GTPases in complex with either GDP or 
GDPNP, for example p21 Ras (Pai et al., 1990; Kraulis et al., 1994), G� 
(Noel et al., 1993; Coleman et al., 1994), SelB (Leibundgut et al., 2005) and 
EF-Tu (Berchtold et al., 1993; Kjeldgaard et al., 1993; Nissen et al., 1999).  

All trGTPases share the same basic functional cycle. During the GTPase 
functional cycle, the enzyme is converted from an inactive state in complex 
with GDP to an active state in complex with GTP via nucleotide exchange, 
then GTP is hydrolyzed, and the enzyme returns to the initial GDP-bound 
state (Fig. 2).  

The conformation of the GTPase in complex with GTP usually differs 
from that in complex with GDP. Structural changes in the GTPase can serve 
as a signal for a partner molecule (usually the ribosomal complex in the case 
of translation factors), inducing changes in its conformation. Hence, it is 
possible to state that GTPases function as molecular switches, cycling be-
tween the two conformations via nucleotide exchange (Bourne, 1995; 
Sprang, 2001). Both steps of nucleotide exchange can be regulated in the 
GTPase functional cycle (Fig. 2). The exchange of GDP for GTP is acceler-
ated by a special factor, the GDP/GTP Exchange Factor (GEF), while hy-
drolase activity of the GTPase is stimulated by the GTPase-Activating Pro-
tein (GAP). 

 

 

Figure 2. GTPase cycle and its regulation. 

However, there are some significant conceptual problems with the simpli-
fied view presented above. The classical view of the GTPase functional cy-
cle is oscillation between GTP- and GDP-bound states, which implies that it 
is only the nature of the bound nucleotide that induces the GTPase structural 
rearrangements, although the implication of this is never spelled out clearly. 
The classical functional cycle seems to hold true for the majority of the 
GTPases, since the GDP- and GDPNP-bound complexes do differ structur-
ally in the cases of EF-Tu, p21 Ras and SelB (Pai et al., 1990; Berchtold et 
al., 1993; Kraulis et al., 1994; Leibundgut et al., 2005). 

This scheme is challenged by available structures for the set of trGTPases 
which do not switch conformation depending on the nucleotide bound. These 
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“aberrant” trGTPases include bacterial translocase EF-G (Hansson et al., 
2005), archeal initiation factor IF2/aIF5B (Roll-Mecak et al., 2000), eu-
karyotic initiation factor eIF2� (Schmitt et al., 2002) and the eukaryotic 
termination factor eRF3 (Kong et al., 2004). Apparently, these GTPases 
either do not switch conformation at all (as proposed for eRF3 in (Kong et 
al., 2004)) or they need other signals than the nature of the bound nucleotide 
as such. The latter seems to be the case, because structural rearrangements 
are observed in these “aberrant” GTPases in the presence of specific co-
factors, i.e. the naked or post-termination bacterial ribosome in the case of 
EF-G (Valle et al., 2003b) and the eukaryotic/bacterial ribosome in the case 
of eIF5B/IF2 (Roll-Mecak et al., 2000). In the paper VI we developed a de-
tailed thermodynamic scheme for this phenomenon. In brief, the main points 
are as follows.  

First, structural alterations in the GTPase are treated not in the classical 
framework of GTP- and GDP-bound states but rather in the terms of GTP-
favoring conformation, T, and a GDP-favoring conformation, D. The differ-
ence is that T and D states are the different GTPase structures as such, rather 
than GTPase complexes with different nucleotides.  

Equilibrium between the T and D states in the presence of the GTP and 
GDP nucleotides is treated within the following scheme: 
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The equilibrium concentrations of T and D forms are related through [T]= 

K0[D]. D·GDP is the D form in complex with GDP (dissociation constant 
GDP
DK ), T·GDP is the T form in complex with GDP (dissociation constant 
GDP
TK ), D·GTP is the D form in complex with GTP (dissociation constant 
GTP
DK ), and T·GTP is the T form in complex with GTP (dissociation constant 
GTP
TK ).  
The parameters and  GDP GTP� � are related to the equilibrium constants in 

Scheme 1 by detailed balance (Fersht, 1998): 
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� �� �   (2) 

Since the detailed balance principle will be used rather often in the fol-
lowing narration, a brief explanation follows. In its most general wording 
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this principle relates the probabilities of forward and backward processes in 
closed thermodynamical circles. However, we will use a more intuitively 
obvious special case. If we have two consecutive equilibrated events (bind-
ing interactions, for instance) resulting in formation of a product A·B·C via 
two possible intermediates (see Scheme 3), A·B and A·C, than the equilib-
rium constants of the half-reactions are related by expression 
KA·B×K(A·B)·C=KA·C×K(A·C) ·B 
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In order to prove this, one simply needs to use the definition of the equi-

librium constants for all the half reactions and cancellation of the identical 
terms on the right-hand and left-hand sides of equation will turn it into iden-
tity 0 0 . 

Back to the analysis of the Scheme 1. After some obvious, but rather tedi-
ous algebraic manipulations one arrives at the set of equations, describing 
conditions for the structural switch between the D and T states depending on 
the set of equilibrium thermodynamic constants and concentrations of com-
ponents (for the detailed treatment see paper VI).  

It is possible to have such a set of parameters, i.e. GTPase affinities of the 
GTP and GDP to T and D states and the 0K  value, that D T�  transition is 
not thermodynamically favorable for the GTPase·GTP complex, regardless 
the concentration of GTP.  These conditions provide us with a clearcut ther-
modynamic explanation for the absence of the conformational switch in the 
structures of the GDPNP complexes of all the “aberrant” GTPases, such as 
EF-G or eRF3. 

However, the situation may change radically in the presence of ligands 
other than the guanine nucleotides, with different dissociation constants for 
the T ( L

TK ) and D forms ( L
DK ) of the GTPase. The presence of such a ligand 

on the GTPase is accounted for by substituting the equilibrium constant 
0K in Scheme 1 with a compounded equilibrium constant 0LK  , defined as 
 

0 0 0

L
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When the ligand has much higher affinity to the T than to the D form of 

the GTPase, it means that L� >>1, thus providing the driving force for the 
D T�  transition. These ligands apparently regulate the nucleotide ex-
change on the GTPase, though they are doing so in a manner principally 
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different from the classical GEFs, such as EF-Ts. “Classical” GEFs operate 
via stabilization of the nucleotide-free state of the GTPase (Fig. 3), and thus 
are sometimes referred to as Guanine nucleotide Dissociation Stimulators 
(GDS) (Hutchinson & Eccleston, 2000; Takakura et al., 2000; Inoue et al., 
2001), a name better adapted to their actual function. On the contrary, 
ligands promoting D T�  transition stabilize the GTP-bound complex of 
the GTPase, as it is clearly exemplified by the aa-tRNA (Kaziro, 1978; Dell 
et al., 1990). Therefore in our paper VI we suggested that logical name for 
co-factors that stabilize the GTP conformation (T form in Scheme 1) of 
GTPases would be GTP Stabilizing Factors (GSF).  

 

 
Figure 3. Unified model for GTPase-bound nucleotide exchange regulation. After 
GTP hydrolysis in a GTPase, its re-activation requires dissociation of GDP and 
binding of a new GTP molecule. There are two types of GDP/GTP Exchange Fac-
tors (GEF). The Guanine nucleotide Dissociation Stimulator (GDS) increases the 
rate of GDP dissociation by transiently stabilizing a conformation of the GTPase 
with small affinity to nucleotides. GTP binding may subsequently be stabilized by 
the GTP Stabilizing Factor, (GSF), which shifts the equilibrium of the apo-form of 
the GTPase from the D towards the T conformation. In the case of EF-Tu, elonga-
tion factor EF-Ts acts as GDS, accelerating the rate of GDP/GTP exchange. How-
ever, free EF-Tu has about two orders of magnitude higher affinity to GDP than to 
GTP.  Aminoacyl-tRNA greatly increases the affinity of EF-Tu to GTP, thereby 
acting as the GSF. Formation of the EF-Tu·GTP·aminoacyl-tRNA complex greatly 
favors GTP binding to the factor.   

Summarizing the available information on the nucleotide affinities and its 
regulation (see Table 1 in the Paper VI), it is possible to list the GDS and 
GSF modulators for the trGTPases. EF-Ts/eEF1B is the only dedicated GDS 
factor. The list of GSF modulators is much more extensive. eRF1 acts as a 
GSF for eRF3 (Hauryliuk et al., 2006), just as aa-tRNA serves for EF-
Tu/eEF1A (Kaziro, 1978; Dell et al., 1990) and initiator tRNA for eIF2 
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(Yatime et al., 2006), resulting in the formation of the ternary complex 
GSF·trGTPase·GTP. All these ternary complexes bind in the ribosomal A-
site and the role of GTP hydrolysis is probably in proofreading. In the case 
of IF2/eIF5B, the ribosomal initiation complex (IC) acts as GSF (Antoun et 
al., 2003), just as the pretranslocation complex is GSF for EF-G (Zavialov et 
al., 2005a; Wilden et al., 2006). 

It should be noted, that description of the GTPase D form as a single state 
suffers from a certain oversimplification. In structures of many trGTPases, 
such as eRF3, EF-G, eEF2, LepA or eEF1A, that do not accommodate the 
GTP �-phosphate properly, the nucleotide binding loops switch I and II are 
in an unstructured state (Czworkowski et al., 1994; Jorgensen et al., 2003; 
Kong et al., 2004; Hansson et al., 2005; Evans et al., 2008). These regions 
therefore are poorly resolved in the x-ray structures on the proteins 
(Czworkowski et al., 1994; Jorgensen et al., 2003; Kong et al., 2004; Hans-
son et al., 2005) as well as in the cryoelectron reconstructions (Valle et al., 
2003a; Taylor et al., 2007). One could see then the D state as an ensemble of 
different structures, owing to the switch I mobility, and the T structure as a 
structure observed in the complex with the ribosome and GDPNP. Then D 
becomes essentially an ensemble of energetically near-equivalent states di, 
i.e. iD d�� , but the formal treatment of the situation remains unchanged. 
This can be done owing to the fact that since none of the di states is predomi-
nant and thermal motion of the GTPase oscillates the structure between the 
different di, G0 all the di differ less than kBT. This means that individual K0 
(T, di) would not differ significantly and the formalism developed for the 
defined D state can be kept for the description of the system.  

Interestingly, the action of different antibiotics can be treated within the 
conceptual framework presented above. Acting as GSF, these antibiotics 
stabilise the T state, and at the very same time the T state of the target 
trGTPase is the one that preferentially binds to the ribosome. Thus stabilis-
ing the T form, antibiotics interfere with translation, locking the GTPase on 
the ribosome (see below). Interestingly, it seems that acting as GSF, at least 
some of the antibiotics (e.g. kirromycin (Anborgh et al., 2004; Parmeggiani 
et al., 2006b)) has been shown to stimulate the idle GTPase activity; natu-
rally, stabilisation of the P-loop in conformation accommodating the GTP �-
phosphate should predispose the GTPase for GTP hydrolysis in comparison 
to its D-form. Similarly, the sarcin ricin loop (SRL) which is probably re-
sponsible for promoting efficient GTP binding to EF-G on the ribosome 
(Munishkin & Wool, 1997) has been shown to interact directly with the 
GTPase P-loop at least in the case of IF2 (Allen et al., 2005) and has been 
suggested to be a GAP (sic) for the factor (Boni et al., 1986). Thus GSF fac-
tors, by promoting the efficient coordination of the �-phosphate by GTPases 
pave the way for the hydrolysis reaction, and GTPase regulation on the ribo-
some is often performed by GTPase channeling between the regulators: SRL 
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prepares the factor for GTP hydrolysis by efficient accomodation of GTP, 
then L7/L12 onsets the reaction and finalises it by phosphate release.  

Similarly to the GEF case, the concept of GAP also currently encom-
passes two principally different types of regulation. First, GTP hydrolysis as 
such can be activated. Second, the following step of inorganic phosphate 
release can be activated. Thus it is can be useful to specify the type of GAP, 
i.e. a GTPase activating factor that stimulates the GTP hydrolysis step may 
be called hGAP, with h for hydrolysis, and one that stimulates rapid release 
of inorganic phosphate may be called rGAP, with r for release. For instance, 
in the case of EF-G, L7/L12 acts as hGAP and rGAP, whereas GAC acts as 
hGAP, as suggested by experiments with ribosomes assembled with mutant 
L7/L12: GTP hydrolysis was not affected, but Pi release was strongly re-
duced (Savelsbergh et al., 2003). Notably, GAC is not a protein, thus it 
would be logical to call it not GAP, but rather GAF, with F standing for 
“factor”. That would be a more symmetric treatment, since exchange is regu-
lated by GEF. However, traditions are strong, and usage of the slightly inac-
curate term (GAP) is likely to prevail.  

A more detailed picture of GTPase cycle and its regulation is presented in 
Fig. 4.  

 

 

Figure 4. GTPase cycle and its regulation, a more detailed scheme. GTP hydrolysis 
and Pi release are regulated by hGEF and rGEF, respectively. GDP/GTP exchange is 
regulated by two distinct types of regulators: GDS promotes GDP dissociation, re-
turning the GTPase to apo state, whereas GSF stabilizes GTP on the GTPase. See 
text for details.  

Ribosomal structural elements involved in the 
regulation of activity of translation GTPases  

The ribosome interacts with various GTPases at all steps of protein syn-
thesis: initiation, elongation, termination, and recycling. The interaction is 
universal to some extent; i.e., the factors bind virtually to the same site of the 
ribosome. The GTPases interact with two 23S rRNA regions known as 
GTPase associated centre (GAC) and a sarcin-ricin loop (SRL) (Leffers et 
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al., 1988; Moazed et al., 1988; Gromadski & Rodnina, 2004) and the L7/L12 
protuberance, which is in the immediate vicinity of the SRL (Agrawal et al., 
2001; Yusupov et al., 2001; Diaconu et al., 2005). The L7/L12 protuberance 
is formed by ribosomal protein L11, a 23S rRNA region binding L11 and 
L10 (nucleotides 1030-1124 in E. coli), and a protein complex including L10 
and several copies of L7/L12. As found using extraction/complementation, 
L12 is necessary for the binding of all translation GTPases (EF-Tu, EF-T, 
IF2, and RF3) to the ribosome and for activation of GTP hydrolysis (Wahl & 
Moller, 2002).  

Not only do the different factors bind to similar sites, but their GTPase 
activity is also regulated by similar mechanisms. L7/L12 acts as an rGAP 
regulating the Pi release and as hGAP inducing the GTP hydrolysis itself 
whereas SRL and GAC act hGAP (Savelsbergh et al., 2000b; Mohr et al., 
2002; Wahl & Moller, 2002; Savelsbergh et al., 2005).  Protein content of 
the L7/L12 stalk (dubbed as “P proteins” in eukaryotes) is unrelated between 
the bacterial and eukaryotic ribosome. Ribosomal interaction with trGTPases 
eEF1A/EF-Tu and EF2/EF-G is specific for the composition of the stalk, and 
swapping the stalk proteins between the bacterial and eukaryotic ribosome 
renders the former compatible with eukaryotic factors eEF2 and eEF1A 
(Bargis-Surgey et al., 1999). 

Presence or absence of a peptide on the P-site tRNA serves as a universal 
signal for GTPase regulation (Zavialov & Ehrenberg, 2003). There are, how-
ever, subtle differences in how the P-site tRNA acylation status regulates 
GTPase activity among trGTPases. GTP hydrolysis by EF-G and RF3 is 
inhibited by the formylmethionyl group of the initiator tRNA and by the 
nascent polypeptide chain. IF2 GTPase activity, however, is not suppressed 
by the formylmethionyl group, because the initiation complex containing 
fMet-tRNAfMet is a natural substrate of IF2. Nascent polypeptide chain, how-
ever, does inhibit IF2 GTPase.  

The regulation of GAP activity of the ribosome by the nascent peptide is 
based on the fact that the ribosome occurs in two alternative conformations, 
relaxed and twisted, which are stabilized by different complexes (Agrawal et 
al., 1998; Agrawal et al., 1999a; Frank & Agrawal, 2000; Valle et al., 2003a; 
Valle et al., 2003b; Zavialov & Ehrenberg, 2003). This ribosomal movement 
between the two conformations is often dubbed as “ratcheting” and is be-
lieved to be one of the cornerstones in the ribosomal structure-function rela-
tionship. Recently Fluorescence Resonance Energy Transfer (FRET) tech-
niques allowed monitoring the ratcheting indirectly, using the distance be-
tween parts of the ribsome (Ermolenko et al., 2007a), thus briging the gap 
between biochemistry and structural studies. Presence or absence of the pep-
tide on the P-site tRNA regulates “locking” of the ribosome, i.e. propensity 
to enter the ratcheting.  

The relaxed ribosomal conformation is stabilized by the P-site peptidyl-
tRNA, by the E-site deacylated tRNA, and by the binding of RF1 and RF2. 
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The twisted conformation is stabilized by the A-site peptidyl-tRNA, the P-
site deacylated tRNA, and the binding of RRF, EF-G·GTP, and RF3·GTP. 
The correlation between the binding of various ligands (tRNA and transla-
tion factors) to the ribosome and changes in the relative arrangement of its 
subunits is determined by changes in intersubunit contacts (Frank & 
Agrawal, 2000; Valle et al., 2003b). The S12 ribosomal protein acts as a 
pivot for the ribosomal ratchet-like motion (Valle et al., 2003b) and it inter-
acts with EF-G (Valle et al., 2003b), IF2 (Allen et al., 2005), RF3 (Gao et 
al., 2007a) and RRF (Gao et al., 2005; Gao et al., 2007b). S12 apparently 
plays an important regulatory role in the ribosome, since its removal or 
chemical modification results in an elevated rate of factor-free translation 
(Gavrilova et al., 1974; Cukras et al., 2003) and a decrease in translational 
accuracy (Cukras et al., 2003).  

The ribosome can not only activate the hydrolysis of bound GTP, but also 
alternate the affinities for the GTPase to G nucleotides, which is well docu-
mented at least in the case of EF-G (Zavialov et al., 2005a; Wilden et al., 
2006) and RF3 (Zavialov et al., 2001). Back-calculations implementing the 
detailed balance principle (Fersht, 1998) using the available data on 
IF2·GDP and IF2·GTP affinities to the ribosome (Grigoriadou et al., 2007a) 
together with affinities of free IF2 to GTP and GDP (Pon et al., 1985; Milon 
et al., 2006), give an estimate of the increase of IF2 affinity to GTP on the 
ribosome by a factor of 100; however, direct experimental assessment of the 
phenomena is lacking to date. The structural elements inducing these altera-
tions in the affinities are not as well understood as in the case of the ribo-
somal GAP function, and biochemical, structural, and genetic studies are 
necessary for the exact identification of the ribosome elements involved in 
the process. It seems, though, that SRL is playing the role of GSF in the case 
of EF-G (Munishkin & Wool, 1997), since interactions between the oligonu-
cleotide mimicking SRL and EF-G are specifically sensitive to G nucleo-
tides, with GDP acting as a SRL binding inhibitor.  

Other ribosomal elements that are not directly involved in the interaction 
but play important roles in translational mechanisms are unavoidable while 
discussing the mechanisms of translation and will be discussed in what fol-
lows. 

Initiation 
The general outline of the initiation mechanism is similar in all the king-

doms of life. However, the bacterial system is considerably simpler than the 
eukaryotic and archaeal ones, owing to the smaller set of factors involved 
and simpler organisation of the regulatory elements in the bacterial mRNA 
5´ UTR. For an excellent review on the initiation mechanisms see 
(Marintchev & Wagner, 2004). 
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The first step in bacterial initiation is the formation of a preinitiation 
complex from the 30S subunit, mRNA, and the complex of IF2, GTP, and 
the initiator fMet-tRNAfMet (Sundari et al., 1976; Gualerzi & Pon, 1990) 
(Fig. 1). The formyl group on the initiator tRNA acts as a signal for its selec-
tion by IF2 (Antoun et al., 2006a). The binding of mRNA is independent of 
the initiation factors (Calogero et al., 1988; Brandt & Gualerzi, 1992) and is 
determined by the contacts between the mRNA 5’ UTR known as the Shine-
Dalgarno sequence (SD) and the 16S rRNA, often involving AU-rich trans-
lational enhancers interacting with ribosomal protein S1 (Komarova et al., 
2002; Tchufistova et al., 2003).  

In addition to IF2, two other factors, IF1 and IF3, are involved in initia-
tion. These factors have several functions. First, IF1 and IF3 maintain the 
necessary level of free 30S subunits in the cell. This is due to the ability of 
IF3 to prevent association of free 30S and 50S subunits and the ability of IF1 
to decompose the 70S complex into the free subunits (McCutcheon et al., 
1999). Another function of the factors is to stabilize the fMet-
tRNAfMet·IF2·GTP complex and to promote its binding to the 30S subunit 
(Gualerzi et al., 1977; Maitra U., 1982; Antoun et al., 2003). Fine-tuning the 
rates of individual steps of the initiation process prevents formation of the 
70S lacking the initiator tRNA (Antoun et al., 2006b).  

The role of IF1 promotion of the fMet-tRNAfMet binding can be attributed 
to the structural rearrangements in the ribosome induced by the binding of 
the factor: occlusion of the A-site, flipping out of the universally conserved 
A1492 and A1493 bases (E. coli numbering) and domain rearrangement in 
the 30S subunit (Carter et al., 2001). The A1492 and A1493 bases directly 
inspect the minor groove of the codon:anticodon helix in the ribosomal de-
coding centre during the elongation step (Ogle et al., 2001), and their flip-
ping out plays as a trigger for the formation of the closed 30S conformation 
(Ogle et al., 2002).  

IF3 was supposed to participate in the specific loading of the initiator 
tRNA via recognition of the anticodon arm, contributing to initiation fidelity 
and preventing initiation with elongation tRNA (Hartz et al., 1989; Gualerzi 
& Pon, 1990). However, recent detailed kinetic analysis of the initiation 
mechanism (Antoun et al., 2006a) suggested that the mechanism has a purely 
kinetic nature. The increase in initiator tRNA selection was proposed to stem 
from the interplay between the IF3-mediated destabilization of binding of all 
the types of tRNAs and IF1/IF2-mediated selection of the initiator tRNA 
(Antoun et al., 2006a).  

At the next step of initiation, the 30S subunit carrying tRNA, mRNA, and 
the initiation factors binds with the 50S subunit to yield the 70S complex, 
and IF2 hydrolyses and finally leaves the ribosome. It is unclear whether IF1 
and IF3 leave the ribosome before or after the binding of the 50S subunit. As 
revealed recently by cryoelectron microscopy, all three initiation factors are 
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contained in the 70S initiation complex obtained with GDPNP, a nonhydro-
lyzable GTP analog (Allen et al., 2005).  

GTP-bound IF2 plays at least two roles (Antoun et al., 2003; Grigoriadou 
et al., 2007a). First is that the GTP-bound form of the factor as such is nec-
essary for the rapid association of the 30S and 50S subunits into the 70S 
ribosome. The association requires GTP-bound IF2, but not GTP hydrolysis. 
GTP can be efficiently substituted for GDPNP in the process. Second, GTP 
hydrolysis is essential for the rapid generation of the first peptide bond, and 
neither GDP nor GDPNP can be substituted for GTP in this case. Basing on 
these findings, along with the high affinity of GDPNP-bound IF2 for the 
postinitiation complex, it was suggested that GTP hydrolysis in complex 
with IF2 is necessary for a quick release of the factor (Antoun et al., 2003), 
which in turn is essential for the binding of the ternary complex and genera-
tion of the first peptide bond.  

However, this view was recently challenged (Grigoriadou et al., 2007a), 
suggesting that GTP hydrolysis (or, rather, Pi release) is needed for the con-
version of the transient labile IC into the stable IC with the fMet-tRNAfMet 
properly positioned in the P-site and ready for the incoming ternary complex 
rather than for IF2 release from the ribosome. This view corroborates well 
with the original data presented in (Antoun et al., 2003), showing that not 
only dipeptide formation, but also the puromycin reaction is inhibited in the 
presence of IF2·GDPNP as well, suggesting that it is not the A-site filling 
with IF2 which is preventing the T3 binding, but rather absence of the fMet-
tRNAfMet accommodation in the P-site of the 70S IC. It was also suggested 
(Grigoriadou et al., 2007a; Grigoriadou et al., 2007b) that IF2 remains on the 
ribosome after the GTP hydrolysis and during the accommodation of the 
incoming ternary complex.  

Considering the mechanism of action of the IF2 GTPase in terms of GAP 
and GEF, the ribosomal protein L7/L12 acts as GAP, as was demonstrated 
by direct experiments with L7/L12-depleted 70S (S. Sanyal, personal com-
munication). As to ribosomes’ role in regulation of IF2 affinity to nucleo-
tides, there are no quantitative measurements available. There is a qualitative 
analysis of the phenomenon, demonstrating that the fMet-
tRNAfMet·30S·IF1·mRNA complex increases IF2 affinity to GTP, but not to 
GDP, whereas  the 30S·IF1·mRNA complex does not have such an effect 
(Antoun et al., 2003). Additionally, it was reported that IF2·GTP binds much 
tighter (100X fold difference) to the 30S IC than does IF2·GDP (Grigoriadou 
et al., 2007a), and at the same time GDP and GTP have similar affinities to 
IF2 off the ribosome (Pon et al., 1985; Milon et al., 2006). From the princi-
ple of detailed balance (Fersht, 1998) this  necessitates that on the ribosome 
IF2 has higher affinity to GTP than to GDP by a factor of 100.  

The IF2 x-ray structure is not solved yet, and NMR data are available 
only for the C1-subdomain (Wienk et al., 2005). However, the crystal struc-
ture has been resolved for archaeal aIF5B, which is a structural and, proba-
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bly, functional eukaryotic homolog of IF2 (Roll-Mecak et al., 2000), since 
the binding of its GTP-bound form to the small ribosomal subunit is neces-
sary for the rapid association of the ribosome subunits (Lee et al., 2002; An-
toun et al., 2003) both in bacteria and eukaryotes, and thus, most probably in 
archaea too.  

Several cryoelectron reconstructions are available for IF2 bound to the 
initiation complex (Allen et al., 2005; Myasnikov et al., 2005). It is evident 
from the reconstructions (Myasnikov et al., 2005), that GDP- and GDPNP-
bound forms of the ribosome-bound IF2 are different, with conformational 
transitions being larger than the ones observed in the x-ray structures of 
eIF5B/IF2 complexed with GDP and GDPNP off the ribosome (Roll-Mecak 
et al., 2000; Allen et al., 2005). Importantly, GTP-bound IF2 keeps the ini-
tiator tRNA in the hybrid P/I state, which is different from the accommo-
dated P/E state (Allen et al., 2005), whereas GDP-bound IF2 loses its contact 
with the tRNA, thus providing the structural link between the need for GTP 
hydrolysis and the proposed accommodation of the initiator tRNA in the 
stable 70S complex (Grigoriadou et al., 2007a).  

As mentioned above, more initiation factors are involved in eukaryotic 
initiation. However, the general outline of the process is similar. First, the 
small ribosomal subunit (40S) is loaded with eIF3, eIF2·GTP·Met-tRNAi 
ternary complex, eIF1, eIF1A (IF1 orthologue (Kyrpides & Woese, 1998)), 
and eIF5, forming the so-called “43S complex” (Asano et al., 2000; Olsen et 
al., 2003; Fekete et al., 2005).  

Interestingly, the trGTPase gamma subunit of eIF2 initiation factor is not 
an orthologue of bacterial IF2, it is closely homologous to selenocysteine-
specific elongation factor SELB (Keeling et al., 1998a) and elongation fac-
tors EF-Tu/eEF1A (Keeling & Doolittle, 1995). This relationship is reflected 
by the functional differences between IF2 and eIF2: whereas IF2 merely 
stimulates binding of the initiator tRNA, GTP-bound eIF2 actually forms a 
ternary complex with it off the ribosome, behaving much the same as elon-
gation factors. Notably, eIF2 is dependent on its dedicated GDS GEF eIF2B, 
just as EF-Tu/eEF1A is, whereas SELB does not have a GEF (Keeling & 
Doolittle, 1995; Williams et al., 2001). However, eIF2B seems to be princi-
pally dispensable for the system, since in archaea aIF2 apparently functions 
although there is no aIF2B gene. It is possible that the main role of eIF2B is 
regulatory, since phosphorylation of the eIF2� subunit is used for tuning of 
translation initiation efficiency in eukaryotes: phosphorylated eIF2 acquires 
high affinity for eIF2B and is therefore locked in a non-productive complex 
(Pavitt et al., 1997). Surprisingly, the catalytic subunits of eIF2 GEF, i.e. 
eIF2B� and �, share neither structural nor sequence similarities with the GEF 
of both eEF1A (that is eEF1B) and EF-Tu (EF-Ts) (Boesen et al., 2004).   

The second stage of initiation is binding to the mRNA. This is ensured by 
the multisubunit factor eIF4F, which on the one hand forms specific interac-
tions between the mRNA 5'-m7G-cap structure via eIF4E, its cap-binding 
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subunit, and on the other hand binds via the scaffolding subunit eIF4G to 
eIF1, eIF3 and eIF5. Next, the ribosomal complex starts to move ATP-
dependently along the mRNA in the search for the initiation codon in the 
optimal context. The optimum sequence, often referred to as “Kozak se-
quence”, is GCC(A/G)CCAUGG (Kozak, 1991), with positions at -3 and +4 
(in bold) being of most importance. Ribosomal propulsion along the mRNA 
is mediated by the helicase activity of eIF4A. Upon reaching the AUG in an 
appropriate context, trGTPase eIF2 (or, rather its GTPase subunit eIF2�) 
converts into its GDP-bound state, which onsets the following release of the 
eIFs and docking of the 60S subunit, which is in turn regulated by the second 
trGTPase involved in the eukaryotic initiation, eIF5B (Pestova et al., 2000; 
Lee et al., 2002).  

The exact timing and role of GTP hydrolysis by eIF2 were demonstrated 
recently by means of fast kinetic analysis (Algire et al., 2005). According to 
the proposed model, prior to AUG recognition by the 43S complex, eIF5 
acting as hGAP induces GDP hydrolysis on eIF2. However, inorganic phos-
phate (Pi) is not released from the GTPase and therefore there is equilibrium 
between GTP and GDP + Pi. Recognition of the initiation codon promotes Pi 
release, thus finalizing the reaction. Interestingly, there is no eIF5 orthologue 
of in archea, which raises the question of how the aIF2 works without its 
GAP in this kingdom.  

The �-subunit of eIF2, together with ribosomal subunits seems to be in-
specting the AUG context directly, as it was shown by the crosslinking ex-
periments (Pisarev et al., 2006), providing the structural corollary for the 
recognition of the initiation site. Initiation factor eIF1 is believed to counter-
act the ribosomal structural rearrangement, resulting in the formation of the 
stable IC, thus playing the role of a safety catch.  

As to eIF5B, just as in the case of its bacterial orthologue IF2, the GTPase 
activity as such seems to be dispensable for its role in promoting subunit 
joining step (Shin et al., 2002) and thus plays a regulatory role in start-codon 
recognition, i.e. formation of the elongation-compatible 80S IC with the 
initiator tRNA accommodated in the P-site and ready for the incoming ter-
nary complex and subsequent release of the factor from the ribosome: with-
out GTP conversion to GDP eIF5B will not efficiently switch conformation 
from T to D form thus will retain its high affinity to 80S. Consistant with 
this, eIF5B mutations in switch I which impair GTP hydrolysis, retaining the 
GTP binding activity, result in deficiency in general translation but not 
eIF5B subunit joining function (Shin et al., 2002). Translational activity of 
these eIF5B can be partly restored by suppressor mutations, which result in 
reduction the ribosome affinity of the GTPase-deficient eIF5B. The prokary-
otic system readily provides us with a possible explanation for the phenome-
non. It was shown, that in the presence of GDPNP, IF2 remains on the tran-
sient 70S IC complex and hampers its conversion into the stable 70S, which 
has initiator tRNA properly positioned for the elongation (Grigoriadou et al., 
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2007a). Lowering the affinity of eIF5B to the ribosome would remove the 
GTPase-deficient factor from the ribosome after the subunit joining and al-
low the IC to be converted into the functional 80S IC, thus partially restoring 
the functionality of the translational system.  

eIF5B release from the ribosome is coupled with release of eIF1A 
(Fringer et al., 2007), yet again underscoring the similarities between bacte-
rial and eukaryotic translational systems: bacterial orthologues of these fac-
tors, IF2 and IF1, respectively (Kyrpides & Woese, 1998), also display co-
operativity in association with the ribosome (Zucker & Hershey, 1986). In 
the eukaryotic case the binding sites were mapped to the C termini of the 
factors (Choi et al., 2000), and indeed the two bacterial factors were shown 
to interact on the ribosome (Allen et al., 2005). This suggests another possi-
ble role of Pi release by IF2 in  conversion of the transient labile IC into the 
stable IC with the fMet-tRNAfMet (Grigoriadou et al., 2007a): not only IF2 
dissociation would result in accommodation of tRNA from P/I to P/E state, it 
would also promote IF1 release, thus onseting the IF1-mediated ribosomal 
rearrangements (Carter et al., 2001).  

The final result of the initiation process is the formation of the 80S com-
plex, bearing Met-tRNAi in the P-site and ready for the accommodation of 
the elongator tRNA in its vacant A-site. When the latter comes along in the 
ternary complex with the GTP-bound form of EF-Tu / eEF1A, and the next 
step of translation – elongation - commences. 

Elongation 
The basic elongation cycle is shared by all the kingdoms of life. This is 

reflected in the high degree of evolutionary conservation of the translational 
factors involved, with EF-Tu and EF-G, scoring in the Top 5 of the most 
conserved proteins in eubacteria (Bern et al., 2006) and having orthologues 
in eukaryotes and archaea. Therefore, discussion of the elongation mecha-
nism will mostly concentrate on the bacterial system because the mechanism 
is highly similar in all kingdoms but it has studied in more detail in bacteria, 
occasionally referring to the eukaryotic case if a particular feature is more 
deeply investigated in this system. 

During elongation the polypeptide chain is extended via consecutive addi-
tion of amino acid residues, which are brought to the ribosome as compo-
nents of the aa-tRNA·EF-Tu·GTP complex. The tRNA anticodon interacts 
with the mRNA codon, which allows the ribosome to translate the nucleotide 
sequence into the amino acid sequence of a protein (Andersen et al., 2003).  

Current models of the elongation cycle are based on the fact that the ribo-
some has three functional tRNA-binding sites: the A-site, which has a high 
affinity for aa-tRNA; the P-site, which specifically binds peptidyl-tRNA; 
and the E-site, which preferentially binds deacylated tRNA. The elongation 
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cycle starts when the ribosome is in the posttranslocation state, with the P 
site containing tRNA bearing the polypeptide and the A site being free (Fig. 
1). Then the A site accomodates aa-tRNA in the ternary complex with EF-
Tu·GTP. The peptide chain is elongated by one amino acid residue as a re-
sult of a nucleophilic attack of the carbonyl group of the ester bond of pepti-
dyl-tRNA by the amino group of the amino acid presented by the aa-tRNA. 
This is followed by translocation; i.e., the tRNA2·mRNA complex concert-
edly moves through the ribosome by one codon to yield the initial complex 
with the free A site, the P site containing peptidyl-tRNA, and the E site filled 
with deacylated tRNA. Translocation is catalyzed by EF-G, which hydroly-
ses one GTP molecule per translocation event. 

The process for the aa-tRNA delivery and selection is now rationalized 
within the framework of kinetic (Thompson & Stone, 1977; Ruusala et al., 
1982b; Pape et al., 1998; Pape et al., 1999; Pape et al., 2000; Gromadski & 
Rodnina, 2004) as well as single-molecule FRET (Blanchard et al., 2004b; 
Lee et al., 2007) studies, providing a generalised model. The process can be 
dissected into two major stages: initial selection and proofreading, separated 
by the hydrolysis of GTP (Thompson & Stone, 1977; Ruusala et al., 1982b). 

First, we will turn to the initial selection. EF-Tu, GTP, and aa-tRNA form 
what is known as the ternary complex (T3). Upon the T3 binding to the ribo-
somal A-site, it first adopts so-called A/T state (Valle et al., 2002; Valle et 
al., 2003a), which is characterised by the aa-tRNA being not completely 
accommodated in the A-site: the anticodon stem of the tRNA is kinked, and 
EF-Tu is still bound to the tRNA. The antibiotic kirromycin freezes EF-Tu 
on the ribosome in this conformation, which was used for the cryoelectronic 
reconstruction (Valle et al., 2003a). The aa-tRNA anticodon enters the A-site 
where formation of the anticodon:codon helix is inspected by the ribosomal 
rRNA residues A1492 and A1493, resulting in ribosomal rearrangement 
(domain closure) (Ogle et al., 2001). In the initial selection step, near-
cognate T3s (i.e., with one mis-match between the anticodon and the codon) 
dissociate with insignificant stimulation of GTP hydrolysis, but still a small 
fraction of them undergo GTP hydrolysis and release of EF-Tu. Cognate T3s 
pass the initial selection and in this case codon:anticodon recognition trig-
gers rapid GTP hydrolysis on EF-Tu (Rodnina et al., 1996).  

GTP hydrolysis marks the borderline between the initial selection and the 
proofreading step. After GTP hydrolysis, EF-Tu loses its affinity to aa-
tRNA, and leaves the ribosome. The structural corollary for the process is 
that the structures of the GTP and GDP bound EF-Tu differ radically, with 
the biggest transitions occurring in the switch I region. In this region a 
stretch of 6 aminoacids undergoes a transition from the �-helix to �-sheet, 
respectively (Abel et al., 1996) which in turns regulates the EF-Tu interac-
tions with the aa-tRNA (Nissen et al., 1995; Nissen et al., 1999): in the 
GDP-bound state switch I adopts a conformation incompatible with the 
switch aminoacyl-tRNA binding due to a sterical clash. The kirromicin-
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stabilised EF-Tu on the ribosome adopts a structure close to the GTP-bound 
one, as seen by the cryoelectron reconstructions (Valle et al., 2002; Valle et 
al., 2003a). In this state switch I interacts with SRL, and upon GDP-
hydrolysis alters the conformation, ejecting the aa-tRNA.  

In the proofreading step, the remaining near-cognate tRNAs preferentially 
dissociate from the ribosome, which leads to a further increase in the accu-
racy of codon reading. Then the aa-tRNA delivered to the A site is accom-
modated in the intersubunit cleft, and the CCA end of the tRNA is placed in 
the peptidyl transferase center (PTC). The whole process is orchestrated by 
the GAC and SRL ribosomal elements. When the ternary complex is bound 
to the ribosome, the lobe carrying the GAC region moves toward the body of 
the 50S subunit. Conversely, when EF-Tu leaves the ribosome and aa-tRNA 
accommodates the A-site, the GAC lobe moves back to its original position 
(Valle et al., 2003a). The SRL lobe, in contrast, maintains its position during 
the entire process. These two conformations of the GAC lobe are referred to 
as ‘open’, before and after the ribosomal interaction with the ternary com-
plex, and as ‘closed’ when the ribosome interacts with the stalled ternary 
complex. 

The structure of the ternary complex (Nissen et al., 1995; Nissen et al., 
1999) is similar to the structure of eEF2/EF-G translocase ((AEvarsson et al., 
1994; Czworkowski et al., 1994; Jorgensen et al., 2003; Jorgensen et al., 
2004) (Fig. 5). The structural similarity of the different translation factors 
gave origin to the “molecular mimicry” hypothesis (Nakamura, 2001; Ito et 
al., 2002). According to this hypothesis, structural similarity suggests similar 
functions for different molecules, meaning that different translation factors 
evolved independently to acquire similar structures determined by the shape 
of the site of their interaction with the ribosome (Nakamura, 2001; Ito et al., 
2002). Indeed eEF2/EF-G and EF-Tu are similarly arranged when bound in 
the A site of the ribosome. However, in the case of Ribosome Recycling 
Factor (RRF), which was also thought to belong to the family of mimicking 
components of the translation apparatus, a different mode interactions with 
the ribosome was demonstrated by hydroxyl radical probing (Lancaster et 
al., 2002) and, more directly, by cryoelectron microscopy (Gao et al., 2005; 
Gao et al., 2007b) and x-ray (Wilson et al., 2005; Borovinskaya et al., 2007; 
Weixlbaumer et al., 2007).  

Considering EF-Tu from the viewpoint of the mechanism of GTPase ac-
tion, the role of GAP is played by the ribosome or, more exactly, by ribo-
somal protein L7/L12 (Mohr et al., 2002) and GAC (Vazques, 1979). The 
role of GDS GEF in the case of EF-Tu is played by EF-Ts, which accelerates 
the exchange of GDP for GTP (Wieden et al., 2001; Gromadski et al., 2002; 
Wieden et al., 2002), and, acting as a GSF, aa-tRNA increases the affinity of 
EF-Tu for GTP (Kaziro, 1978; Dell et al., 1990). The mechanism of this 
alteration in nucleotide affinity in the presence of aa-tRNA is exactly the 
same as the one implemented for the ejection of the EF-Tu·GDP from the 
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ribosome after GTP hydrolysis: since the aminoacyl-tRNA binding to the 
factor is incompatible with the switch I conformation that favors the GDP 
binding, the presence of aminoacyl-tRNA greatly favors the binding of GTP.  

 

 
Figure 5. Structures of T. thermophilus EF-G·GDP (PDB entry 1FNM, (Laurberg et 
al., 2000)), E. coli LepA (PDB entry 3CB4, (Evans et al., 2008)) and E. coli ternary 
complex stabilised with kirromycin (PDB entry 1OB2, (Kristensen et al., 1996)). 
Color code: protein component (green), Phe-tRNAPhe (golden wire), GDPNP (red), 
GDP (golden spheres) and kirromycin (light blue). Domains are labeled with Roman 
numerals. 

EF-Tu/eEF1A delivers to the ribosome all the aminoacids but one. Se-
lenocysteine, the 21st amino acid, is coded for by the UGA codon, which is 
normally used as a stop codon and it is incorporated into only a handful of 
proteins, so-called selenoproteins (Romero et al., 2005). An mRNA stem 
loop called the SECIS element promotes insertion of selenocysteine rather 
than termination of translation. The SECIS element is located immediately 
downstream of the UGA in bacterial mRNAs, as opposed to the eukaryotic 
and archaeal cases, where it is placed at the 3´ end of the mRNA.  

The x-ray structure of archaeal SelB has been recently solved and shows 
similiarites with initiation factors eIF2�, IF2 and IF5B (Leibundgut et al., 
2005). Domains I, II and III of bacterial, archaeal and eukaryotic SelB are 
homologous to the equivalent domains of EF-Tu, but it has an extra domain 
(IV) that interacts with the SECIS element in bacteria (Leibundgut et al., 
2005). This domain is shorter in eukaryotic eSelB, and is responsible for 
binding to SECIS binding protein 2 (SBP2). It is SBP2 that recognises and 
binds the SECIS element (Copeland et al., 2000). Archaeal aSelB has an 
even shorter domain IV (Rother et al., 2000), and as yet an archaeal SBP2 
has not been described.  

The functional cycle of SelB has been investigated, revealing that seleno-
cystyl-tRNA binding stabilises the interaction of SelB with the SECIS ele-
ment, favouring a conformation that brings SelB to the ribosome 
(Thanbichler et al., 2000). The interaction with the ribosome promotes GTP 
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hydrolysis with probable subsequent release of tRNA (Thanbichler et al., 
2000). In contrast to EF-Tu, SelB does not require a dedicated GEF for GDP 
to GTP exchange, since it has a lower affinity for GDP than GTP 
(Thanbichler et al., 2000).  

The mechanism of translocation has attracted special attention over the 
past two decades (Moazed & Noller, 1989; Savelsbergh et al., 2000b; Noller 
et al., 2002; Savelsbergh et al., 2005; Zavialov et al., 2005a; Ermolenko et 
al., 2007a; Spiegel et al., 2007). Although in the cellular context transloca-
tion is catalyzed by EF-G in the GTP-dependent manner, the process can be 
spontaneous in the poly-Phe directed in vitro system (Belitsina & Spirin, 
1979; Spirin, 1985) and this factor-free process can be catalyzed by the anti-
biotic sparsomycin  (Fredrick & Noller, 2003; Southworth & Green, 2003). 
Therefore the directionality of the process was believed to be determined by 
the thermodynamic gradient (Spirin, 1985), thus reducing the role of EF-G to 
purely catalytic, i.e. to decrease the activation energy barriers between the 
pre- and post-translocational states of the ribosome. However, recent discov-
ery of spontaneous back-translocation (Shoji et al., 2006; Konevega et al., 
2007) demonstrated that spontaneous translocational movement is tRNA-
specific: different sets of A- and P-site tRNAs have energetically favorable 
pre- or post-translocation state. Therefore in general, translocation is not 
necessarily an energetically favorable process. And this brings us to the role 
of EF-G in the process.  

Several questions are important for understanding the translocation 
mechanism from the viewpoint of EF-G GTPase function. First – in which 
form does EF-G bind to the ribosome, i.e. GDP or GTP-bound? This sets the 
initial point in the process and depending on the answer nucleotide exchange 
to GTP upon binding to the ribosome is or is not an absolute necessity dur-
ing the translocation. Then, the second question is the role of the guanine 
nucleotide during the translocation: can GDP support translocation? Can 
non-hydrolysable GTP analogues? What is the role GTP hydrolysis and Pi 
release in translocation? 

The first question seems to be deceivably simple. Basically, it is down to 
the measurement of the EF-G affinity to GTP and GDP. These affinities 
were recently re-examined by (Wilden et al., 2006), arriving at the estimates 
of KD(GTP) = 20-25 μM and KD(GDP) = 40 μM. The presented results are in 
line with the previous estimates of GTP and GDP affinities (Baca et al., 
1976; Arai et al., 1977) and suggest that free cytoplasmic EF-G should be in 
the GTP-bound form due to substantially higher GTP concentration in the 
cytosol (Neuhard & Nygaard, 1987). Moreover, using a non-hydrolysable 
analogue of GTP, GDPNP (Wilden et al., 2006) has shown, in line with the 
earlier findings by (Zavialov et al., 2005a), that on the ribosome EF-G affin-
ity to GTP dramatically increases, thus ensuring formation of the EF-G·GTP 
complex (KD(GDPNP) off the ribosome = 120 μM, KD(GDPNP) on the ribo-
some = 0.5 μM). A similar effect was demonstrated in the case of the eu-
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karyotic EF-G orthologue, eEF2: in the presence of ribosomes, affinity of 
this GTPase to the non-hydrolasible GTP analogue GDPCP increased from 
24 μM to 0.26 μM, whereas affinity to GDP actually decreased (1.6 μM vs. 
9.3 μM) (Nurten et al., 1983).   

It is possible to pinpoint the ribosomal region acting as a GSF for EFG; 
that is SRL. Experiments with oligonucleotides mimicking SRL and thistrep-
tone-binding site demonstrated that SRL binding was strongly and specifi-
cally inhibited by GDP, whereas presence of GTP or GDPNP had no such an 
effect (Munishkin & Wool, 1997). Apparently, EF-G binding to SRL is in-
compatible with the D form of the factor, thus the inhibitory effect of GDP.  

Recent cryoelectron microscopy investigations of eEF2, provided a first 
glimpse into the structural corollary for the phenomenon (Taylor et al., 
2007). Switch I, which is one of the structural elements implicated in GTP 
binding, becomes structured and locked in the T-conformation upon eEF2 
binding to the ribosome in the complex with GDPNP, as opposed to the ri-
bosome-bound eEF2 complexed with GDP (Taylor et al., 2007) and free 
eEF2/EF-G, regardless of the nature of the nucleotide  (none, GDP or 
GDPNP) (Czworkowski et al., 1994; Czworkowski & Moore, 1997; Jorgen-
sen et al., 2003; Jorgensen et al., 2004; Hansson et al., 2005). Thus, binding 
to the ribosome, promoting the stabilization of the GTPase T state, increases 
the affinity of eEF2/EF-G to GTP.  

The reason for the thorough re-examination of the EF-G affinities by 
(Wilden et al., 2006) was our report (Zavialov et al., 2005a), contradicting 
the classical view. In our results, KD(GDP) was 9 μM, which is perfectly in 
line with the classical estimates (Baca et al., 1976; Arai et al., 1977) and the 
recent re-examination (Wilden et al., 2006). However, EF-G affinity to GTP, 
determined by the chase experiments with GDP done at 0 ºC, was about 60 
times lower than to GDP, implying that in the cytoplasm, EF-G is predomi-
nantly in the GDP-bound state (Zavialov et al., 2005a).   

This situation with two conflicting viewpoints obtained by two different 
groups using two different methods (fluorescence titrations in (Wilden et al., 
2006) and nitrocellulose binding in (Zavialov et al., 2005a)) prompted us to 
re-examine our data using a third method, isothermal titration calorimetry 
(ITC) (Paper III). This method is free from the alleged artifactual properties 
of the NC-filtration (non-equilibrium nature of the method) and of the fluo-
rescence titration (usage of the fluorescent analogues instead of the natural 
substrates). At 25ºC, affinity to GDP had  KD = 9.1±0.1 μM, and affinity to 
GTP is roughly the same - KD = 8.3±2.8 μM, which is in good agreement 
with the results presented by (Wilden et al., 2006). Our finer analysis of the 
binding energetics by ITC reveals that GTP binding is mostly �S-driven (�H 
-1.7 kcal/mol, T�S -5.25 kcal/mol at 25ºC), whereas GDP binding is driven 
mostly by �H (�H -5.9 kcal/mol, T�S -0.96 kcal/mol at 25ºC) (Table 3). A 
massive change of heat capacity �Cp upon EF-G·GTP complex formation (-
270 cal mol-1 K-1) as opposed to an order of magnitude less (-20 cal mol-1 K-
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1) for EF-G�GDP complex formation suggests that in the former case, asso-
ciation results in considerable alterations of the solvent-accessible non-polar 
surface area. Difference in modes of GTP and GDP binding to EF-G leads to 
considerable change in the GTP/GDP affinity ratio depending on the tem-
perature (10 times difference between 4 and 37°C), thus in a nutshell ex-
plaining contradictory reports regarding the issue of the predominant nucleo-
tide state of the free EF-G: our GDP/GTP competition experiments were 
done at 0 ºC (Zavialov et al., 2005a), and experiments by (Wilden et al., 
2006) were carried out at  37 ºC.  

The role of the G nucleotides in the EF-G-dependent translocation was 
investigated extensively, provoking even greater confusion than the issue of 
nucleotide binding. First, it was reported, that GDP can promote EF-G-
dependent translocation (Rodnina et al., 1997), however this was not ob-
served by other groups (Zavialov & Ehrenberg, 2003; Zavialov et al., 2005a; 
Pan et al., 2007; Spiegel et al., 2007). The reason behind this contradiction 
was most probably because commercial GDP preparations contained an ad-
mixture of GTP (about 1-2% (Zavialov et al., 2005a)), and thus  observed 
translocation in the presence of GDP is an artificial result. 

The question whether EF-G catalysed translocation is supported by 
GDPNP (or other non-hydrolysable GTP analogues) was not as simple to 
resolve as the abovementioned controversy with GDP-driven translocation. 
The major reason for that is complex nature of translocation mechanism and 
complexity of setting up reliable time-resolved readouts from the different 
translocation stages. These stages are: a) EF-G binding to the ribosome b) 
unlocking of the ribosome c) formation of ratcheted state, which can be split 
up in several intermediates regarding the exact positions of tRNAs d) re-
locking of the ribosome in the posttranslocational state. 

It seems that all sources agree that GDPNP does promote tRNA·mRNA 
translocation (Zavialov et al., 2005a; Wilden et al., 2006; Pan et al., 2007; 
Spiegel et al., 2007). However, there is a strict disagreement whether this 
translocation is full, i.e. results in an authentic locked posttranslocation com-
plex (Wilden et al., 2006), or whether the tRNA·mRNA complex is translo-
cated, but the ribosome is not locked in the post state and removal of the 
GDPNP by addition of GDP in excess can reverse the process (Zavialov et 
al., 2005a).  

This reversibility is documented in (Zavialov et al., 2005a) and (Tanaka et 
al., 1977), specifically stating in (Tanaka et al., 1977) that relaxation to the 
pre- state upon EF-G·GDPNP dissociation is slow (in the range of seconds or 
even minutes). Moreover, in (Spiegel et al., 2007) it was observed that incu-
bation of the complex in the presence of EF-G·GDPNP results in the forma-
tion of a complex that is radically different from the authentic post-
translocation in respect to codon-dependence of the P-site tRNA exchange 
from the post-translocational complex. Exactly the same was stated in 
(Zavialov et al., 2005a).  
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GTP hydrolysis was shown to precede translocation (Rodnina et al., 
1997), and the Pi release rather that the GTP hydrolysis itself seems to be the 
step which is tightly regulated by L7/L12 (Savelsbergh et al., 2005). This is 
similar to the regulation of Pi release from eIF2 (Algire et al., 2005), in 
which formation of the GDP·Pi intermediate precedes the Pi release too, and 
the Pi release is the regulated stage. Similarly, this hydrolysis intermediate 
was observed in the case of p21 Ras GTPase. Kotting and colleagues 
(Kotting et al., 2006) used time-resolved Fourier Transform Infrared Spec-
troscopy (trFTIR) to demonstrate that GTP binding to p21 Ras results in a 
reaction intermediate after GTP hydrolysis in which H2PO4

- is hydrogen-
bonded to an eclipsed conformation of the GDP �-phosphate. From this high 
standard free energy intermediate, H2PO4

- may either reform GTP or dissoci-
ate in a step that is rate limiting for the complete GTPase reaction.  There-
fore formation of the intermediate is an important step in the GTPase cycle. 
GTPase·GDPNP is often used for the investigation of the process, dissecting 
the reaction into pre-hydrolysis and post-hydrolysis stages. There is a ques-
tion whether GDPNP-bound GTPase resembles more GTP or the GDP·Pi 
state of the protein, and thus on which stage it actually blocks the reaction.  

The relationship among GTP hydrolysis, Pi release and translocation was 
studied in detail using fast kinetics (Savelsbergh et al., 2003; Savelsbergh et 
al., 2005). It was proposed that a ribosomal “unlocking” step follows rapid 
GTP hydrolysis and then the reaction pathway branches in two: in one route 
Pi release precedes translocation movement, in another translocation pre-
cedes Pi release (Savelsbergh et al., 2003).  Inhibition of either of the routes 
does not necessarily result in inhibition of the other. Inhibition of transloca-
tion by antibiotic viomycin or deletion of EF-G domains 4-5 did not inhibit 
the Pi release, and, conversely, inhibition of the Pi release by point mutations 
in L7/L12 (K70A) was not affecting translocation (Savelsbergh et al., 2003). 
It worth mentioning, though, that in the abovementioned experiments trans-
location was monitored by changes in fluorescence of the A-site fMetPhe-
tRNAPhe, which reflects not the translocation itself by the change in the envi-
ronment of the fluorescent label. Since the same changes were observed in 
the presence of GDPNP, which seemed to promote “unfinished” transloca-
tion in our analysis (Zavialov et al., 2005a), it is possible that locking of the 
ribosome in the true posttranslocation state requires the Pi release. However, 
since currently there is no available readout for time-resolved detection the 
ribosomal locking step, experimental verification of this issue is to date im-
possible.                  

After this lengthy discussion about the role of G nucleotides and GTP hy-
drolysis in translocation, we can turn to the mechanical details of the proc-
ess. It is well established that translocation proceeds through intermediate 
state (or states). One of them was established by Moazed and Noller based 
on the footprinting of ribosome complexes at various steps of translocation 
in vitro (Moazed & Noller, 1989) and termed “hybrid states”. In this state the 
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CCA end of the P-site tRNA moves to the E site of the 50S subunit, the anti-
codon loop still remaining in the P site of the 30S subunit (P/E state), 
whereas their A-site tRNA is moved to the A/P sites. Existence of the hybrid 
state intermediate and its significance for translocation in physiological con-
ditions was proved by many different experiments. It was demonstrated bio-
chemically, that EF-G stabilizes the hybrid state formation (Spiegel et al., 
2007), in accordance with the cryoelectron observations (Valle et al., 
2003b). The ribosome in the hybrid state is a target of the antibiotic viomy-
cin, which traps it in this state (Ermolenko et al., 2007b) – this serves as one 
more piece of evidence for the physiological relevance of the hybrid states. 
Formation of the hybrid states is likely coupled to the ratchet-like rotation of 
the ribosomal subunits (Agrawal et al., 1999b; Frank & Agrawal, 2000, 
2001; Valle et al., 2003b; Ermolenko et al., 2007a).  

Interchange between the hybrid and classical states on the ribosome is a 
dynamic process. The first indication of the dynamic nature of the phemo-
mena came from the detailed analysis of the puromycine reactivity of the 
ribosomal complexes, demonstrating that  the pretranslocational complex 
oscillates between the classical and the hybrid states, gaining puromycin 
reactivity when it is in the hybrid state (Semenkov et al., 1992; Sharma et al., 
2004). Fluorescence Resonance Energy Transfer (FRET) experiments pro-
vided a much more detailed view of the process (Blanchard et al., 2004a; 
Blanchard et al., 2004b). It was shown that in the pretranslocational com-
plex, tRNAs fluctuate between the classical state and two hybrid states. One 
of them was discussed above (H1), and in the other hybrid state, the A-site 
tRNA remains in the A/A state, while the P-site tRNA goes into the P/E state 
(H2) (Blanchard et al., 2004b). Depletion of the ribosomal protein L1, which 
is involved in the stabilization of the E-site tRNA, resulted in the destabiliza-
tion of both H1 and H2 states (Blanchard et al., 2004b).  

In addition to the hybrid states, other transition states were identified re-
cently (Pan et al., 2007), although these states are investigated structurally in 
much less detail. Following the fluorescence change during the EF-G·GTP-
mediated translocation Pan and colleagues (Pan et al., 2007) observed for-
mation of the kinetically competent transition state, termed INT. This state 
was specifically stabilised by the antibiotic spectinomycin, thus proving its 
physiological relevance. Interestingly, a mutation in EF-G P413L, conferring 
fusidic acid resistance, renders the translational system hypersensitive to that 
drug (Johanson & Hughes, 1994).  

Another transition state, transT*, different form the INT state, was pro-
posed in our original publication (Zavialov et al., 2005a), paper I. This in-
termediate was proposed to be formed before the GTP hydrolysis on the 
ribosome and its properties where studied on the model complex with EF-
G·GDPNP, which differed both from the pre- and posttranslocational states. 
However, there is a question whether transT* is actually present in the nor-
mal translcoational pathway, since its kinetic competence can not be proven.  
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The structural corollary for the ribosome-EF-G interaction is mostly 
based on the results of cryoelectron reconstructions (Agrawal et al., 1998; 
Valle et al., 2003b; Datta et al., 2005) and different chemical protection as-
says (Moazed et al., 1988; Wilson & Nechifor, 2004; Sergiev et al., 2005; 
Nechifor & Wilson, 2007). The former method provides much more detailed 
information about the interactions and therefore is a main source of current 
information.  

Binding of EF-G to the pretranslocational ribosome promotes the ratchet-
like movement of the ribosome (Valle et al., 2003b). EF-G binding itself as 
well as GTPase activity of EF-G, similarly to other trGTPases, is regulated 
by the the position of peptidyl-tRNA on the ribosome (Zavialov & Ehren-
berg, 2003). This regulation is mediated via the ribosomal propensity to sub-
unit ratcheting, which is prohibited by the acylated tRNA in the P-site (Valle 
et al., 2003b). Interestingly, the length of the peptide on the A-site tRNA 
results in a decrease of the Gibbs energy for the formation of the hybrid 
states (Munro et al., 2008), thus resulting in shorter peptides stabilizing the 
classical state.  

Ribosomal rotation is accompanied by rearrangments in the EF-G mole-
cule, which opens up (Valle et al., 2003b) and domains IV, V and III move 
relatively to domains I and II, with the tip of IV moving 37Å. The G' sub-
domain, part of domain I (Fig. 5), a subdomain of the G domain, moves to-
wards the N-terminal domain of the L11 protein, a component of the GAC, 
and the C-terminal domain of ribosomal protein L7/L12, forms a so called 
arc-like connection (ARC) (Agrawal et al., 2001; Datta et al., 2005). The G' 
domain is involved in the L7/L12-promoted GTP hydrolysis function of EF-
G but not in GTP binding itself (Nechifor et al., 2007). Interestingly, the G' 
domain of EF-G bears almost no sequence and tertiary structure similarity 
with the G' domain of the eukaryotic counterpart, eEF2. Moreover, the G' 
domain in EF-G is located at the C terminus of G5 motif, whereas in eEF2 it 
is located at the N terminus of G5. Similarly, eEF2 is not active on the bacte-
rial ribosome, and vice versa (Parisi et al., 1967). Exchange of the L7/L12 
proteins with its eukaryotic counterpart, P proteins, alters specificity of 70S 
ribosome’s GAP activity: wt ribosomes activate specifically EF-G, whereas 
chimerical ribosomes bearing P proteins are active in selective activation of 
eEF2 GTPase (Uchiumi et al., 1999). Therefore it was speculated in 
(Nechifor et al., 2007) that G' domains of EF-G and eEF2 could act as one of 
the specificity determinants of these trGTPases. However, this hypothesis is 
weakened by the fact that among bacterial trGTPases, the G' subdomain is 
present in EF-G, Tet and RF3; in LepA and BipA G' it is absent. Moreover, 
recent NMR analysis of interactions between trGTPases IF2, EF-Tu, EF-G 
and RF3 and the ribosome reveals that interaction is mediated via the same 
conserved region of L12, rendering it highly unlikely that different elements 
of trGTPases interact with L12.  



 36 

As evident, currently there are two different views on the issue of Pi re-
lease and the role of GTP hydrolysis in translocation mainly due to conflict-
ing interpretations of the experiments on GDPNP-promoted translocation. 
The reason behind that is that currently there is no convenient readout for 
studying the last step of translocation – ribosomal locking in the posttranslo-
cational step. Toeprining assays monitor the ribosomes position on the 
mRNA (Spiegel et al., 2007) thus are not suited for the detection of ribo-
somal locking itself. Indirect methods, utilising different reactivity of the 
ribosomal complexes before and after subunit locking (Zavialov et al., 
2005a) do allow discrimination, but, however, the time resolution of this 
approach is far too low to study the mechanism of translocation in the pres-
ence of GTP. Florescence signals monitoring either tRNA movement 
(Savelsbergh et al., 2005) or interactions between G´ domain of EF-G and 
L11 ribosomal protein (Seo et al., 2006), do not allow discrimination be-
tween the transT* and posttranslocational steps. FRET approaches monitor-
ing ribosomal dynamics directly seem to the only way to settle the issue, 
since these are actually monitoring ribosomal intersubunit movement 
(Ermolenko et al., 2007a). However, current variants of the technique do not 
seem to have the balance between time resolution vs. observation time span 
necessary for the task yet (Wang et al., 2007) though this obstacle is likely to 
be surmounted in the near future.  

Based on the information presented above, one can outline the model of 
translocation (Fig. 6). First, EF-G binds to the pre-translocational ribosome. 
The majority of the incoming factor comes with GTP-nucleotide (about 85% 
if one estimates EF-G affinities of GTP and GDP are similar (Baca et al., 
1976; Arai et al., 1977; Wilden et al., 2006) and the GTP:GTP ratio in the 
cell is around 7 (Neuhard & Nygaard, 1987)). However, from the structural 
point of view EF-G comes in the D form, regardless of the bound nucleotide. 
Binding to the ribosome promotes rearrangments both in the ribosome, and 
in the factor. EF-G gains high affinity to GTP (Zavialov et al., 2005a; Wil-
den et al., 2006) and alters its conformation to the T state. The ribosome 
itself rotates anticlockwise, adopting the ratcheted state with the tRNAs sta-
bilized in the hybrid state. Up to this stage there is basically no disagreement 
in the avaliable literature, but describing the next steps I will turn partial and 
describe process the way I think it goes. The ribosome onsets rapid GTP 
hydrolysis on the factor, proceeding to the intermediate translocational state 
transT*, in which mRNA:tRNA complex is translocated, but the ribosome is 
not locked in the posttransloctational state. This transT* state is stabilized by 
EF-G·GDPNP and differs from the posttranslocational state by the codon-
depenance of the E-site tRNA binding (Zavialov et al., 2005a; Spiegel et al., 
2007). Pi release is necessary for the completion of the translocation, locking 
the ribosome in the authentic posttranslocational state.  
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Figure 6. Mechanism of translocation (one of the possible models). L1 controls the 
E-site tRNA binding, L7/L12 act as EF-G GAP. (A) Pretranslocational complex is in 
the locked conformation. (B) EF-G·GTP binds in the D form, causing ratcheting of 
the ribosomal subunits. At the same time translocase itself gains high affinity to 
GTP and adopts T form.  (C) Rapid GTP hydrolysis follows. The tRNA2:mTNA 
complex is translocated, but the ribosome is not locked in the posttrnslocational 
state. (D) Pi-release promotes locking of the ribosome in the authentic posttransloca-
tional state: EF-G looses affinity to the ribosome, ribosomal subunits ratchet anti-
clockwise (E) Translocation accomplished, EF-G·GDP dissociates from the ribo-
some in D form, posttranclocational complex is locked.  

Ironically enough, the “classical” model for the translocation mechanism 
(Bretscher, 1968) postulated that GTP hydrolysis serves merely for release 
of EF-G after completion of translocation. This model was declared to be 
wrong, when it was demonstrated that GTP hydrolysis precedes, rather than 
follows translocation (Rodnina et al., 1997). As we know now, hydrolysis 
itself does not necessarily mean conversion of the bound GTP to GDP, since 
the Pi release can be considerable delayed. So, after all, the classic view 
might not have been that mistaken.  

Termination 
Following completion of the elongation phase of protein synthesis, the ri-

bosome is brought into its pre-termination complex when a stop (nonsense) 
codon is translocated into its A-site. Stop codons are not read by tRNAs; 
instead, dedicated protein factors termed “release factors” decode these sig-
nals. During translation termination, nascent peptide is released from the 
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ribosome by hydrolytic attack of the water molecule, leaving the P-site 
tRNA in a deacylated state. This is accomplished by the combined action of 
two distinct sets of proteins, the class-1 and class-2 release factors (RFs). 
Class-1 RFs recognize stop codons in the ribosomal A-site and trigger hy-
drolysis of the peptidyl-tRNA in the peptidyl transferase center (for a review 
see (Poole et al., 2003; Ehrenberg et al., 2006)). Class-2 RFs assist class-1 
RFs in this process. 

Eukaryotic and archaeal class-1 RFs (aRF1 and eRF1, respectively) are 
homologues of each other but not of bacterial class-1 RFs (RF1 and RF2). 
There is a lack of structural similarity between them (Kisselev, 2002) and 
there are also functional differences. While a/eRF1 decodes all three stop 
codons (Frolova et al., 1994), the bacterial class-1 RFs each decode only two 
stop codons each: RF1 decodes UAA and UAG, and RF2 decodes UAA and 
UGA (Scolnick et al., 1968). Eukaryotic class-1 RFs also differ from their 
bacterial counterparts in that eRF1 forms a 1:1 complex with eRF3 in solu-
tion (Zhouravleva et al., 1995; Ito et al., 1998; Merkulova et al., 1999; Ko-
bayashi et al., 2004), while RF1·RF3 contact is thought to take place only on 
the ribosome (Mora et al., 2003).  

Class-2 RFs are members of the translational GTPase protein superfamily 
(Mikuni et al., 1994; Grentzmann et al., 1995; Zhouravleva et al., 1995), 
although they have very different origins within the family (Inagaki & 
Doolittle, 2000; Margus et al., 2007). The bacterial protein (RF3) is a 
paralogue of elongation factor EF-G (Margus et al., 2007), while the eu-
karyotic protein (eRF3) is a paralogue of elongation factor eEF1A (Inagaki 
& Doolittle, 2000). eRF3 binds and transports eRF1, a structural mimic of 
tRNA (Song et al., 2000), to the ribosomal A-site, similar to the activity of 
eEF1A, which binds and delivers aminoacyl-tRNAs to the same site. Al-
though, eRF3 was reported to be an essential protein in eukaryotes 
(Stansfield & Tuite, 1994), later studies showed that overexpression of eRF1 
can restore viability in an eRF3 deletion mutant (Kobayashi et al., 2004).  
RF3 has a non-universal distribution among bacteria (Margus et al., 2007), 
and archaea appear to lack any class-2 RF protein (Inagaki & Doolittle, 
2000; Inagaki et al., 2003). 

The basic biological function of class-1 RFs is universal for prokaryotes 
and eukaryotes. These proteins have to fulfill two interconnected tasks: to 
recognize stop codon in the ribosomal A-site and upon recognition to pro-
mote hydrolysis of the ester bond between the peptidyl and tRNA moieties 
of the peptidyl-tRNA in the PTC (peptidyl transferase centre) of the ribo-
some.   

Whereas class-1 factors share at least functional similarities in prokaryo-
tes and eukaryotes, class-2 RFs GTPases in the two kingdoms of life are 
different both functionally and phylogenetically.  

First, the eukaryotic factor is essential for viability, whereas the prokary-
otic one is not (Ter-Avanesyan et al., 1993; Mikuni et al., 1994; Grentzmann 
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et al., 1995). Second, RF1/2 stimulates ribosome-dependent GTPase activity 
of RF3 in a codon-dependent manner (Zavialov et al., 2001), while eRF1 
activates eRF3 in a codon-independent fashion (Zhouravleva et al., 1995; 
Frolova et al., 1996). Moreover, it promotes GTPase activation of eRF3 on 
ribosomes free from mRNA. Another remarkable dissimilarity is that eRF1 
forms a stable complex with eRF3 both in vivo and in vitro (Stansfield et al., 
1995; Zhouravleva et al., 1995; Frolova et al., 1998; Ito et al., 1998; Merku-
lova et al., 1999; Kobayashi et al., 2004), and this complex is further stabi-
lized in the presence of GTP but not GDP (Kobayashi et al., 2004). The pro-
karyotic factor does not possess such an activity (Ito et al., 1996; Pel et al., 
1998), although on the ribosome class-1 factors interact with RF3 via do-
main I (Mora et al., 2003).  

A detailed understanding of RF3’s role in bacterial termination came 
when it was shown that RF3 accelerates the rate of dissociation of class 1 
RFs from the postterminational ribosome in a sequence of concerted events 
(Zavialov et al., 2001) (Fig. 1). First, RF3 in the GDP-bound form binds to 
the ribosome, carrying a deacylated tRNA in the P-site and class 1 termina-
tion factor in the �-site. Association with the ribosome promotes rapid ex-
change of the nucleotide from GDP to GTP on RF3, then GTP is hydrolysed, 
and finally RF3 leaves posttermination complex in the GDP-form (Zavialov 
et al., 2001).  

The RF3 GTPase functional cycle is rather peculiar in terms of nucleotide 
binding regulation. It provides us with an example of the combination of the 
GDS and GSF regulators in one molecule in different states. The spontane-
ous release of GDP from the free factor (Zavialov et al., 2001) is almost as 
slow as for EF-Tu (Ruusala et al., 1982a), but its target molecule, i.e. the 
bacterial ribosome in complex with a class-1 release factor and with a pepti-
dyl-tRNA or a deacylated tRNA in the ribosomal P site acts as a GDS, 
speeding up the GDP dissociation dramatically (Zavialov et al., 2001; Zavia-
lov & Ehrenberg, 2003). In contrast, stable binding of GTP requires removal 
of the peptide from the peptidyl-tRNA, allowing the ribosome to adopt its 
ratcheted conformation, in which the ribosomal subunits have undergone a 
relative rotation (Frank & Agrawal, 2001; Valle et al., 2003b) bringing the 
deacylated tRNA, originally in the full P site (P/P site), to a hybrid P/E site 
(Gao et al., 2007a). Accordingly, the latter ribosome complex is the GTP 
stabilizing factor for RF3, so that different states of the ribosome act as GDS 
and GSF for RF3.   

In the case of eRF3, to date our understanding about its function in trans-
lation termination is less detailed, than that of its bacterial counterpart. In our 
recent work we addressed nucleotide-binding properties of eRF3 alone and 
in complex with eRF1 by means of direct biochemical methods. We propose 
that in the cytosol, free eRF3 predominantly exists in the GDP-bound form 
and eRF1 upon complex formation between the two factors acts as a GSF for 
eRF3, stabilising the GTP-bound form (Hauryliuk et al., 2006) (Fig. 11). 
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This process is analogous to the formation of the ternary complex during 
translation elongation. Later, our results on this were confirmed independ-
ently in observations presented by other groups (Mitkevich et al., 2006; Pis-
areva et al., 2006).  

The ternary complex eRF1·eRF3·GTP binds to the pre-termination com-
plex (pre-TC), inducing the structural rearrangement of the latter as mani-
fested by a 2 nt forward shift in the toeprint signal (Alkalaeva et al., 2006). 
After GTP hydrolysis, eRF1 is accommodated in the ribosomal A-site, plac-
ing GGQ in the PTC, ready for peptide release. This process is very much 
similar mechanically to the tRNA accommodation during transpeptidation – 
similarly, GTP hydrolysis is needed for the tRNA accommodation from A/T 
to A/A state (Valle et al., 2003a).  

Mutations affecting the GTPase function of eRF3 affect the efficency of 
termination (Salas-Marco & Bedwell, 2004; Fabret et al., 2008). Interesting 
new insights into the role of eRF3 GTPase activity were presented recently 
(Fabret et al., 2008). It was demonstrated, that eRF3 has a potential phos-
phorylation site recognised by cAMP-dependent protein kinase A (PKA) of 
the protein, which is indeed phosphorylated by PKA in vitro on the residue 
T431 (Fabret et al., 2008). The residue is located in the G-domain of the 
protein, between the switch I and switch II regions. Mutation of the residue 
to A or D resulted in greatly decreased GTPase activity of the protein, which 
was paralleled by a decrease in the affinity between the mutant eRF3 and 
eRF1, and a drastic decrease of termination efficiency (Fabret et al., 2008). 
The full-length T341D eRF2 mutant could not support cell viability, had 
almost absent GTPase activity and most dramatically decreased affinity be-
tween eRF1 and eRF3, whereas T341A full-length eRF3 mutant could sup-
port viability, had GTPase activity about 6% of the wt, and the eRF1·eRF3 
complex formation was affected less that in the T341D variant.  

Apparently, there is a direct causal link between decreased GTPase activ-
ity and propensity to form a complex between eRF1 and eRF3 and function-
ality of the protein. It is well documented, that GTP binding to eRF3 (that is 
convention to the T state) is greatly promoted by eRF1 binding (Hauryliuk et 
al., 2006; Mitkevich et al., 2006; Pisareva et al., 2006), which, in turn, would 
result in stimulation of the eRF1·eRF3 complex formation by the GTP bind-
ing according to the detailed balance principle (Fersht, 1998). Using the very 
same argument but in reverse order, it is readily rationalised how a mutation 
in the GTPase domain deleterious for the GTP binding would in turn affect 
eRF1·eRF3 complex formation, which is mediated by the C-domain of 
eRF3, thus in the nutshell explaining behavior of the T341D and T341A 
eRF3 mutants. 
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Recycling 
After translation termination, the ribosome proceeds to the next step, that 

is ribosomal recycling. It was shown early in sucrose-density-gradient ex-
periments by Kaji and collaborators (Hirashima & Kaji, 1970, 1972a, 
1972b), that isolated E. coli polysomes consisting of mRNA-bound, puro-
mycin treated ribosomes in a state similar to the post-termination ribosome 
can be resolved by the addition of elongation factor EF-G and a previously 
unknown protein; the Ribosome Recycling Factor (RRF). They found, fur-
thermore, that the presence also of initiation factor IF3 is necessary for for-
mation of stably dissociated ribosomal subunits (Hirashima & Kaji, 1973; 
Hirokawa et al., 2002).  

The first proof that EF-G and RRF do not need IF3 to disassemble the 
post-termination ribosome into subunits was provided by experiments 
(Karimi et al., 1999) in which small peptides were synthesized at a fixed 
concentration of ribosomal 30S pre-initiation complex and a varying concen-
tration of ribosomal 50S subunits. It was shown that EF-G, RRF and GTP, 
but not the non-cleavable analogue GDPNP, in the absence of IF3 can rap-
idly recycle 50S subunits between 30S pre-initiation complexes present in 
excess, and that IF3 is needed for ribosomal recycling at 1:1 subunit sto-
chiometry. In 2005, three laboratories independently confirmed the EF-G- 
and RRF-dependent dissociation of ribosomes into subunits (Hirokawa et al., 
2005; Peske et al., 2005; Zavialov et al., 2005b). It has been suggested that 
the splitting reaction is driven by the positively cooperative binding of EF-G 
in the GTP form and RRF to the 50S subunit as compared to the negatively 
cooperative binding of the factors to the 70S subunit (Kiel et al., 2003; Zavi-
alov et al., 2005b). A detailed kinetic description of the process was pro-
vided by (Peske et al., 2005) and a structural corollary was provided by 
cryoelectron microscopy (Gao et al., 2005; Gao et al., 2007b).  

However, there is still a controversy regarding the mRNA and tRNA re-
lease from the post-termination ribosome by the actions of RRF, EF-G and 
IF3. It has been suggested that RRF ejects deacylated tRNA from the P site 
of the post-termination ribosome and that, after ribosome splitting, mRNA 
dissociates from the 30S subunit aided by IF3 (Hirokawa et al., 2005; Hiro-
kawa et al., 2006). According to the other two models, the primary event in 
ribosomal recycling is subunit dissociation, followed by spontaneous 
(Zavialov et al., 2005b) or IF3-aided (Peske et al., 2005) release of tRNA 
and mRNA. The discrepancy regarding spontaneous or IF3 aided release of 
mRNA may be accounted for by the strong SD-sequence in the mRNA used 
by (Zavialov et al., 2005a), masking the IF3 effect on mRNA release, and 
the absence of a SD-sequence  in the mRNA used by (Peske et al., 2005). 

No RRF orthologue is present in eukaryotes, thus rendering the mecha-
nism of the ribosomal recycling principally different. Actually, it seems that 
there are two pathways in the process.  
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The first one implicates eEF2, the eukaryotic orthologue of EF-G, which 
has also been shown to function in ribosome recycling (Demeshkina et al., 
2007), most probably working together with eIF1A, eIF1, eIF3 and eIF6 
(Russell & Spremulli, 1979; Lomakin et al., 2003; Kolupaeva et al., 2005). 
Surprisingly, the dissociation activity of eEF2 is associated with its hydroly-
sis of ATP, rather than GTP, which actually inhibits ribosome dissociation. 
This ATPase property of eEF2 is absent in the bacterial translocase, EF-G, 
and binding of the adenine nucleotides is inhibited in the presence of antibi-
otic sodarin (Soe et al., 2007). Binding of the adenine and guanine nucleo-
tides seems to be independent from each other (Soe et al., 2007). This eEF2-
mediated ribosomal recycling pathway seems to be independent from termi-
nation process (see below, (Pisarev et al., 2007)) and its natural substrate is 
free 80S ribosomes rather than posttermination complexes.  

A second pathway was documented recently in (Pisarev et al., 2007). It 
was shown, that after translation termination eRF1 and eRF3 remain associ-
ated with the post-TC and a set of initiation factors are involved in the post-
TC disassembly. Dissociation of the ribosome itself into subunits is pro-
moted by eIF3 and enhanced by loosely associated eIF3 subunit eIF3j, and 
initiation factors eIF1 and eIF1A. Additionally, eIF3j promotes mRNA dis-
sociation. eIF1 mediates dissociation of the deacylated tRNA from the P-
site.  

The relationship between the two pathways – eEF2- and eRF/eIF-
mediated – is still unclear. No influence of eEF2 on the kinetics of eRF/eIF-
mediated pathway was observed (Pisarev et al., 2007), suggesting that the 
two pathways might act on different substrates. eRF/eIF-mediated pathway 
could play role during natural translation termination and eEF2-mediated 
pathway could maintain the pool of the dissociated ribosomal subunits sens-
ing the intracellular levels of ATP and GTP and regulating the pool of free 
ribosomal subunits accordingly (Demeshkina et al., 2007).  

Mechanism of recycling in archaea is currently unknown. No orthologues 
of RRF, eRF3 and eIF3 are present in this group, thus excluding the possibil-
ity of bacteria-like and eRF/eIF-mediated pathways.  

Unconventional translational GTPases in bacteria 
LepA is an extremely well-conserved and nearly-universally distributed 

translational GTPase in bacteria, with a distribution wider that that of a 
“classical” trGTPase RF3 (Margus et al., 2007). This apparently reflects its 
important functional role in the cell, which, due to mainly historical reasons, 
was not closely studied until very recently. According to (Qin et al., 2006) 
LepA is implicated in so-called “reverse translocation”, during which the 
ribosome moves from the post- translocational to the pre-translocational 
state. This process is proposed to play a role in translational accuracy (Qin et 
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al., 2006). LepA promotes the back-translocation in a catalytical fashion in 
the presence of GTP, and in the presence of GDPNP it switches to sto-
chiometric mode. The E. coli LepA x-ray structure was recently solved 
((Evans et al., 2008) PDB access entry 3CB4), showing a great degree of 
structural similarity between LepA and EF-G (Fig. 5). The biggest difference 
between the two proteins is the presence of a unique C-terminal domain 
(CTD) in LepA, an absence of both domain IV and minidomain G´ in LepA 
and orientation of domains III and V in the two proteins. In the case of EF-G 
domains IV and V form a stalk, corresponding to the anticodon of the tRNA 
and playing crucial role in transmitting signals from the GTPase domain to 
ribosome, thus coupling GTP hydrolysys to translocation (Savelsbergh et al., 
2000a). In LepA domains V and CTD are curled up to the body of the factor, 
forming considerably more compact structure. Modeling of the LepA struc-
ture on the ribosome suggests that the electrostatically positive CTD may 
play a primary role in the tRNA backtranslocation providing additional bind-
ing interactions with a relocated tRNA. It should be noted, however, that the 
structure of LepA can possibly undergo significant rearrangements upon 
binding to the ribosome. Therefore the significance of radically different 
arrangement of domains as seen by x-ray of the protein packed in crystal 
lattice is not that obvious.  

LepA interactions with G nucleotides have not been studied in detail yet. 
Since all the attempts to co-crystallize LepA with either GDP or GTP ana-
logues proved to be a failure  (Evans et al., 2008), it is safe to venture a 
guess that LepA off the ribosome has low affinity to G nucleotides. If on the 
ribosome LepA affinity to GTP greatly increases, as it does in the case of 
EF-G, then this potentially could explain the working cycle of the protein. It 
would bind to the posttranslocational ribosome and affinity to GTP would 
increase, promoting LepA stabilization on the ribosome according to the 
detailed balance principle (Fersht, 1998). During this stage, the electroposi-
tive CTD would promote relocation of the tRNAs to the pretranslocational 
positions. GTP hydrolysis and Pi release would result in loss of LepA·GDP 
affinity to ribosome, thus completing the catalytic cycle. In the case of 
GDPNP·LepA,  LepA binding to the ribosome would be stoichiometric since 
the protein will be locked on the ribosome in the high affinity T-form (just as 
it was observed in the experiment (Qin et al., 2006)) due to LepA failure to 
leave the ribosome.  

BipA (Owens et al., 2004) is implicated in the translational regulation of 
the global regulator Fis (Owens et al., 2004) and multiple cell surface- and 
virulence-associated components in the enteropathogenic E. coli  (EPEC) 
(Grant et al., 2003). It is also required for growth of E. coli at low tempera-
ture (Pfennig & Flower, 2001). Molecular mechanisms of the regulation are 
not clear, and the current hypothesis is that BipA destabilises unusually long 
(12 nt) SD of the Fis mRNA (Owens et al., 2004). Similarly to LepA, BipA 
misses EF-G tRNA-anticodon-mimicking domain IV (Gemma Atkinson, 
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personal communication), and has a CTD of comparable length to LepA 
although sequence similarity is low As to the BipA GTPase functional cycle, 
70S ribosomal complex seems to act as a GAP (Owens et al., 2004), but the 
exact stimulant (such as presence of the peptide on the P-site tRNA for EF-
G) are yet to be discovered. Interestingly, conversely to EF-G, the 70S ribo-
some does not seem to promote high affinity to GTP in BipA (Owens et al., 
2004), rendering the BipA GTPase sensitive to GDP/GTP ratio. This trait 
might be of importance in the framework of bacterial physiology: regulatory 
trGTPases, such as BipA, will be sensitive to the GDP/GTP ratio in the cell, 
which is known to be an important cellular regulatory parameter (Rudoni et 
al., 2001), whereas the core translational factors, such as EF-G (Owens et al., 
2004; Zavialov et al., 2005a), will be insensitive to the ratio, keeping the 
translational functions.  

Tet proteins (TetO, TetM, TetS, TetB(P) and Otr) are directly implicated 
in bacterial resistance to tetracycline, directly removing the drug from the 
ribosome (Sanchez-Pescador et al., 1988; Taylor & Chau, 1996). This proc-
ess is GTP-dependent (Burdett, 1996), and the Tet protein preferentially 
binds to the ribosome in the posttranslocational ribosome  and does not pro-
mote translocation (Connell et al., 2003). Affinity to the ribosome is greatly 
increased in presence of GTP or GDPNP, but not GDP (Dantley et al., 
1998). The Tet interaction with the ribosome is mediated by the same ele-
ments, which are important for the other trGTPases: GAR and SRL (Spahn 
et al., 2001b; Connell et al., 2003), and it promotes ribosomal rearrangement 
which decreases ribosomal affinity to antibiotic tetracycline, thus conferring 
the resistance. Binding of tetracycline to 70S competes with Tet·GTP bind-
ing (Burdett, 1996; Dantley et al., 1998), but not with Tet·GDPNP (Dantley 
et al., 1998). Currently there are no data available on the Tet affinities to the 
nucleotides and its regulation by the ribosome. The observation that GTP 
and GDPNP but not GDP greatly promote Tet binding to the ribosome, sug-
gests, according to the detailed balance principle (Fersht, 1998), that the 
ribosome increases Tet affinity to GTP, similarly to EF-G.  

Interference with trGTPases: antibiotics and toxins 
derailing the GTPase cycle  

A great number of antibiotics currently used in medical practice target the 
translational apparatus of the infectious microorganism (Poehlsgaard & 
Douthwaite, 2005; Sutcliffe, 2005; Tenson & Mankin, 2006). Of these, many 
aim at translational GTPases. Apart from being targeted by antibiotics, 
trGTPases are also targeted by toxins, providing the basis for the cytotoxic-
ity mechanisms of several important pathogens, such as Pseudomonas 
aeruginosa and Corynebacterium diphtheriae. The investigation of the 
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mechanisms of action of all these agents is not only of great importance for 
the practical sake of counteracting bacterial diseases, but also provides vital 
tools for the investigation of the translational system per se. Many of these 
antibiotics and toxins were used to block translation at a specific stage, 
freezing the trGTPase in a certain conformation. The latter has been used in 
a variety of structural investigations, such as x-ray studies (Kristensen et al., 
1996; Vogeley et al., 2001) and cryoelectron reconstructions (Valle et al., 
2003a; Valle et al., 2003b; Taylor et al., 2007).  

Basically, there are two strategies implemented by agents that interfere 
with trGTPases. The target can be a GTPase itself, in which case EF-Tu and 
EF-G / eEF2 are possible targets. Second, the ribosome can be targeted, and 
the effect of the GTPase will stem from the alteration of the ribosomal func-
tion. Direct interaction of the antibiotic with the GTPase, locking it on the 
ribosome, as described below, seems to utilise the phenomenon of different 
ribosomal affinities to different functional states of the protein: D, T and, 
possibly, GTP hydrolysis transition state, which would closely resemble the 
T state. The latter two have much higher affinity to the ribosome, and by 
stabilizing them, antibiotics block the GTPase in the non-productive com-
plex on the ribosome. Conversely, antibiotic interaction with the ribosome 
has a strategy of blocking the GTPase binding or transmission of the G-
nucleotide dependent alterations in the GTPase structure to the ribosome, 
rather than gluing it on the ribosome.  

Agents interfering with EF-Tu  
Four families of antibiotics of unrelated structures target EF-Tu. These 

families are epitomised by kirromycin (KIR), enacyloxin IIa (ENX), pulvo-
mycin (PULVO) and GE2270A (GEA). Kirromycin is a title representative 
of the kirromycin family of antibiotic agents, initially isolated from Strep-
tomices sp (Wolf & Zahner, 1972). Kirromycin is efficient against gram-
positive bacteria, with much lower efficacy against gram-negative ones due 
to impermeability of the cell wall. Antimicrobial activity of these drugs is 
due to the specific inhibition of the elongation step of protein synthesis, dur-
ing which aminacylated tRNA is brought to the vacant ribosomal A-site in 
the complex with EF-Tu·GTP.  

There are two main mechanisms by which these antibiotics interfere with 
translational apparatus. KIR and ENX freeze the EF-Tu·GDP on the ribo-
some after the aa-tRNA delivery and GTP hydrolysis (Zuurmond et al., 
1999; Krab & Parmeggiani, 2002). The crystal structure of a 1:1:1 complex 
of Thermus thermophilus EF-Tu with GDP and the antibiotic methylkirro-
mycin (also called aurodox) provides a great illustration of the principle 
(Vogeley et al., 2001). Although EF-Tu is GDP-bound, its structure is in the 
T-form (Vogeley et al., 2001), as described in their abstract: “GTP complex-
like conformation of EF-Tu is observed, although GDP is bound to the nu-
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cleotide-binding site”. Interpretation of this finding based on Scheme 1 and 
Eq. 3 is that aurodox greatly favors the T-form of the factor, and that the 
difference in affinity of GDP to the D-form compared to the T-form is insuf-
ficient to counteract the T-form-favoring effect of aurodox. Since differential 
affinity of EF-Tu in T and D states regulates its affinity to aa-tRNA, being 
much higher to the T state (Kaziro, 1978; Dell et al., 1990), the EF-
Tu·GDP·aurodox does not dissociate from aa-tRNA and thus can not leave 
the ribosome, hence blocking translation.  

A different paradigm among EF-Tu-aimed antibiotics is implemented by 
PULVO and GEA. These prevent formation of the ternary complex alto-
gether (Wolf et al., 1978; Anborgh & Parmeggiani, 1991). The structural 
basis for the mechanism of action of these antibiotics is provided by the x-
ray structures of the antibiotic-bound EF-Tu complexes (Parmeggiani et al., 
2006a; Parmeggiani et al., 2006b). The partially overlapping binding sites of 
the two antibiotics both interfere with the binding of the 3´ end of the tRNA. 
Inhibition of aa-tRNA binding by these drugs is accompanied by the in-
creased affinity to GTP, similarly to KIR and ENX (Krab & Parmeggiani, 
2002). This increase in binding affinity is accompanied by an increase in 
GTPase hydrolytic activity (Anborgh et al., 2004; Parmeggiani et al., 
2006b), with the effect being most pronounced in the kyrromycin case. This 
suggests that the state in which drugs stabilise the GTPase is not, strictly 
speaking, the T state induced by the aa-tRNA binding, since binding of the 
latter does not induce GTPase activity. It is likely that the T state induced by 
the drugs is more similar to the GTP hydrolysis transition state, at least in the 
kyrromycin case. This seems to be quite natural strategy, since the GTP hy-
drolysis transition state is induced by the trGTPase binding to the ribosome, 
and thus stabilization of the state would reciprocally result in the stabiliza-
tion of the trGTPase on the ribosome. 

Kirromycin resistance is conferred by mutations in EF-Tu (Mesters et al., 
1994; Cappellano et al., 1997), drastically lowering the drug’s affinity to its 
target in comparison with the kirromycin-susceptible EF-Tu variants. Muta-
tions conferring resistance, map to the interface between domains I and III, 
overlapping with the drug-binding site (see the binding site on Fig. 5). Thus, 
the mechanism of resistance seems to be due to disruption of KIR:EF-Tu 
interactions. Streptomyces ramocissimus, the producer of kirromycin, con-
tains three tuf genes coding EF-Tu. Two of these EF-Tu variants are sensi-
tive to KIR, but the third one, EF-Tu3, is resistant not only to KIR, but also 
to pulvomycin, and GE2270A (Olsthoorn-Tieleman et al., 2007). Analysis of 
the resistance determinants reveals that the mechanism of resistance is just 
the same as in the abovementioned cases of KIR resistance – disruption of 
the antibiotic binding site (Olsthoorn-Tieleman et al., 2007). However, in 
this case not only is the KIR binding site altered, but also the binding pock-
ets for PULVO and GEA.  
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Agents interfering with EF-G / eEF2 
Fusidic acid (FA) has been in clinical use for over four decades since 

1962 (Godtfredsen et al., 1962). It is a steroid antibiotic and is efficient 
against gram-positive bacteria, such as Staphylococcus. The mechanism of 
fusidic acid action is well studied to date (Tanaka et al., 1968, 1969; Seo et 
al., 2006). Fusidic acid acts on specifically ribosome bound EF-G, stabiliz-
ing it after the GTP hydrolysis in a stable complex with the ribosome 
(Bodley et al., 1969; Willie et al., 1975; Valle et al., 2003b). Interestingly, 
FA does not have an inhibitory effect on the close EF-G homologue, Tet 
(Burdett, 1996). EF-G·GDP stabilisation on the ribosome by FA abolishes 
otherwise fast dissociation of the EF-G·GDP from the posttranslocational 
ribosome (Bodley et al., 1970a; Bodley et al., 1970b; Inoue-Yokosawa et al., 
1974), thus inhibiting protein synthesis. Stabilisation of EF-G on the ribo-
some was used as a tool for the investigation the EF-G-dependent transloca-
tion. Ribosomal complexes, bearing EF-G·GDP locked on the ribosome in 
the presence of FA where subjected to the cryoelectron reconstruction, pro-
viding the insights in the ribosomal rearrangements induced by EF-G bind-
ing (Valle et al., 2003b), similarly to how the kirromycin-blocked EF-
Tu·GDP was used for the investigation of the aa-tRNA incorporation (Valle 
et al., 2003a). The difference between the two complexes is that FA most 
probably blocks the EF-G in the actual T-state, not in the GTP-hydrolysis 
intermediate as in the case of KIR, since no stimulation of GTP hydrolysis 
by free EF-G in the presence of FA was ever observed.  

Although forming relatively stable complexes with the ribosome-bound 
EF-G (KD = 0.4 μM (Okura et al., 1970, 1971)), FA does not bind well to the 
free factor (KD > 1 mM, Suparna Sanyal, personal communication); there-
fore no x-ray of the binary complex is available. The fact that no binding 
between EF-G and FA was observed off the ribosome, though a quite stable 
complex is formed on the ribosome suggests that the FA binding region of 
EF-G undergoes serious rearrangements upon EF-G binding to the ribosome, 
i.e. the FA binding site is present in the T structure of the GTPase and virtu-
ally absent in the D-form. It was proposed (Laurberg et al., 2000) that the 
binding site for FA is located on the tip of the effector loop switch I, and this 
region is indeed rearranged upon the EF-G binding to the ribosome, resulting 
in the stabilisation of the switch element (Taylor et al., 2007). The difference 
between the FA affinity to EF-G on and off the ribosome would be reflected 
by the L�  parameter, showing the alteration in the T/D equilibrium in EF- G 
caused by binding to the ribosome. In full accordance with that, drastic 
change in FA affinity off and on the ribosome (about three orders of magni-
tude KD difference) is paralleled by great alteration in the K0L parameter, 
resulting in promotion of the T state on the ribosome, which is virtually ab-
sent for the free factor. 
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The on-rate of FA binding to its target is remarkably slow, allowing sev-
eral rounds of successful GTP hydrolysis before freezing EF-G on the ribo-
some (Seo et al., 2006). Our estimates of the thermodynamic and kinetic 
parameters of FA binding to EF-G on the ribosomal complex are 
KD=12.37±1.29 μM, k+1=1.97±0.29·10-2 μM-1·s-1 and k-1=0.25±0.04 s-1 (Va-
sili Hauryliuk, Ikue Shiroyama and Måns Ehrenberg, in preparation). Slow 
binding kinetics can be explained by short time window for the FA binding: 
off the ribosome EF-G has low affinity to the drug, and efficient FA binding 
is possible only during a transient state when EF-G is bound to the ribosome 
and resides in the T conformation, i.e. before the GTP hydrolysis and Pi re-
lease.  

Resistance to FA in S. aureus is achieved in two ways. First, target pro-
tection is bestowed by the small cytoplasmic protein FusB, which binds to 
EF-G and protects it (O'Neill & Chopra, 2006). Second, point mutations in 
the FA target, EF-G (Johanson & Hughes, 1994; Macvanin et al., 2000). 
Mutations conferring FA resistance could principally be implemented by two 
strategies. First, FA-resistant mutations could decrease the FA affinity to the 
protein directly, mutating the antibiotic binding site, much the same as muta-
tions affecting the kirromycin resistance. Second, they could counteract the 
effect of the drug in freezing the EF-G on the ribosome in the T-state, acting 
on the result of the FA binding, rather than on the binding as such. This 
could be done in three ways. Firstly, by decreasing the K0 by mutations in the 
G-domain interfering with the GTP binding. Secondly, by decreasing the 
EF-G affinity to the ribosome mutating the ribosome-binding domain V. 
And the third strategy would be to disrupt the passage of the structural rear-
rangement in the G domain to the ribosome-binding domain V.  

Experimental evidence seems to support the presence of both types of re-
sistance (Johanson & Hughes, 1994; Laurberg et al., 2000; Martemyanov et 
al., 2001). FA-resistant mutants of EF-G fall into 3 categories: the first clus-
ter of mutations is localized in the G domain, the second is located in the 
ribosome-binding domain V and the third is involved in the transmission of 
structural rearrangements in the G domain to domain V, which interacts with 
the ribosome (domain III) (Johanson & Hughes, 1994; Laurberg et al., 
2000). In the following we will analyze all these classes separately.  

Mutations localised in the G domain that confer FA resistance are concen-
trated in the switch I and switch II regions. Alterations in the helix CG of 
switch II are located on the interface between G domain and domain V and 
account for most of the FA-resistant mutations. Sensitivity of the EF-G G-
domain mutants to FA is paralleled with its affinity to GTP (Martemyanov et 
al., 2001): mutations in the G domain that decrease the affinity to GTP result 
in an decrease in sensitivity to FA, i.e. decrease in the affinity to FA. This 
can be readily rationalised within the T/D framework bearing the detailed 
balance principle in mind: since FA is promoting stabilisation of the T state 
on the ribosome (Valle et al., 2003b),  acting as a GSF, decreased affinity to 
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GTP would result in lowered propensity of the GTPase to attain the T state, 
and this in turn would result in the lowed propensity to bind the drug which 
almost exclusively binds to the T state. Alternatively, a subset of the muta-
tions in the G domain could act on the FA binding directly, disrupting the 
binding site, but then paralleled trend in affinities of mutated EF-G variants 
to GTP and FA should be a mere coincidence. It is hard to distinguish be-
tween the two types of mutations since the position of the FA binding site is 
merely speculated.  

Ribosome-promoted transition of EF-G from D to T state opens the factor 
up and domains IV, V and III move relatively to domains I and II, with the 
tip of IV moving 37Å (Valle et al., 2003b). A subset of mutations rendering 
the EF-G resistant to FA are located in the hinge region important for the 
abovementioned alterations: in domain III and in an interdomain region be-
tween IV and V. One of the FA-resistant mutations in domain III (P413L) 
was studied particularly thoroughly. This EF-G variant was shown to confer 
FA resistance, to slow down the elongation rate and increase KM for GTP by 
more than one order of magnitude (Macvanin et al., 2000), suggesting im-
paired GTP binding similarly to FA-resistant mutants in the G domain 
(Martemyanov et al., 2001).  

Mutations in the ribosome-interacting domain V comprise the third set of 
FA-resistant mutants. This domain is greatly rearranged upon the ribosome 
binding of the factor, i.e. upon the transition from D to T state. Unfortu-
nately, there are no data about the affinities of these EF-G variants to GTP.   

This story about EF-G mutations resulting in the FA resistance parallels 
the story about eIF5B compensatory mutations, restoring the functionality in 
translation of the eIF5B T439A mutant, deficient in translation (Shin et al., 
2002) (see the “Initiation” chapter). Thr 439 is the conserved Thr residue in 
the switch I region, involved in the GTP hydrolysis (see the “GTPases: struc-
tural elements…” chapter), thus the inability of the mutant to perform this 
task can be readily rationalised. However, eIF5B mutant T439A can bind 
GTP, which results in the inhibition of translation after the subunit joining 
step: eIF5B can promote the subunit joining itself, but can’t function in con-
sequent steps, which require GTPase activity. This situation very much re-
sembles the case of EF-G frozen on the ribosome by FA, with the difference 
that in this case T D�  transition hindered not by the T-stabilizing drug, 
but by the presence of intact GTP on the mutant GTPase. T439A, H505Y 
eIF5B double mutant has restored function in translation, still lacking the 
GTPase activity. The compensatory mutation, H505Y, resulted in decreased 
affinity of the protein to the ribosome (Shin et al., 2002), alleviating the 
deleterious effect of the T439A, utilizing the principle similar to the one 
employed by FA-resistant mutant EF-G variants – decrease of the overall 
GTP-dependent affinity to the ribosome (Johanson & Hughes, 1994; Mar-
temyanov et al., 2001).  
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Another antibiotic, acting of the translocation step of translation, it so-
darin, a fungicide that inhibits translocation via the inhibition of eEF2 func-
tion (Justice et al., 1998). It was originally isolated from the fungus Sodaria 
areneosa (Hauser & Sigg, 1971), thus the name. As opposed to FA, a binary 
complex between the drug (or its derivatives) and eEF2 is quite stable and its 
structure was solved (Jorgensen et al., 2003; Soe et al., 2007), revealing the 
mechanistic details of the interaction. The binding site is located in the 
pocket between domains III, IV and V, stabilizing the factor in a conforma-
tion with domain III rotated towards IV in comparison with the apo-eEF2, 
resembling the kink in the anticodon stem of the tRNA stabilized by KIR in 
the A/T state. eEF2 conformation similar to the one stablilised by sodarin is 
observed when the factor is stalled on the ribosome by a pseudoknot (Namy 
et al., 2006). This provides a structural corollary for the drugs mechanism of 
action: freezing the eEF2 in the ribosome-induced conformation, sodarin 
increases affinity between the two, locking the translocase in a non-
productive complex. Binding of the drug to eEF2 is greatly enhanced in the 
presence of the ribosome, which is the direct consequence of the fact that 
sodarin locks the eEF2 on the ribosome and the detailed balance principle 
(Fersht, 1998). Sodarin was used to study mechanical details of translocation 
in (Taylor et al., 2007) and (Spahn et al., 2004) cryoelectron reconstructions 
to lock eEF2·GDP on the 80S ribosome, similarly to FA locking EF-G on the 
70S. Extensive mutagenesis of switch I in yeast eEF2 was undertaken re-
cently, generating essentially a library of eEF2 variants with impaired 
GTPase function (Bartish & Nygard, 2008) and it would be of interest to 
investigate possible correlation between the mutants affinity to GTP and its 
sensitivity to inhibition to sodarin, thus comparing sodrin’s mechanism of 
action with that of FA.  

In contrast to EF-G, eukaryotic and archaeal eEF2 contain a unique and 
strictly conserved post-translationaly modified histidine on the tip of domain 
IV. This modified residue, diphthamide, serves as a target for irreversible 
inactivation by diphtheria toxin (DP) and exotoxin A (ETA) (Iglewski & 
Kabat, 1975; Pappenheimer, 1977) via ADP-rybosylation. This modification 
inhibits translocational function of eEF2, reducing factors affinity to the pre-
translocational ribosome, though affinity to the post-translocational complex 
is not altered (Nygard & Nilsson, 1990). Additionally, GTP binding to eEF2 
is also reduced, while affinity to GDP remains unaltered (Nygard & Nilsson, 
1990). The tip of domain IV is believed to be involved in the interactions 
with the A-site tRNA during the translocation process, and thus modifica-
tions in these regions are bound to interfere with the translocational function 
of the protein. ADPR-modified residue was recently used as a marker of the 
eEF2 domain IV in the cryoelecton reconstruction (Taylor et al., 2007). 

Antibiotic viomycin binds to the decoding region of 16S rRNA (Powers 
& Noller, 1994) and blocks tRNA movement by stabilising the tRNA in the 
A site (Modolell & Vazquez, 1977). However, both GTP hydrolysys and Pi 
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release reactions are basically unperturbed (Savelsbergh et al., 2003), in 
single round and multiple turnover conditions alike. In contrast to sodarin 
and FA this drug does not interfere with EF-G dynamics, altering the ribo-
somal mobility instead – EF-G does function properly, but increased tRNA 
stability in the A-site renders all the EF-G’s efforts vain. One can see vio-
mycine as an opposite of sparsomycin, which promotes translocation, stabi-
lizing the tRNA in the P-site.  

Inactivation of the eEF2 is also used in the normal cellular regulatory 
pathways. Phosporylation of the histidine residue in switch I region by 
serves regulatory role in mammalian factor (Ryazanov et al., 1988). 
Phosporylated protein looses affinity to the ribosome in the presence of 
GDPCP (Carlberg et al., 1990) thus becomes inactive in translation. Accord-
ing to the detailed balance principle (Fersht, 1998), decreased affinity to the 
ribosome must be paralleled by decreased affinity to the GTP on the ribo-
some, since binding of the factor to the ribosome promotes the GTP binding 
(Nurten et al., 1983). Therefore interference with the G domain via phos-
phorylation resulting in the interference with the interaction with the ribo-
some seems to utilize the strategy basically opposite to the one implemented 
by the FA: FA promotes the GTP binding and thus freezes the factor on the 
ribosome, whereas phosphorylation interferes with the GTP binding and thus 
interferes with the ribosome binding. The effect of the FA can be seen as 
“dominant”, i.e. FA-mediated freezing of one EF-G on the ribosome results 
in inhibition of several translating ribosomes queued on the mRNA. This 
sort of response is too sharp to be used to fine-tune cellular translation. Con-
versely, effect of the eEF2 phosphorylation can be seen as “recessive”, i.e. 
inactivation of one eEF2 molecule does not onset the avalanche of ribosomal 
inactivation since the phosphorylated factor stays off the ribosome, thus 
allowing the system to be efficiently fine-tuned via regulation of the propor-
tion of the phosphorylated molecules.  

Agents, interfering with the ribosomal elements involved in 
trGTPase binding/activation 

Binding of several unrelated antibiotics renders the ribosome incapable of 
accommodating trGTPases in the A-site. Thiostrepton, for one, interferes 
with binding of IF2, EF-Tu, Tet and EF-G (Kinoshita et al., 1971; Connell et 
al., 2003; Brandi et al., 2004). Region of the GAR region 23S rRNA associ-
ated with the ribosomal protein L11 acts as a binding target for the drug 
(Thompson et al., 1979). Thiostrepton binding interferes with regulation of 
the GTP hydrolysis by the trGTPases, derailing normal translational cycle. 
GTP hydrolysis by EF-G as such is not affected, but the Pi release is strongly 
inhibited (Seo et al., 2006), interfering with the rGEF function of the ribo-
some. The drug is efficient against gram-positive bacteria, whereas the 
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gram-negative bacteria are intrinsically resistant due to impermeability of the 
cell wall. Another type of resistance, implemented by gram-positive bacteria 
is due to specific ribosome RNA methylation which renders the ribosome 
completely resistant to the drug (Thompson et al., 1982).  

Tetracyclines inhibit bacterial protein synthesis by indiscriminately block-
ing attachment of ligands to the A-site. Since the main binding site of the 
drug is located close to the codon-anticodon interacting site of 30S subunit 
(Brodersen et al., 2000; Pioletti et al., 2001), inhibition  is not specific for the 
GTPases as such.  The drug interferes with the incoming aa-tRNAs com-
plexed with trGTPase EF-Tu and with binding of class-1 release factors 
(Geigenmuller & Nierhaus, 1986; Epe et al., 1987). Tetracyclines are broad-
spectrum antimicrobial agents, efficient against a wide range of gram-
positive and gram-negative bacteria, both anaerobic and aerobic (Roberts, 
1996). There are three types of resistance: energy-dependent efflux of the 
drug, chemical inactivation of the drug and protection of the ribosome. The 
latter is conferred by array of Tet translational GTPases, i.e. TetO, TetM, 
TetS, TetB(P) and Otr (Sanchez-Pescador et al., 1988; Taylor & Chau, 
1996). Tetracycline efflux systems are found both in gram-positive and 
gram-negative bacteria. Approximately 46 kDa membrane-bound efflux 
proteins exchange a proton for a tetracycline-cation complex against the 
concentration gradient (Yamaguchi et al., 1992).  

Structurally and mechanistically different toxin families sarcin and ricin 
(together called ribosome-inactivating proteins, RIP) induce de-adenylation 
of a single residue in the sarcin-ricin loop rRNA, thus interfering with the 
SRL function in trGTPase regulation (Endo & Tsurugi, 1987). The cleaved 
residue (underlined) is located directly on the top of GAGA tetraloop in the 
SRL, and de-adenilation results in the general rearrangement of the ribo-
somal structures in 28S rRNA domains II, IV and IV (Larsson et al., 2002). 
This alteration is likely to alter the dynamic flexibility of the ribosome, thus 
interfering with its function. This ribosomal alteration results in increased 
ribosome-mediated GTPase activation of eEF2, which is, however, nonpro-
ductive, and stable eEF2 binding is hampered (Nilsson & Nygard, 1986). 
This is in line with SRL possible function as GDS for EF-G (Munishkin & 
Wool, 1997): inactivation of GDS role in promoting formation of EF-G T-
state will naturally inhibit the GTPase binding to the ribosome. As to 
eEF1A, treatment by RIP results in both decrease of the eEF1A·GTP affinity 
to the ribosome, and inhibition of the ribosomal GAP function, leading to 
inactivation of the eEF1A-mediated aa-tRNA delivery (Fernandez-Puentes 
& Vazquez, 1977). Peptidyl-transferase reaction as such is not affected.  
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trGTPases: an evolutionary perspective 
The trGTPases are an ancient, well-conserved superfamily of proteins. 

Extensive analysis of the bacterial members is available in the literature 
(Leipe et al., 2002; Margus et al., 2007), as well as an impressive array of 
works on specific eukaryotic members ((Creti et al., 1994; Baldauf et al., 
1996; Keeling et al., 1998b; Inagaki & Doolittle, 2000; Inagaki et al., 2002) 
and many others). Phylogenetic analysis of the larger superfamily of P-loop 
GTPases to which trGTPases belong suggests the presence of four families: 
SelB, EF1, EF2 and IF2 (Leipe et al., 2002).  However, there is no published 
phylogeny of all families and subfamilies from the entire trGTPase super-
family yet. 

Analysis of the complete set of trGTPase subfamilies from all the three 
kingdoms was recently undertaken, arriving at similar picture as in (Leipe et 
al., 2002) (G.C. Atkinson and S. Baldauf , personal communication). The 
results concur with those of (Leipe et al., 2002), that there are 4 families: 
SelB, EF1, EF2 and IF2 (Fig. 7). Interestingly, factors belonging to the same 
family do not necessarily act in the same translational step; for instance, 
members of EF1 family act in eukaryotes during initiation (eIF2), elongation 
(eEF1A) and termination (eRF3). Given the widespread distribution of each 
family in all superkingdoms, each family probably originated prior to, and 
thus was present in LUCA. Additionally, EF1 and SelB families can poten-
tially be grouped together into a monophyletic family group referred to here 
as EF1S. EF-Tu is a member of the EF1S family, but can not be confidently 
assigned to either of the comprising SelB or EF1 families. 

One can assign archetypal functions to the evolutionarily related  
trGTPase families :  

EF2 subfamily. These proteins promote general rearrangement of the ri-
bosomal structure resulting in movment of the ribsome-bound ligands, e.g. 
translocation (EF-G, eEF2) – movement of tRNAs, backtranslocation 
(LepA) - same, structural changes leading to tetracycline dissociation from 
the ribosome (TetO), and RF1/RF2 dissotiaton in RF3 case. 

EF1S subfamily. These trGTPases sequester the A-site-binding ligands, 
forming complexes, which can be delivered to the ribosome in a proofread-
ing-controlled fashion. Different members serve for the delivery of elongator 
tRNA (EF-Tu / eEF1A / SelB) or initiator tRNA (eIF2) and release factor 
eRF1 (eRF3). 

IF2 subfamily. These factors promote subunit joining and initiator tRNA 
binding (IF2, eIF5B).  

The framework of the archetypical trGTPase functions in translation to-
gether with a phylogenetic analysis of the protein family provides us with a 
toolkit for the reconstruction of the evolution of the translational apparatus 
before and since LUCA. In a minimal translation system, The initiation step 
necessitates the presence of one trGTPase from the IF2 subfamily, which is 
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Figure 7. Maximum likelihood tree of the G domains from the trGTPase super-
family. Triangle heights are proportional to the number of taxa in the clade and the 
width corresponds to the longest branch length in that clade. Numbers on branches 
indicate percentage bootstrap support from 100 replicates. Only values greater than 
50% are shown. Figure courtesy of Gemma Atkinson. 
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necessary for the subunit joining step. Then, in the elongation step, a mem-
ber of the EF2 family (translocase) and a member of the EF1S family (EF-
Tu / eEF1A functional analogue) will join the process. At the last step, ter-
mination, presence of trGTPases is not necessary, as is proved by the ar-
chaeal example, where no trGTPase participates in termination (Inagaki & 
Doolittle, 2000; Inagaki et al., 2003) or many bacterial species, where RF3 is 
absent (Margus et al., 2007).  

In eukaryotes, evolution took on developing a more complicated control 
system, thus the EF1S subfamily expanded, giving rise to eIF2�. 

eRF3, Hbs1p and Ski7p. eIF2� became involved in bringing the initiator 
tRNA to the ribosome. The major role of eIF2 is in the AUG selection, upon 
which Pi release from the trGTPase is promoted, utilizing its proofreading 
potential (Algire et al., 2005). It should be noted, that archaea also have 
aIF2, but all the other EF1S members mentioned below are strictly eu-
karyote-specific. Interestingly, in the case when no AUG selection is needed, 
for example when the initiator codon is placed directly in the ribosomal P-
site by viral internal ribosomal entry site (IRES), eIF2 can be dispensable for 
formation of 80S IC, as in case of classical swine fever virus (CSFV) IRES 
(Pestova et al., 2008), Simian picornavirus type 9 (SPV9) IRES (de Breyne 
et al., 2008), and hepatitis C virus (HCV) IRES (Ilia Terenin, personal com-
munication), thus supporting the view of eIF2 emergence in eu-
karyotic/archaeal lineage as a tool for finer translation regulation via com-
plex AUG selection mechanisms.  

eRF3 is involved in the translation termination step, bringing eRF1 in the 
ternary complex with GTP, much alike eEF1A acts during the proofreading 
step in the elongation (Hauryliuk et al., 2006). Apart from strictly transla-
tional functions, members of the subfamily, eRF3 orthologues Hbs1p and 
Ski7p, specialised in the translation-mediated mRNA decay mechanisms, 
namely No-Go Decay (Doma & Parker, 2006) and Non-Stop Decay 
(Frischmeyer et al., 2002; van Hoof et al., 2002), respectively.  Similarly to 
eRF3, Hbs1p also forms a ternary complex, this time with eRF1 orthologue 
Dom34p (Graille et al., 2008). The latter acts as GSF, just eRF1 does for 
eRF3 (Graille et al., 2008).  

The EF2 family also expanded in eukaryotes, but its new members – 
Ria1p/EFL1 and Snu114p - acquired functions outside translation. Snu114p 
is a component of the spliceosome machinery forming part of the U5 small 
ribonucleoprotein particle (snRNP) (Fabrizio et al., 1997; Bartels et al., 
2002; Brenner & Guthrie, 2005). The protein has a wide taxonomic distribu-
tion in examined eukaryotes, including amoebozoa, excavates, opisthokonts 
and alveolates (trGTPase database, www.GTPbase.org.uk). This suggests 
that, Snu114p was present in the eukaryotic last common ancestor, which is 
consistent with evidence that early eukaryotes had a complex splicosome 
(Roy & Gilbert, 2006). Ria1p is another EF2 offspring not directly involved 
in translation, although it does interact with the ribosome during subunit 
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assembly. It appears to bind the GTPase associated centre of the ribosome 
(Graindorge et al., 2005), causing release of the ribosome biogenesis factor 
Tif6 to initiate ribosome subunit assembly (Menne et al., 2007). Ria1p also 
has a broad distribution in eukaryotes and unlike Snu114p, is found in the 
reduced genomes of Giardia Lamblia and Encephalitozoon cuniculi suggest-
ing it also probably present in the eLUCA (Gemma Atkinson, personal 
communication). 

Bacterial translational system took another path, expanding the EF2 sub-
family: LepA, BipA, TetO. Just as in eukaryotes, in bacteria trGTPases also 
give rise to a protein with completely non-translational functions – CysN, a 
member of the EF1 family. This protein is a subunit of an ATP sulfurylase 
(ATPS) which participates in a sulphur assimilation pathway. Phylogenetic 
analysis suggested that CysN arose from an EF1A gene initially acquired by 
Lateral Gene Transfer (LGT), not from a within-genome duplication of the 
resident EF-Tu gene (Inagaki et al., 2002). The x-ray structure of CysN has 
been solved, confirming extensive structural similarity with EF-Tu 
(Mougous et al., 2006). Biochemical and structural analysis of the CysN and 
its binding partner the ATPase CysD suggests that like Snu114p, the role of 
CysN is regulatory; GTP hydrolysis on CysN serves as a switch that trans-
mits a signal to CysD, stimulating its ATPase activity (Mougous et al., 
2006).  
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Current work 

Paper I: the mechanism of EF-G-mediated translocation  
In this work we utilized the ability of the bacterial toxin RelE to catalyse 

the mRNA cleavage in the vacant ribosomal A-site (Pedersen et al., 2003). 
Such cleavage provided us with a readout corresponding to the position of 
the ribosome on the mRNA, monitoring the progress of ribosomal transloca-
tion along the mRNA. Additionally, the presence of ligands in the A-site, 
such as tRNA or EF-G could be monitored: a ligand-occupied A-site can not 
serve as a substrate for RelA attack, thus inhibition of the RelE activity can 
be linked to A-site occupancy. 

Several questions concerning the mechanism of the EF-G-catalysed trans-
location were addressed in this work. First, it was that upon binding to the 
ribosome, affinity of EF-G to GTP increases drastically, suggesting that the 
ribosome acts as GSF for EF-G. This effect was later confirmed by (Wilden 
et al., 2006), and was also earlier observed for the eukaryotic EF-G 
orthologue, eEF2 (Nurten et al., 1983). It should be noted, however, that the 
actual value of KD of free EF-G to GTP was estimated by indirect competi-
tion experiments wrongly, arriving at the estimate of > 600 μM. This esti-
mate was reexamined in paper III, arriving at the 8.1±2.8 μM value, which is 
in agreement with the results obtained by other researchers.  

Second, we measured the KD values of deacylated tRNA binding to the ri-
bosomal E-site. In our model system the interaction showed absence of 
codon specificity in the E-site and the average KD was about 200 nM. How-
ever, it should be noted, that all the affinities where examined for the com-
plexes in which mRNA was still in the contact with the ribosome via 
SD:anti-SD interaction. Recent structural investigations (Selmer et al., 2006; 
Jenner et al., 2007) suggest that upon the severing of the SD:anti-SD interac-
tion, E-site bound tRNA might acquire the codon:anticodon interaction, thus 
our results solely reflect behavior of the system in hand (initiation complexes 
and ribosomes translating short ORFs) and might not be representative for 
the ribosome in the middle of the translated gene. Interestingly, addition of 
the EF-G·GDP resulted in the decrease of the E-site tRNA affinity to the 
ribosome, which we interpreted as stabilisation of the hybrid state. Indeed, it 
was latter confirmed by the chemical protection assay, that EF-G·GDP pro-
motes formation of the hybrid states (Spiegel et al., 2007).  
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The next issue was the role of GTP and GTP hydrolysys in EF-G-
catalysed translocation. Using the RelE-printing assay, we demonstrated that 
in the presence of EF-G·GDP, translocation is absent (Fig. 8), and the cata-
lytic effect observed in the earlier reports (Rodnina et al., 1997) is most 
probably because commercial GTP preparations contained an admixture of 
GDP (about 1-2% (Zavialov et al., 2005a)). This result was later confirmed 
by other groups (Pan et al., 2007; Spiegel et al., 2007).  

 

 
Figure 8. Contamination of GDP preparations with GTP strongly stimulates translo-
cation by EF-G. (A) Elution profile of commercially available GDP from a MonoQ 
column showing the GTP and GMP contaminations. %B is the percentage of buffer 
B (20 mM Tris-HCl, I M NaCl) in the buffer A (20mMTris-HCl) + B mixture. (B) 
Time-dependent release of peptide by 0.4 μM RF2 after translocation of fMet-Ile-
tRNA (23 nM total) from the A site to the P site by 1 μM EF-G in the presence of 1 
mM purified GDP, unpurified GDP, purified GDP containing 20 μM GTP (2%), or 
20 μM GTP. (C) Cleavage of mRNA by RelE incubated with 0.15 μM preT, 2 M 
EF-G and nucleotides. Lanes: (1) no GDP; (2) 1 mM purified GDP; (3) 1 mM unpu-
rified GDP; (4) 1 mM purified GDP containing 2% GTP; (5) 20 μM GTP. 

The last part of the work was concerned with the issue of EF-G catalysed 
translocation in the presence of a non-hydrolysable GTP analogue. We dem-
onstrated that EF-G·GDPNP-catalysed translocation is significantly different 
from the EF-G·GTP-catalysed process. Specifically, translocation with the 
former is reversible, whereas the latter is not. Moreover, addition of EF-
G·GDPNP to a pretranslocational complex results in formation of the ribo-
somal state (transT*) different from the posttranslocational state. Thus we 
speculated that the Pi release step is necessary for the locking of the ribo-
some in the posttranslocational step, whereas presence of GTP as such is 
required for the translocation itself.  

Paper II: the mechanism of EF-G-mediated recycling 
Apart from its role in translocation, EF-G also participates in the recy-

cling step of the protein synthesis. The mechanism of this step and role of 
EF-G in the process were in the focus of this paper.  
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In this paper we utilized an array of classical biochemical approaches 
(peptide release assay, nitrocellulose (NC) binding assay, analytical sucrose 
ultracentrifugation) and the RelE-print approach, which allowed us to probe 
directly the positioning of the ribosome on the mRNA. The main findings 
are as follows. 

First, using the RelE-print in combination with the NC filtration, we dem-
onstrated that stability of the posttermination complexes depends drastically 
on the distance between the mRNA SD region and position of the P-site 
tRNA: the further the ribosome from the SD sequence, the less stable the 
posttermination complex is and the easier it loses the deacylated tRNA from 
the P-site.  

Upon loss of the P-site tRNA, if the ORF is short (6 amino acids or less), 
the ribosome relocates on the same mRNA molecule towards the 5´ end, 
positioning itself in such a way that the strain in the mRNA is minimal, 
which roughly corresponds to the position of the initiation complex. This 
phenomenon of re-initiation explains the toxic nature of minigenes – effi-
cient reinitiation on the same mRNA would sequester the ribosome, thus 
inhibiting cellular translation (Heurgue-Hamard et al., 2000). Capitalizing on 
our findings, we used probing of the mRNA with the anti-SD oligo in order 
to determine the length of the peptide when the SD:anti-SD contact is sev-
ered. In short, when the contact is severed, the SD region of the mRNA is 
free to interact with the anti-SD oligo and this, in turn, will block the reloca-
tion of the ribosome upon the P-site tRNA loss. Observing the kinetics of the 
P-site tRNA-dependent ribosome relocation and its response on the presence 
of the anti-SD oligo, we determined that in our system SD:anti-SD contact is 
severed upon translation of the pentapeptide. 

After this detailed analysis of the substrate of the recycling process, i.e. 
post-termination complex (post-TC), we turned to the investigation of the 
process itself. First, we demonstrated that EF-G and RRF are able to split the 
70S ribosome into subunits, and the process requires GTP and GTP hydroly-
sis (Fig. 9). We could not detect any effect of the IF3 on the splitting kinet-
ics, which can be attributed to the strong SD sequence in our model mRNA. 
The driving force of the process in the antiparallel trend in the affinities of 
EF-G and RRF to 70S and 50S: these factors bind cooperatively to 50S, but 
compete for the binding to the 70S. Therefore together they destabilise the 
70S, and the GTP hydrolysis severs the destabilised contacts between the 
subunits.  
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Figure 9. EF-G·GTP and RRF Split the 70S Ribosome into Subunits (A–C) Effects 
of different factors on formation of ribosomal subunits. The reaction mixtures were 
applied to sucrose gradients, and ribosomes and subunits were separated from each 
other by ultracentrifuguation. In (A), 0.33 μM TC(MFTI) was incubated with 1.25 
μM EF-G, 5 μM IF3, 0.3 mM GTP, 0.5 mM puromycin, and RRF at different con-
centrations. In (B), 0.33 μM TC(MFTI) was incubated with 1.25 μM EF-G, 8 μM 
RRF, 0.3mM GTP, 0.5 mM puromycin, and IF3 at different concentrations. In (C), 
0.33 μM TC(MFTI) was incubated with 1.25 EF-G, 12μM RRF, 7 μM IF3, and 0.5 
mM puromycin together with either one of the three nucleotides GTP, GDP, 
GDPNP (0.3 mM), or thebuffer. (D) A scheme explaining the method of theexperi-
ment shown in (E). (E) Exchange of 30S subunits in 70S ribosomesin the presence 
of 1.25 μM EF-G, 5 μM RRF, and either one of the three nucleotides GTP, GDP, or 
GDPNP. 
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Paper III: back to EF-G to affinities to GTP and GDP  
In paper I (Zavialov et al., 2005a), we reported the EF-G affinity to GTP 

is much lower (about 60 times), than to GDP, thus implying that in the cyto-
plasm EF-G is predominantly in the GDP-bound state. These results were in 
direct contradiction with previously reported data (Baca et al., 1976; Arai et 
al., 1977) and therefore EF-G affinity to G nucleotides was recently re-
examined by (Wilden et al., 2006), arriving at the estimates of KD (GTP) = 
20-25 μM and KD (GDP) = 40 μM. 

This situation with two conflicting viewpoints obtained by two different 
groups using two different methods (fluorescence titrations in (Wilden et al., 
2006) and nitrocellulose binding in (Zavialov et al., 2005a)) prompted us to 
re-examine our data using a third method. This method had to be free from 
the alleged artifactual properties of the NC-filtration (non-equilibrium nature 
of the method) and of the fluorescence titration (usage of fluorescent ana-
logues instead of the natural substrates).  

The thermodynamic parameters of GTP and GDP binding to EF-G were 
measured by isothermal titration calorimetry (ITC) using a MicroCal VP-
ITC instrument. In addition to determination of the equilibrium binding con-
stants this method allowed us to extract both �S and �H contributions in the 
energetics of the GTP and GDP binding.  

We had determined KD values and �S and �H contributions for GDP and 
GDP binding at 4ºC, 25ºC and 37ºC, which in turn allowed us to extract the 
cp value for the GTP and GDP binding (Table 2). At 25ºC, GDP binding was 
characterized by KD = 9.1±0.1 μM, and affinity to GTP is roughly the same - 
KD = 8.3±2.8 μM, which is in good agreement with the results presented by 
(Wilden et al., 2006). Our finer analysis of the binding energetics by ITC 
reveals that GTP binding is mostly �S-driven (�H -1.7 kcal/mol, T�S -5.25 
kcal/mol at 25ºC), whereas GDP binding is driven mostly by �H (�H -5.9 
kcal/mol, T�S -0.95 kcal/mol at 25ºC). This situation is similar to the one 
observed in our earlier analysis of the nucleotide interactions of another 
translational GTPase, eukaryotic termination factor eRF3 complexed with 
termination factor eRF1 (Mitkevich et al., 2006). eRF1·eRF3 complex bind-
ing to GDP was also characterized by the prevalence of the enthalpic com-
ponent (�H -11.8 kcal/mol, T�S -4.0 kcal/mol at 25ºC) as opposed to the 
GTP binding, governed by the entropic factor (�H -2.2 kcal/mol, T�S -6.4 
kcal/mol 25ºC) (Mitkevich et al., 2006). This difference in the nature of the 
GTP and GDP binding to the GTPase seems to be a general rule.  

Analysis of the temperature dependence of the �H showed that GTP bind-
ing has significantly higher change of heat capacity (�Cp= d(�H)/dT) upon 
complex formation, �Cp

GTP= -268 cal/mol vs. �Cp
GDP= -20 cal/mol. This 

parameter reflects how a protein adapts to incorporation of the ligand. Con-
formational changes can expose or hide non-polar surfaces, resulting in a 
positive (exposure) or negative (hiding) contribution to �Cp (Jelesarov & 
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Bosshard, 1999). In addition, ligand binding can directly decrease protein 
surface accessibility to the solvent and hide non-polar surfaces that are re-
sponsible for the major positive contribution to �Cp (Jelesarov & Bosshard, 
1999). A big negative �Cp value for EF-G�GTP is evidence of alterations in 
the EF-G molecule, burying hydrophobic residues located on the surface of 
the protein globule. According to (Connelly & Thomson, 1992) transfer of 
non-polar residue to solvent-accessible surface is correlated with changes in 
�Cp as �Cp = 0.27�Aaromatic + 0.4�Anon-aromatic, where �A values indicate the 
area of surface area exposed in Å. Using this estimate we arrive at least 600 
Å solvent-exposed area change during the GTP binding, which corresponds 
to at least 20 aminoacids changing their solvent accessibility. An increase of 
the entropic component during binding is also regarded as an indication of 
structural rearrangements upon complex formation (Ladbury & Doyle, 
2004). The rationale for that is that contact of a hydrophobic surface with the 
aqueous phase causes freezing of water molecules facing the non-polar sur-
face thus reducing entropy of the system (Finkelstein & Ptitsyn, 2002), thus 
the entropy acts as a driving force for the minimization of the protein’s hy-
drophobic surface. However, as the temperature increases, this gain in en-
tropy upon exclusion of the hydrophobic groups from the aqueous phase 
decreases and the enthalpic component corresponding to formation of hy-
drogen bonds increases (Finkelstein & Ptitsyn, 2002). This is exactly what 
we see in the case of the EF-G·GTP interaction as opposed to the EF-G·GDP 
case, strengthening the supposition that in the former, but not the latter case 
nucleotide binding results in changes of solvent-accessible non-polar surface 
area in the protein.  

Table 2. Thermodynamic parameters of EF-G binding to GDP and GTP, determined 
by isothermal titration calorymetrya. 

Sample Ligand T �C N KA
b 

M-1 
KD

c 
�M 

�Hd 
kcal/mol

T�Se 

kcal/mol  
�Gf 

kcal/mol 

EF-G GDP 4 1.1 1.4�105 7.1 -5.61 0.93 -6.54 

 GDP 25 1.0 1.1�105 9.1 -5.90 0.96 -6.86 

 GDP 37 1.0 6.0�104 16.7 -6.31 0.47 -6.78 

 GTP 4 1.0 2.8�104 35.7 3.74 9.40 -5.66 

 GTP 25 0.9 1.2�105 8.3 -1.70 5.25 -6.95 
 GTP 37 0.9 1.1�105 9.1 -5.14 2.00 -7.14 

EFG�GTP GDP 4  1.8�105 5.6   -6.66 

EFG�GTP GDP 37  6.2�104 16.1   -6.80 
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EFG�GDP GTP 4  3.2�104 31.2   -5.71 
EFG�GDP GTP 37  9.1�104 11.0   -7.03 
a All measurements were performed three or four times in 5 mM K2HPO4, 10% 
glycerol, 1 mM DTT, 95 mM KCl and 5 mM MgCl2, pH 7.5.  
b KA – affinity constant; standard deviation did not exceed �20%. 
c KD – dissociation constant; calculated as 1/K�. 
d �H – enthalpy variation; standard deviation did not exceed �10%.  
e �S – entropy variation; calculated from the equation �G =�H�T�S. 
f �G – Gibbs energy; calculated from the equation �G=�RTlnKa. 

Paper IV: ternary complex formation in eukaryotic 
termination  

Termination of translation in eukaryotes is accomplished by the concerted 
action of two classes of polypeptide release factors, with the class one factor 
recognising the stop signal and promoting the peptide release and the class 
two factor playing the accessory role.  

It was known that the class-2 factor, eRF3, is a GTPase and that it forms a 
binary complex with the class-1 factor, eRF1. However, the interplay be-
tween the eRF1:eRF3 complex formation and the nucleotide binding was not 
studied in any detail before our study. For that matter we implemented the 
nitrocellulose (NC) filtration binding assay in order to determine thermody-
namic and kinetic parameters of the eRF3 interaction with GTP, GDP and 
GDPNP both in presence and absence of eRF1.  

We have observed that the GTP binding to eRF3 is strictly dependent 
upon the complex formation between the two factors (KD(GTP) 	 200 μM in 
the absence of eRF1 vs. KD(GTP) = 0.7±0.2 μM in the presence of eRF1). 
Binding of GDP was not affected by the eRF1:eRF3 complex formation 
(KD(GDP)=1.3±0.2 μM vs. KD(GDP)=1.9±0.3 μM). This results would im-
ply that free eRF3 would reside in the GDP-bound state and upon the com-
plex formation between the two factors nucleotide would be exchanged for 
GTP, with eRF1 acting much similarly to aa-tRNA which is known to pro-
mote the GTP binding to EF-Tu. PABP (PolyA-binding protein) is also 
known to bind to eRF3 (Hoshino et al., 1999; Uchida et al., 2002), and we 
checked its effect on the GTP binding by eRF3. We have found, that unlike 
eRF1, this protein does not promote GTP binding, and, moreover, inhibits 
the eRF1-promoted GTP binding (Fig. 10, 11).  

Interestingly, binding of the non-hydrolysable GTP analogue, GDPNP, 
was not affected by eRF1:eRF3 complex formation in a way similar to GTP 
binding. The affinity remained about 200 μM regardless the presence or 
absence of eRF1. Similar results were later observed for another GTP ana-
logue, GDPCP (unpublished).  
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Figure 10. Binding of GTP to eRF3 in the presence and absence of eRF1. (A) Disso-
ciation constant (KD) for the [eRF1·eRF3]·GTP complex. eRF3 (0.2 μM) in the 
presence of different concentrations of eRF1 (0, 1, 2, 4 and 8 μM) was incubated at 
37ºC with increasing concentrations of radioactively labeled GTP.  (B) Linearization 
of the data presented in panel A. The ratio of the concentrations of factor-bound and 
free GTP is plotted as a function of the factor-bound GDP (Scatchard plot). (C) GTP 
binding to eRF3 in the presence of PABP. GTP binding to 0.25 μM eRF3 was inves-
tigated in the presence of 3 μM eRF1, 2 μM PABP or both.  

Kinetic analysis of the nucleotide binding was possible only in the case of 
GTP dissociation from the eRF1:eRF3 complex, since all the other processes 
(GTP or GDP binding, GDP dissociation) where proven to be way to fast to 
be tackled manually. The 1/k-1 for the GTP dissociation from the 
eRF1:eRF3:GTP complex at 37 ºC was 121±2 seconds. 

Two linked things should be noted about the quality of the experimental 
data. First is that in the case of the GTP and GDP binding in the presence of 
eRF1 we have observed heterogeneous response with two different types of 
binding sites with different affinities, high and low (Fig. 10). In the case of 
GTP binding, the high affinity binding has KD1(GTP) = 0.7±0.2 μM, whereas 
low affinity had KD2(GTP) = 5.2±1.1 μM. Both of these are more than order 
of magnitude lower than the estimated affinity of the free eRF3 to GTP thus 
the effect of the elevated affinity to GTP in the presence of eRF1 is relevant 
for both sets of binding sites. In the case of GDP binding in the presence of 
eRF1, one set of binding sites had the same affinity as in the absence of 
eRF1 (KD eRF3 (GDP)=1.3±0.2 μM vs. KD1 eRF1:eRF3(GDP)=1.9±0.3 μM), 
whereas the second binding site had low affinity (KD2eRF1:eRF3 (GDP)=6.1±1.8 
μM). This heterogeneity issue is linked to the activity issue: only a fraction 
of the protein was active in the nucleotide binding.  

Possible explanation for the phenomenon is that the eRF3 preparations 
were not homogenous. On the SDS pure protein preparation was more than 
99% pure, which means that protein degradation is not likely be an issue 
here. However, we have observed that the protein is bound to RNA compo-
nent, and this RNA fraction is bound extremely tightly. Removal of the RNA 
with high salt wash renders the protein inactive in both GTP binding and 
eRF1-and 80S-dependent GTPase, which could be reversed by re-addition of 
the RNA. Nature of the RNA molecule is evasive, but we did check the ob-
vious candidates such as tRNA, with no success.  
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Figure 11. Cartoon illustration of the interactions between eRF3 and other compo-
nents. Free eRF3 binds GDP with high affinity (KD=1.3±0.2 μM) and GTP with low 
affinity (KD>160 μM). eRF3 can form complex either with eRF1 or with PABP. 
Formation of the latter complex does not promote GTP binding by eRF3.Binding of 
eRF1 by eRF3 alternates conformation of the eRF3 so that the protein acquires high 
affinity to GTP (KD(GTP)=0.7±0.2 μM). Difference between affinities to GTP of 
eRF3 alone and in complex with eRF1 drives eRF1·eRF3 complex formation in 
presence of GTP. Ribosomal priterminational complex acts as a functional substrate 
for eRF1 and eRF3.  

Paper V: using the bacterial tool in the eukaryotic 
system 

In the papers I and II we used bacterial toxin RelE as a molecular tool for 
probing the mRNA in the A-site of the ribosomal complex. This allowed us 
to monitor such phenomena as translocation and mRNA slippage in the post-
termination complex. The bacterial ribosome is a natural substrate of this 
toxin, and therefore it is logical to use it for the investigation of the bacterial 
translational apparatus. However, the ribosome is an extremely evolutionar-
ily conservative apparatus, and we had a hope that RelE could principally 
work on the eukaryotic ribosome too, thus providing a useful tool for the 
investigation of eukaryotic translation as well. 

In order to test this hypothesis we used a heterologous system, comprised 
from eukaryotic in vitro translational system and bacterial toxin RelE. In-
deed, the toxin was able to promote the mRNA cleavage in the A-site of the 
eukaryotic ribosome, both on the 80S and 48S complex, acting efficiently 
both in the system form the purified components, rabbit reticulocyte lysate 
(RRL) and RRL supplemented by S30 extract from HeLa cells. Conven-
tional method of the ribosomal visualization on the mRNA, toe-print assay, 
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worked poorly in the last case, suggesting that in the case of studying trans-
lation in the cellular lysates RelE in the tool of choice.  

Utilising RelE as a molecular tool, we investigated several specific as-
pects of the eukaryotic translational apparatus.  

 

 
Figure 12. RelE-printing and toeprinting of 40S·mRNA binary complex and 48S 
complex formed on the HCV mRNA.  

First, we investigated mRNA loading on the ribosome mediated by the 
hepatitis C virus (HCV) Internal Ribosomal Entry Site (IRES) element. The 
HCV IRES element forms a stable initiation intermediate with the 40S ribo-
somal subunit, which in the presence of Met-tRNAi, eIF2 and eIF3 generates 
a functional 48S initiation complex (Pestova et al., 1998b). It has been sug-
gested that the initiation codon of this mRNA occupies the P site already in 
the 40S binary complex (IRES:40S), but direct experimental evidence for 
this assertion was still missing. Using the RelE-induced mRNA cleavage , 
we have clearly demonstrated that in the 40S binary complex, mRNA cannot 
be cleaved by RelE, as opposed to 48S IC, thus suggesting that in the latter, 
but not in the former, mRNA is loaded in the ribosomal mRNA-binding cleft 
(Fig. 12). 

We also used the RelE-print to visualize IC formed on the mRNA in the 
absence of the initiation factor eIF1, which is involved in the initiation codon 
selection (Pestova et al., 1998a; Cheung et al., 2007). In the absence of eIF1, 
the small ribosomal subunit stalls near the 5´ end of �-globin mRNA and 
forms an aberrant 48S complex, referred to as “complex 1” (Pestova et al., 
1998a). Toe-print analysis of 48S complexes assembled on the �-globin 
mRNA in the absence of eIF1 revealed several distinct bands near the 5´ 
end, rather than the single broad band observed previously (Pestova et al., 
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1998a). The A- and P-site codons were identified from the RelE cleavage 
experiment performed in parallel, showing that the 48S complex preferen-
tially stalled at the authentic AUG initiator codon or at initiator-like near-
cognate codons in which the first base was U or G, rather than A, i.e. at 
UUG5, UUG11 and GUG22. This result shows that the “complex 1” (Pestova 
et al., 1998a) is a set of 48S complexes stalled at P-site codons cognate as 
well as near-cognate to the anticodon of the initiator tRNA Met

i . Since RelE 
cleavage was observed, the A site of these complexes must have been vacant 
and the mRNA properly placed on the small subunit. 

The high precision of RelE cleavage in the A-site codon of stalled eu-
karyote ribosomes makes it a potentially very useful method for probing of 
the exact position of the eukaryote ribosome on its mRNA under various 
conditions. 

Paper VI: GTPase cycle revisited  
Questions, rising in the course of experimental investigation of the trans-

lational GTPases (papers I-IV) prompted us to attempt to rationalise the ob-
served phenomena in within the thermodynamical framework. The intriguing 
facts that spurred this analysis were as follows. 

First, there is a question of the conformational switch in the GTPase upon 
nucleotide binding. In the current model it is the nature of the bound nucleo-
tide (GDP or GTP) that promotes the structural rearrangement in the 
GTPase. However, neither the subject of papers I-III (EF-G) nor the subject 
of the paper IV (eRF3) change conformation upon nucleotide exchange 
(Kong et al., 2004; Hansson et al., 2005). Second, non-hydrolysable GTP 
analogues, such as GDPNP, GDPCP and GDP � S are often used as a GTP 
substitutes both in biochemical and structural investigations. However, we 
have clearly demonstrated in the paper IV that there are cases when these 
compounds behave differently form the real GTP, i.e. GTP binding is pro-
moted by the eRF1:eRF3 complex formation, whereas similar effect is not 
observed for GDPNP and GDPCP (Hauryliuk et al., 2006).  

In order to rationale these facts within a broader framework we con-
structed a theoretical model, linking the structural rearrangements in the 
GTPase to binging of nucleotides and other ligands, such as ribosome in the 
case of EF-G and eRF1 in the case of eRF3. In the heart of the proposed 
scheme is a network of interactions between a GTP-favoring conformation, 
T, and a GDP-favoring conformation, D (see “GTPases: structural ele-
ments…” chapter and paper VI for the detailed treatment). Than the affini-
ties of the T and D states to GTP and GDP and internal propensity of the 
GTPase to assume T or D conformation (K0) are linked to the probability of 
the GTPase to be in the D or T state, thus to the conditions controlling the 
conformational switch. After rather lengthy algebraic manipulations we ar-
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rive at the following expression linking the conditional probability of the 
GTPase assuming the T state and affinities of the T and D states for GTP and 
GDP ( GTP

TK  and GDP
DK , respectively), K0, the ratio between the affinities of 

the T and D states to GTP ( GTP� ) and the ratio between the concentrations 
of GDP and GTP (�): 

0 0

1( )
11

GTP
T

GTP GDP
D

P T
K

K K K
�

�
� �
�

   (5) 

 
The equation (5) allows us to rationalize why certain GTPases (like eRF3 

and EF-G) fail to switch conformation upon GTP binding. The value of the 
K0 parameter is the key player here. If it is very small, than even if GTP is in 
excess (� ��1), the third term is basically rendered zero.  

However, the situation can change when an additional ligand, L, other 
than the guanine nucleotides, is present in the mixture and this ligand has 
different dissociation constants for the T ( L

TK ) and D forms ( L
DK ) of the 

GTPase. This binding in turn results in an alteration of the efficient GTPase 
affinity to the nucleotides which is reflected by a compounded equilibrium 
constant 0LK , defined as  

0 0 0

L
LD

L L
T

KK K K
K

� � �   ,  (5) 

When the ligand has much higher affinity to the T than to the D form of 
the GTPase, it means that L� >>1. Accordingly, addition of such a ligand 
would greatly reduce the second and third terms of the denominator in Eq. 
(9) and could thus induce a full switch from the D to the T form of the 
GTPase. This explains how the GTPases that are not capable of changing 
conformation in the presence on the GTP alone do change the conformation 
in the presence of an additional ligand, such as the ribosome in the case of 
EF-G and eRF1 in the case of eRF3. Thus we proposed a logical name for 
ligands that stabilise the GTP conformation (T form in Scheme 1) of 
GTPases would be GTP Stabilizing Factors (GSF).  
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Summary in Swedish – Svensk 
sammanfattning 

Proteinbiosyntesen är en kärnprocess i alla levande organismer. Samman-
sättningen av protein från aminosyror katalyseras av ribosomen, en uråldrig 
och extremt komplex makromolekylär maskin. I korthet går proteinsyntesen 
till som följer: Ribosomen binder till budbärar-RNA (mRNA, eng. messeng-
er RNA), som kodar för proteinsekvensen. Därefter avkodas mRNAt genom 
baspars-interaktion med transport-RNA (tRNA, eng. transfer RNA), vilka 
för aminosyror kopplade till tRNA till proteinpolymeriseringsplatsen. När 
proteinet är fullständigt frigörs det från ribosomen. Flera olika klasser 
hjälpmolekyler är involverade i denna översättning (eng. translation), och en 
del av dem, kallade translationella GTPaser (trGTPaser), står i fokus i denna 
avhandling. 

GTPaser karakteriseras av sin förmåga att binda och hydrolysera GTP till 
GDP och oorganiskt fosfat, Pi. GTPaser har oftast olika konformationer be-
roende på om de är bundna till GTP eller GDP, vilket gör att de kan använ-
das som molekylära brytare. Både bindning av nukleotid (GTP eller GDP) 
och GTP-hydrolys är noggrant reglerade mekanismer. Hydrolys aktiveras av 
ett GTPas-aktiverande protein, GAP, och nukleotidbyte, det vill säga ersätt-
ningen av GDP med GTP vilket resulterar i ett aktivt komplex, regleras av 
GDP/GTP utbytesfaktorn, GEF (eng. GTP/GDP Exchange Factor). 

I denna avhandling har egenskaperna för två trGTPaser, EF-G och eRF3, 
undersökts genom direkta biokemiska experiment. EF-G är ett bakteriellt 
trGTPas involverat i två steg i proteinsyntesen, translokering och ribosom-
cykling (eng. ribosome recycling). Translokeringen är den process i vilken 
ribosomen förflyttar sig på mRNAt, och ribosomcykling är det steg som, 
efter det att det färdiga proteinet lämnat ribosomen, frigör mRNAt via sepa-
rering av de två ribosomala subenheterna. I vårt arbete med EF-G inriktade 
vi oss på följande frågor: 

a) Vilken affinitet har EF-G till GTP och GDP i frånvaro av ri-
bosomen, och hur förändras detta i närvaro av ribosomen. 

b) Vilka krav finns på nukleotiden vid EF-G-katalyserad trans-
lokering, d.v.s. stöds katalysen av GDP, eller möjligen icke-hydrolyserbara 
GTP-analoger? 

Vi fann att i frånvaro av ribosomen har EF-G likartad affinitet till både 
GDP och GTP, och, givet att GTP är den dominerande nukleotiden i cellen 
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så bör EF-G främst vara i komplex med GTP. När EF-G binder till riboso-
men ökar dock dess affinitet till GTP drastiskt, vilket säkerställer att faktorn 
är i sitt GTP-bundna tillstånd. GDP främjar varken translokering eller ribo-
somcykling, och GDPNP, en icke-hydrolyserbar GTP-analog, främjar heller 
inte ribosomcykling. Däremot främjar GDPNP translokering, men resultatet 
blir ett intermediärt ribosomtillstånd där translokeringen kan vändas genom 
tillsats av GDP, vilket inte är fallet för den EF-G·GTP-katalyserade reaktio-
nen. 

Det andra trGTPaset vi undersökte var den eukaryota termineringsfaktorn 
eRF3. Detta protein, tillsammans med faktorn eRF1, är involverat i transla-
tionsterminering, d.v.s. frigörandet av det syntetiserade proteinet från ribo-
somen. Vi visade att ensamt eRF3 i princip inte har någon benägenhet att 
binda GTP, och därför befinner sig i ett GDP-bundet tillstånd. Komplexbild-
ning mellan eRF1 och eRF3 främjar däremot bindning av GTP till den sist-
nämnda, vilket leder till ett ternärkomplex, eRF1·eRF3·GTP, som i sin tur är 
en katalyserande enhet i termineringen. 

Experimentella studier av trGTPaser föranledde oss att konstruera ett ge-
nerellt termodynamiskt ramverk som skulle kunna rymma de existerande 
strukturella, såväl som biokemiska, experimentella observationerna. I nulä-
get finns i GTPas-forskningsfältet ett behov av en sådan förenande modell, 
eftersom många av de tillgängliga experimentella resultaten inte kan förkla-
ras genom det rådande konceptuella synsättet. Det är i allmänhet antaget att 
egenskaperna hos den bundna nukleotiden är tillräckligt för att medföra 
strukturvariationerna hos GTPaset, d.v.s. i komplex med GDP är GTPaset i 
sitt inaktiva tillstånd, medan bindning av GTP ger dess aktiva tillstånd. Vare 
sig EF-G eller eRF3 verkar följa denna regel - de har samma struktur i GDP- 
som i GDPNP-bundet tillstånd. Våra observationer att ribosomen och eRF1 
dramatiskt ökar GTPasernas, EF-Gs respektive eRF3s, affinitet till GTP 
innebar att vi slöt oss till att förutom själva GTP-bindningen i sig, innebär 
bindningen av denna ytterligare ligand till trGTPaset en signal att utföra den 
strukturella omställningen. Dessa ligander, ribosomen eller eRF1 i vårt fall, 
reglerar GTPasets bindning till nukleotider, men de faller inte under den 
”klassiska” GEF-beskrivningen, eftersom de ”klassiska” GEFarna fungerar 
via utstötning av den bundna nukleotiden, och inte genom stabiliering av 
GTP-bindningen. Vi har därför introducerat konceptet GTP-stabiliserande 
faktor, GSF (eng. GTP Stabilizing Factor), som en ny spelare i regleringen 
av GTPasernas funktionella cykel. 
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