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Abstract: The elongation factors G (EF-G) and Tu (EF-Tu) go through anumber of conformation states in their 
functional cycles. Since they both are GTPases, have similar G domains and domains 11, and have similar 
interactions with the nucleotides, then GTP hydrolysis must occur in similar ways. The crystal structures of two 
conformational states are known for EF-G and three are known for EF-Tu. The conformations of EF-G.GDP 
and EF-Tu.GTP are closely related. EF-Tu goes through a large conformational change upon GTP cleavage. 
This conformational change is to a large extent due to an altered interaction between the G domain and domains 
I1 and 111. A number of kirromycin-resistant mutations are situated at the interface between domains I and 111. 
The interface between the G domain and domain V in EF-G corresponds with this dynamic interface in EF-Tu. 
The contact area in EF-G is small and dominated by interactions between charged amino acids, which are part of 
a system that is observed to undergo conformational changes. Furthermore, a number of fusidic acid resistant 
mutants have been identified in this area. All of this evidence makes it likely that EF-G undergoes a large 
conformational change in its functional cycle. If the structures and conformational states of the elongation 
factors are related to a scheme in which the ribosome oscillates between two conformations, the 
pretranslocational and posttranslocational states, a model is arrived at in which EF-Tu drives the reaction in one 
direction and EF-G in the opposite. This may lead to the consequence that the GTP state of one factor is similar 
to the GDP state of the other. At the GTP hydrolysis state, the structures of the factors will be close to 
superimposable. 

Key words: elongation factor G, elongation factor Tu, crystal structures, conformational changes, ribosomal 
conformation. 

Resume : Les facteurs d'tlongation G (EF-G) et Tu (EF-Tu) prennent diverses configurations au cours de leur 
action. Puisque ce sont deux GTPases ayant des domaines G et des domaines I1 semblables et interagissant de 
fagon analogue avec les nucltotides, les deux facteurs doivent hydrolyser le GTP de la m&me faqon. Les 
structures des cristaux de deux configurations d'EF-G et de trois d'EF-Tu sont connues. Les configurations 
d'EF-G.GDP et d'EF-Tu.GTP sont trks semblables. EF-Tu subit un important changement de configuration lors 
de I'hydrolyse du GTP. Ce changement de configuration est principalement attribuable B une modification de 
l'interaction entre le domaine G et les domaines I1 et 111. Certaines mutations entrainant une rtsistance k la 
kirromycine sont localistes k l'interface des domaines I et 111. L'interface du domaine G et du domaine V de 
I'EF-G est tquivalent B cette interface dynamique de I'EF-Tu. Dans 1'EF-G, la surface de contact est petite et les 
interactions se font principalement entre des acides amints charges se trouvant dans une portion qui subit des 
changements de configuration. De plus, certaines mutations entrdnant une rtsistance B l'acide fusidique ont Ctk 
identifikes dans cette rkgion. L'ensemble de ces donntes indique que 1'EF-G subirait un important changement 
de configuration lors de son cycle d'action. Si les structures et les configurations des facteurs d'klongation sont 
replactes dans un mtcanisme oh le ribosome oscille entre deux configurations, les ttats prC- et post- 
translocation, on obtient un modkle oh la rtaction est entrainke dans un sens par 1'EF-Tu et dans le sens oppost 
par 1'EF-G. Par condquent, le complexe d'un facteur avec le GTP est semblable au complexe de l'autre facteur 
avec le GDP. Lors de l'hydrolyse du GTP, les structures des deux facteurs seraient presque superposables. 

Mots elks : facteur d'tlongation G, facteur d'tlongation Tu, structures cristallines, changements de 
configuration, configuration du ribosome. 
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Table 1. Structures of different conformational states of EF-G and EF-Tu. 

Factor (species) Complex Resolution Ref. 

EF-G (T. thermophilus) - 2.8 A Evarsson et al. 1994 
EF-G (T. themzophilus) GDP 2.7 A Czworkowsky et al. 1994 
EF-G (T. themzophilus) GDP 2.4 A 
EF-Tu (E. coli, trypsin modified) GDP 2.6 A Kjeldgaard and Nyborg 1992 
EF-Tu (T. thermophilus) GMPPNP 1.7 A Berchtold et al. 1993 
EF-Tu (T. aquaticus) GMPPNP 2.5 A Kjeldgaard et al. 1993 
EF-Tu (T. aquaticus) GMPPNP + phe-tRN~'~' 2.7 A Nissen et al. 1995 

Fig. 1. The conformational cycle for G proteins (Wvarsson et al. On one hand, EF-Tu interacts with posttranslocational 
1994). The G proteins change conformation as a response to the ribosomes in binding a cognate tRNA to the A site. EF- 
bound nucleotide. GAP, GTPase-activating component; GEF, G Tu.tRNA interacts with ribosomes when the A site is empty, 
nucleotide exchange component both with regard to the area for codon-anticodon interaction 

on the 30s subunit and the area at the peptidyl transfer site on 
the 50s subunit. EF-G, on the other hand, interacts with ribo- 

G T P - +  @ somes where the codon-anticodon interaction remains but 
where the tRNA in the A site is associated with the nascent 83 peptide close to the site for peptidyl transfer. 

13 EF-Tu undergoes a drastic conformational change upon 
GTP hydrolysis (Berchtold et al. 1993; Kjeldgaard et al. 
1993). Small changes in the G domain lead to totally different 
contacts between the G domain and the other two domains. It 
is remarkable that EF-G in complex with GDP has a confor- 
mation that is similar to EF-Tu in complex with GMPPNP 
(Czworkowski et al. 1994; Evarsson et al. 1994). We will dis- 
cuss whether EF-G undergoes a similar conformational 
change to that of EF-Tu but opposed to the conformational 
change in EF-Tu and in parallel to the oscillations of the ribo- 
some between its two states. 

The domain structure of EF-G 

Introduction 

Several G proteins or GTPases interact with the ribosome. 
These are primarily the translation factors IF-2, EF-Tu, EF-G, 
and RF-3. All G proteins are molecular switches and go 
through a number of conformational states in their functional 
cycle (Fig. 1; Bourne et al. 1990). These states are dictated by 
the bound nucleotide (GTP or GDP) or by the receptor. In the 
case of protein synthesis, the ribosome is the receptor. For an 
understanding of the function of the factors, we need to 
explore the structures of the different states. This review will 
discuss some functional aspects of the elongation factors that 
have been obtained from the structural work on EF-G and EF- 
Tu. Table 1 gives a summary of the states that so far have been 
characterized by structure determinations. 

The ribosomal GTPases, and among them the elongation 
factors, are known to interact with overlapping sites on the 
ribosome (for a review see Liljas 1982). The ribosome has two 
different conformations, the pretranslocational and posttrans- 
locational states (Spirin 1969, 1988; Moller 1974; Burma et al. 
1986). The binding of EF-G to ribosomes in the pretransloca- 
tional state with a peptidyl tRNA in the A site causes translo- 
cation of both the tRNA and the mRNA (Kaziro 1978). 
Subsequently, EF-G is induced to hydrolyse the bound GTP 
and dissociate from the ribosome (Kaziro 1978). This step puts 
the ribosome in the posttranslocational state. 

EF-G (Fig. 2) is a highly elongated protein with a maximal 
length of 120 A (1 A = 0.1 nm) (Czworkowski et al. 1994; 
Evarsson et al. 1994). It has five structural domains, com- 
pared with the three domains in EF-Tu. The G domain has a 
core common to all GTPases and an additional subdomain, G'. 
This insert has also been observed through sequence analysis 
in different forms in some other G proteins that interact with 
the ribosome (Evarsson et al. 1994; Evarsson 1995). 

Domain I1 of EF-G is a P-barrel structure that was first 
observed in EF-Tu where it also is domain I1 (Kjeldgaard and 
Nyborg 1992). From sequence comparisons it has been shown 
that all GTPases interacting with the ribosome have a domain 
I1 homologue (Bvarsson et al. 1994; Evarsson et al. 1995). 
The possible function of this will be discussed below. 

Domain 111 is currently only partly observed since it is a 
very flexible part of the molecule. From studies of crystals at 
liquid nitrogen temperature, it can be concluded that the 
mobility is not primarily due to thermal motion but most be 
due to several conformations that are present simultaneously 
in the protein (S. Al-Karadaghi, unpublished observations). 

Domain IV is an elongated domain at the opposite end of 
the molecule from the G domain. It has an unusual fold where 
two parallel P-strands are connected by an a-helix forming a 
left-handed structure contrary to the common right-handed 
structure. A left-handed arrangement is usually related to 
function. The unusual fold of this domain has also been 
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Fig. 2. The structure of EF-G (Evarsson et al. 1994; 
Czworkowski et al. 1994). The figure was produced using 
MOLSCRIIT (Kraulis 1991). The amino and carboxy termini 
are indicated and the domains are marked. Domain I consists of 
subdomains G and G'. 

observed in ribosomal protein S5 (Murzin 1995). Whether this 
is coincidence or if there is an evolutionary or functional rela- 
tionship is not known. 

Finally, domain V has a structure that is closely similar to 
ribosomal protein S6 (Lindahl et al. 1994; Evarsson et al. 
1994; Czworkowski et al. 1994). This type of fold, called a 
double-split P-a-P, has been observed in a large number of 
proteins (Orengo and Thomton 1993). One large subfamily of 
these proteins is RNA binding proteins. Here the structure of 
the RNA binding domain of U1A has been determined both 
alone (Nagai et al. 1990) and in complex with a fragment of 
RNA (Oubridge et al. 1994). A large number of the ribosomal 
proteins for which the structure is known have closely similar 
folds (Ramakrishnan et al. 1995). 

Domain V has an interface with the G domain. This inter- 
face is rich in charged amino acid residues, contrary with nor- 
mal stable domain interactions. Primarily, Glu119 forms 

Fig. 3. The conformational changes in the G domain of EF-G 
upon dissociation of GDP. (a) The conformation of the P loop 
(residues 19-23) with (green) and without (red) bound GDP. In 
the empty form, the loop is closed. The nucleotide binding 
requires an open conformation of the loop. In the open form 
(green), His20 is located in a position occupied by Gln117 in the 
closed form (red). To allow room for Gln117 in the GDP 
conformational state, helix C, has to move along its axis. (b)  In 
its GDP-bound conformation (green), Gln117 occupies space 
where Val88 is located in the empty form (red). Va188, which is 
part of the switch I1 loop, obviously has to move. The 
conformational changes at the nucleotide binding site can thus be 
transmitted to other domains through the switch I1 loop and helix 

c,. 

Helix t& 

Helix CC 

hydrogen bonds with three arginines and there are several 
additional arginines and lysines in close proximity. 

Two particularly interesting parts of the structures of all G 
proteins are the effector region and the switch I1 region 
(Bourne et al. 1990). In the present structures of EF-G, the 
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Fig. 4. The arrangement of the homologous domains (I and I1 blue) is closely similar in EF-G.GDP 
and EF-Tu.GDPNP but very different in EF-Tu.GDP. Thus, the inactive form of EF-G resembles the 
active form of EF-Tu. The locations of fusidic acid and kirromycin resistant mutations in the two 
elongation factors are illustrated (red). The occurrence of mutations around helix CG at a domain 
interface in both proteins may indicate that this surface is a site of structural rearrangements in both 
proteins (a )  EF-G.GDP (left) and EF-Tu.GDPNP (right). (b)  EF-Tu.GDP. 

effector region is not observed, as a result of structural disor- 
der. The switch I1 region of EF-G has an interesting location in 
contact with four of the domains but is still accessible for 
external interactions. Generally, in G proteins, this region has 
essential interactions with the receptors and controls the con- 
formational states of the proteins. 

Conformational changes in EF-G 

The structures of EF-G in the empty form and in complex with 
GDP have been compared (S. Al-Karadaghi, A. Evarsson, M. 
Garber, J. Zheltonosova, and A. Liljas, in preparation). All 
domains move to different extents in relation to the G domain. 
The movements on the whole become larger further away 
from the G domain and are maximally around 5 A for main 
chain atoms. Some details are of considerable interest. In the 
empty from of EF-G, the P loop (residues 19-23) is closed 
(Fig. 3a). Upon binding of GDP the loop opens up. As a con- 
sequence of this, His20 moves into space previously occupied 

by Gln117, which has to move (Fig. 3b). In its new location, 
Glnl17 displaces Val88 of the switch I1 region. This leads to a 
new position for part of the switch I1 region, which may be 
part of the reason for the conformational rearrangements of 
the other domains. 

Glnl17 is part of helix C,. The movement of this residue is 
partly due to a shift of helix CG along its axis. Since helix CG is 
located at the interface to domain V, it may have important 
consequences for the interactions between domains I and V 
and for the conformational changes of the molecule. In the two 
available structures, Glu119 does not alter its hydrogen bond- 
ing arrangement despite the movement of helix C,, to which it 
belongs. 

Comparisons of the structures of EF-G 
and EF-Tu 

The structure of EF-Tu is known in three different states 
(Table 1). As has already been mentioned, two of the domains 
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Fig. 5. The charge distribution on the surface of EF-G is very 
distinct. Blue represents positive potential and red represents 
negative potential. The molecule is rotated 180" around its long 
axis compared with Fig. 2. Of particular interest are the inclined 
stripes of negative charges over domain IV (top narrow part of 
the molecule). This area then has similarities to the side with T 
loop of tRNA not only in its shape but also in its charge 
distribution. The figure was produced using GRASP (Nicholls et 
al. 1991). 

of EF-Tu (domains I (or G) and 11) have homologous domains 
in EF-G. The third domain in EF-Tu has no structural corre- 
spondence in EF-G, but domain V of EF-G is located in a cor- 
responding region in contact with the G domain. One 
remarkable observation (Czworkowski et al. 1994; Kvarsson 
et al. 1994) is that the GTP conformation of EF-Tu is closely 
similar to the GDP conformation of EF-G with regard to the 
domain arrangement, even though there are minor differences 
(Fig. 4a). On the other hand, the two GDP conformations are 
widely dissimilar both in the locations of domains I1 and the 
conformation of the switch I1 regions in both proteins (Fig. 
4b). 

A highly remarkable finding is that the overall shape of the 
ternary complex of EF-Tu.GMPPNP with P ~ ~ - ~ R N A ' ~ ~  is 
very similar to EF-G.GDP (Nissen et al. 1995). Thus, the 

tRNA part of the complex superimposes on domains 111, IV, 
and V of EF-G. Here it seems as if the protein is imitating the 
tRNA. This is true to the extent that even the surface charge 
distribution on domains IV and V resemble the distribution of 
negative charges on the surface of tRNA (Fig. 5). However, 
this is true only for one side of the protein; the opposite side, 
the side with the effector region, has a more random distribu- 
tion of charges. The anticodon part of the tRNA corresponds 
to the tip of domain IV, about 70 A from the nucleotide-bind- 
ing site of the factor. The surface with tRNA-like charge dis- 
tribution corresponds to the side with the T loop of the tRNA 
and would be expected to interact with some components in 
the small subunit since the codon-anticodon-interaction 
occurs there. The side with the D loop of the tRNA would, 
from the same argument, face the large subunit. The function 
of the eukaryotic factor EF-11, which corresponds to EF-G, is 
inhibited by ADP ribosylation at the tip of domain IV. 

Antibiotic resistance 

Certain antibiotics can inhibit protein synthesis by locking the 
elongation factors in some functional state. In the case of EF- 
Tu, kirromycin prevents the transition to the GDP conforma- 
tion after GTP hydrolysis. As a consequence, EF-TU remains 
on the ribosome (Wolf et al. 1974). Kirromycin can also 
induce GTP hydrolysis by EF-Tu in the absence of ribosomes 
(Wolf et al. 1974). A number of mutants in EF-TU that give 
resistance against kirromycin have been characterized. Sev- 
eral of these mutations are located on the interface between the 
G domain and domain I11 (Fig. 4; Abdulkarim et al. 1994). 
One possible explanation for the resistance is that the mutants 
destabilize the GTP conformation and permit the transition to 
the GDP conformation. Other possible explanations are that 
the mutants affect the binding site for the antibiotic or that 
they destabilize the factor interaction with the ribosome. 

EF-G is inhibited by fusidic acid in a similar manner 
(Kaziro 1978). In the presence of this antibiotic, EF-G remains 
bound to the ribosome even after GTP cleavage. Several of the 
mutations leading to fusidic acid and kirromycin resistance are 
in both factors located in helix CG, which is at the interface 
between the G domain and domain V or I11 in EF-G and EF- 
Tu, respectively (Fig. 4; Czworkowski et al. 1994; Evarsson 
et al. 1994; Johansson and Hughes 1994). Unlike kirromycin, 
fusidic acid cannot induce EF-G to hydrolyze GTP off the 
ribosome. This may be due to the fact that fusidic acid binds 
very poorly in the absence of ribosomes. 

The functional cycle of the elongation 
factors 

It cannot be excluded that EF-G, like EF-Tu, goes through a 
large conformational change in its functional cycle. Since the 
antibiotics prevent the conformational transitions of the fac- 
tors, it is possible that some of the resistant mutations at 
domain interfaces facilitate the transitions from the GTP to the 
GDP conformations. An alternative explanation is that these 
mutants have a weaker interaction with the ribosome. How- 
ever, in such a case, a very significant conformational change 
is needed to expose these residues for interactions with the 
ribosome because they are buried between two domains. It is 
also unlikely that the hydrophobic antibiotics bind at this 
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highly polar surface and that this particular group of mutations 
would decrease their binding affinity. Thus, the most probable 
effect of the mutations at this interface is that they destabilize 
the GTP conformation or otherwise facilitate the transition to 
the GDP conformation, after which the factors fall off from the 
ribosome. 

All observations discussed above lead to the conclusion 
that EF-G may undergo a large conformational change. Since 
the GDP conformation of EF-G is closely related to the GTP 
conformation of EF-Tu, an interesting possibility is that EF- 
G.GTP is similar to EF-Tu.GDP and that the interfaces 
between the G domain and domains V, and 111, respectively, 
play important roles in controlling these transitions. In this 
review, we discuss the consequences of the hypothesis that the 
conformational changes of the elongation factors are opposite 
in direction and related to the oscillation in ribosome structure 
between the pretranslocational and posttranslocational state. 

As we have mentioned above, kirromycin alone can induce 
GTPase activity in EF-Tu (Wolf et al. 1974). This illustrates 
the fact that the factor alone has all of the essential components 
of the active enzyme. Furthermore, it has been found that an 
EF-Tu fragment lacking domain I11 has an increased rate of 
intrinsic GTP hydrolysis (M. Sprinzl, personal communica- 
tion). This indicates that domains I and I1 constitute a complete 
GTPase and that domain I11 is regulating the activity to occur 
only as a response to specific signalling from the ribosome. 
The spatial relation between domains G and I1 defines the 
functional state of the factor. Domain I1 is a constant part of all 
ribosomal GTPases (Evarsson et al. 1994; Evarsson 1995) 
and may, therefore, be part of the GTPase activating system 
(GAP). 

The large conformational change of the elongation factors 
could in principle occur after GTP hydrolysis. If, however, 
they go through the cycle in opposite directions, it is possible 
that one of the factors goes through the large conformational 
change upon binding to the ribosome and the other one after 
GTP hydrolysis. In such a case, we would propose that EF-G 
undergoes the large conformational change upon binding to 
the ribosome, since it is known that translocation occurs upon 
binding (Inoue-Yokosawa et al. 1974). It would seem natural 
that the factor changes its conformation in relation to the ribo- 
somal conformation change. According to this description, the 
large conformational change in EF-G precedes GTP hydroly- 
sis, whereas for EF-Tu, the GTP hydrolysis leads to a large 
conformational change. 

In addition to the large conformational changes in the elon- 
gation factors it is obvious that smaller changes occur in the 
other steps in the functional cycle (Fig. 1). 

The interplay between the ribosome and 
the elongation factors 

As described in the previous section, EF-G.GTP promotes 
ribosomal translocation upon binding. GTP hydrolysis is not 
needed for translocation. It is less well known when the con- 
version to the pretranslocational state occurs. It would, how- 
ever, seem unlikely to occur before the hydrolysis of GTP by 
EF-Tu. In such case, it would need to be converted back to the 
posttranslocational state, even for ternary complexes rejected. 
The differences between pretranslocational and posttransloca- 
tional ribosomes are presently not well described on a molec- 

Fig. 6. Hypothetical scheme for the functional and structural 
relationship between the elongation factors and the ribosome. If 
one disregards the binding of tRNAs to the ribosome, its 
functional cycle can be described as an oscillation between two 
conformational states, the pretranslocational (pre) and 
posttranslocational (post) ribosome. The elongation factors 
catalyse the conversion between these two states. The free 
factors on the left-hand side of the figure related to the 
posttranslocational ribosomes are very similar in structure. Both 
factors interact with the same area of the ribosome in very similar 
manners and are induced to hydrolyze GTP by the same 
mechanism. Thus, the elongation factors follow parallel 
conformational developments in interacting with the ribosome. 
Thus, the large conformational change expected to occur for EF- 
G may be similar to what is seen for EF-Tu. aa, amino acid; 
conform., conformational. 

EF-Tu:t:TF:rs.tHKA 

GTP hydrolysis Conform. change 

Post 
EF-G:GDP EF-G:GTP 

ular level. One interesting observation is that ribosomes, 
starved for aminoacyl-~RNA and, therefore, presumably in the 
posttranslocational state, have an open configuration (0fver- 
stedt et al. 1994). 

Models based on the two main conformational states of the 
ribosome have been discussed earlier (see, e.g., reviews by 
Spirin 1969, 1988; Moller 1974, 1990; Mesters et al. 1994). 
Despite the scarcity of information, the new structural results 
provide the ground for a different model for the interaction 
between the ribosome and the factors (Fig. 6). According to 
this model, the ribosome oscillates between two states cata- 
lysed in opposite directions by the two elongation factors. The 
two transitions in ribosome conformation (post to pre and pre 
to post) are associated with the dissociation of EF-Tu.GDP 
and the association of EF-G.GTP, respectively. 

Several of the translational GTPases (and maybe all of 
them) bind to overlapping sites on the ribosome (Liljas 1982). 
EF-G.GDP and EF-Tu.GTP.tRNA have structures that can 
overlap (Nissen et al. 1995) and are related to the same con- 
formation (posttranslocation) of the ribosome. It seems highly 
unlikely that the two similar factors and the ribosomal binding 
site for them has evolved to hydrolyse GTP in two different 
ways. Thus, the transition states of the GTPase active confor- 
mations must be closely similar. In the GTPase-activated 
sates, the detailed conformations of domains I and 11 of the 
elongation factors are highly similar and the ribosomal 
GTPase activating component interacts with both factors in 
similar ways. It would then seem entirely possible that EF- 
G.GTP and EF-Tu.GDP are similar since they are related to 
the same conformational state (pretranslocation) of the ribo- 
some and have, therefore, to adapt to the same sterical require- 
ments of the binding site between the ribosomal subunits. 

One observation that correlates well with this model (Fig. 
6) is the accessibility of the ribosomal proteins to trypsin at 
different conformational states of the ribosome (Gudkov and 
Bubunenko 1989). Thus, on one hand, L7L12 is very accessi- 
ble to trypsin both when EF-Tu.GDP dissociation from the 
ribosome is inhibited by kirromycin and when EF-G is bound 
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Fig. 7. The possible mode of interaction for EF-G with the 
ribosome in the posttranslocational state. This then imitates the 
way in which the ternary complex of EF-Tu binds to the 
ribosome before GTP hydrolysis. In this state, the anticodon end 
of the tRNA is associated with the decoding site and the 
aminoacyl end of the tRNA is associated with the G domain 
close to the base of the L7L12 stalk and far away from the 
peptidyl transfer site on the 50s subunit. 

in complex with GMPPNP. These two conformations of the 
ribosome are found to the right of the GTP hydrolysis state in 
Fig. 6. On the other hand, L7L12 becomes inaccessible to 
trypsin in the two cases of EF-Tu bound in complex with 
GMPPNP or EF-G.GDP bound in the presence of fusidic acid. 
According to our model, these two conformational states of the 
ribosome also correspond to each other and are just to the left 
of the GTP hydrolysis state. 

The previous incompatibility of the factor and tRNA inter- 
acting sites on the ribosome may be reinterpreted from the 
elongated form of the ternary complex of EF-Tu and of EF-G. 
The anticodon of the tRNA is found in one end and the G 
domain in the other. This allows the anticodon to interact with 
the mRNA associated with the 30s subunit, probably in the 
region between the platform and the main body of the subunit 
(Fig. 7). At the same time, the G domain interacts with the 50s 
subunit at the base of the L7tL12 stalk (Stoffler and Stoffler- 
Meilicke 1986; Oakes et al. 1986; Moller and Massen 1986; 
Liljas 1982). The approximate distance between these sites 
agrees with the size of the ternary complex. In this binding 
mode, the aminoacyl end of the tRNA will be far from the pep- 
tidy1 transfer site, which is below and on the L1 side of the cen- 
tral protuberance of the 50s subunit. When the tRNA 
dissociates from EF-Tu, the arninoacyl end will have to 
undergo a large shift in orientation. This shift in orientation 
may coincide with the transition to the pretranslocational state 
of the ribosome. 

If EF-G.GTP has a different conformation from EF- 
G.GDP, it cannot be aligned with the ternary complex bound 
to the ribosome. It would then seem possible that the G 
domain binds in the vicinity of the base of the L7lL12 stalk. 
Translocation then occurs associated with a conformational 

change in EF-G from the GTP conformation to the GTPase 
conformation. In this conformational change, domain IV 
replaces the peptidyl-tRNA in the A site (Czworkowski et al. 
1994). 

Acknowledgements 
The authors thank P. Nissen, J. Nyborg, M. Sprinzl, U. 
Johansson, and D. Hughes for sharing data with us before pub- 
lication. We are also grateful to them as well as to A.S. Spirin 
and P.B. Moore for valuable discussions. This work was sup- 
ported by the Russian Foundation of Fundamental Investiga- 
tions, Russian Academy of Sciences, Swedish Natural Science 
Research Council, The National Board for Industrial and 
Technical Development, and The Swedish Royal Academy of 
Sciences. 

References 
Abdulkarim, F., Liljas, L., and Hughes, D. 1994. Mutations to kirro- 

mycin resistance occur in the interface of domains I and I11 of 
EF-Tu.GTP. FEBS Lett. 352: 118-122. 

Wvarsson, A. 1995. Structure-based sequence alignment of elonga- 
tion factors. Tu and G with related GTPases involved in transla- 
tion. J. Mol. Evol. 41. In press. 

Wvarsson, A,, Brazhnikov, E., Garber, M., Zheltonosova, J., Chir- 
gadze, Yu., Al-Karadaghi, S., Svensson, L.A., and Liljas, A. 
1994. Three-dimensional structure of the ribosomal translocase: 
elongation factor G from Thermus themophilus. EMBO J .  13: 
3669-3677. 

Berchtold, H., Reshetnikova, L., Reiser, C.O.A., Schirmer, N.K., 
Sprinzl, M., and Hilgenfeld, R. 1993. Crystal structure of active 
elongation factor Tu reveals major domain rearrangements. 
Nature (London), 365: 126-132. 

Bourne, H.R., Sanders, D.A., and McCormick, F. 1990. The GTPase 
superfamily: a conserved switch for diverse cell functions. 
Nature (London), 348: 125-132. 

Burma, D.P., Srivastava, S., Srivastava, A.K., Mahanti, S., and 
Dash, D. 1986. Conformational change of 50s ribosomes during 
protein synthesis. In Structure, function and genetics of ribo- 
somes. Edited by B. Hardesty and G. Kramer. Springer-Verlag, 
New York. pp. 438-453. 

Czworkowski, J., Wang, J., Steitz, T.A., and Moore, P.B. 1994. The 
crystal structure of elongation factor G complexed with GDP at 
2.7A resolution. EMBO J. 13: 3661-3668. 

Gudkov, A.T., and Bubunenko, M.G. 1989. Conformational changes 
in ribosomes upon interaction with elongation factors. Bioche- 
mie, 71: 779-785. 

Inoue-Yokosawa, N., Ishikawa, C., and Kaziro, Y. 1974. The role of 
guanosine triphosphate in translocation reaction catalyzed by 
elongation factor G. J. Biol. Chem. 249: 4321-4323. 

Johansson, U., and Hughes, D. 1994. Fusidic acid-resistant mutants 
define three regions in elongation factor G of Salmonella typh- 
imurium. Gene, 143: 55-59. 

Kaziro, Y. 1978. The role of guanosine-S'triphosphate in polypep- 
tide elongation. Biochim. Biophys. Acta, 505: 95-127. 

Kjeldgaard, M., and Nyborg, J. 1992. Refined structure of elonga- 
tion factor Tu from Escherichia coli. J. Mol. Biol. 223: 721-742. 

Kjeldgaard, M., Nissen, P., Thirup, S., and Nyborg, J. 1993. The 
crystal structure of elongation factor Tu from Thermus aquaticus 
in the GTP conformation. Structure (London), 1: 35-50. 

Kraulis, P.J. 199 1. MOLSCRIPT: a program to produce both detailed 
and schematic plots of protein structures. J. Appl. Crystallogr. 
24: 946-950. 

Liljas, A. 1982. Structural studies of ribosomes. Biophys. Mol. Biol. 
40: 161-228. 

B
io

ch
em

. C
el

l B
io

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

05
/3

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



Biochem. Cell Biol. Vol. 73, 1995 

Lindahl, M., Svensson, L.A., Liljas, A,, Sedelnikova, S.E., 
Eliseikina, I.A., Fomenkova, N.P., Nevskaya, N., Nikonov, S.V., 
Garber, M.B., Muranova, T.A., Rykonova, A.I., and Amons, R. 
1994. Crystal structure of the ribosomal protein S6 from Thermus 
thermophilus. EMBO J. 13: 1249-1254. 

Mesters, J.R., Potapov, A.P., de Graaf, J.M., and Kraal, B. 1994. 
Synergism between the GTPase activities of Ef-Tu.GTP and EF- 
G.GTP on empty ribosomes. Elongation factors as stimulators of 
the ribosome oscillation between two conformations. J. Mol. 
Biol. 242: 644-654. 

Moller, W. 1974. The ribosomal components involved in EF-G and 
EF-Tu-dependent GTP hydrolysis. In Ribosomes. Edited by M. 
Nomura, A. Tissieres, and P. Lengyei. Cold Spring Harbor Labo- 
ratory Press, Cold Spring Harbour, N.Y. pp. 711-731. 

Moller, W. 1990. Hypothesis: ribosomal protein L12 drives rota- 
tional movement of tRNA. In The ribosome: structure, function 
and evolution. Edited by W.E. Hill, A. Dahlberg, R.A. Garrett, 
P.B. Moore, D. Schlessinger, and J.R. Warner. American Society 
for Microbiology, Washington, D.C. pp. 380-389. 

Moller, W., and Maassen, J.A. 1986. On the structure, function 
and dynamics of L7L12 from Escherichia coli ribosomes. In 
Structure, function and genetics of ribosomes. Edited by B. 
Hardesty and G. Kramer, Springer-Verlag, New York. pp. 309- 
325. 

Murzin, A. 1995. A ribosomal protein module in EF-G and DNA 
gyrase. Nat. Struct. Biol. 2: 25-26. 

Nagai, K., Oubridge, C., Jessen, T.-H., Li, J., and Evans, P.R. 1990. 
Crystal structure of the RNA binding domain for the U1 small 
nuclear ribonucleoprotein A. Nature (London) 348: 515-520. 

Nicholls, A., Sharp, K.A., and Honig, B. 1991. Protein folding and 
association: insights from the interfacial and thermodynamic 
properties of hydrocarbons. Proteins, 11: 281-296. 

Nissen, P., Kjeldgaard, M., Thirup, S., Polekhina, G., Reshetnikova, 
L., Clark, B.F.C., and Nyborg, J. 1995. Crystal structure of the 
ternary complex of the Phe-tRNAPhe, EF-Tu and a GTP analog. 
Science (Washington, D.C.), 270: 1464-1472. 

Oakes, M., Henderson, E., Scheinman, A., Clark, M., and Lake, J.A. 
1986. Ribosome structure, function, and evolution: mapping 
ribosomal RNA, proteins, and functional sites in three dimen- 
sions. In Structure, function and genetics of ribosomes. Edited by  
B. Hardesty and G. Kramer. Springer-Verlag, New York. pp. 47- 
67. 

Ofverstedt, L.G., Zhang, K., Tapio, S., Skoglund, U., and Isaksson, 
L.A. 1994. Starvation in vivo for aminoacyl-tRNA increases the 
spatial separation between the ribosomal subunits. Cell, 79: 629- 
638. 

Orengo, C.A., and Thornton, J.M. 1993, Alpha plus beta folds revis- 
ited: some favoured motifs. Structure (London), 1: 105-120. 

Oubridge, C., Ito, N., Evans, P.R., Teo, C.-H., and Nagai, K. 1994. 
Crystal structure at 1.92 A resolution of the RNA binding 
domain of the U1A spliceosomal protein complexed with an 
RNA hairpin. Nature (London) 372: 432438. 

Ramakrishnan, V., Davies, C., Gerchman, S.E., Golden, B.L., Hoff- 
mann, D.W., Jaishree, T.N., Kycia, J.H., Porter, S., and White, 
S.W. 1995. Structures of prokaryotic ribosomal proteins: impli- 
cations for RNA binding and evolution. Biochem. Cell Biol. 73. 
This issue. 

Spirin, A.S. 1969. A model of the functioning ribosome: locking and 
unlocking of the ribosome subparticles. Cold Spring Harbor 
Symp. Quant. Biol. 34: 197-207. 

Spirin, A.S. 1988. Energetics and dynamics of the protein synthesiz- 
ing machinery. In The roots of modem biochemistry. Edited by 
H. Kleinkauf, H. von Dohren, and R. Jaenicke. Walter de Gruyter 
& Co., Berlin, New York. pp. 511-533. 

Stoffler, G., and Stoffler-Meilicke, M. 1986. Irnrnuno electron 
microscopy on Escherichia coli ribosomes. In Structure, function 
and genetics of ribosomes. Edited by B. Hardesty and G. Kramer. 
Springer-Verlag, New York. pp. 2 8 4 6 .  

Wolf, H. Chinali, G., and Parmeggiani, A. 1974. Kirromycin, an 
inhibitor of protein biosynthesis that acts on elongation factor Tu. 
Proc. Natl. Acad. Sci. U.S.A. 71: 4910-4914. 

B
io

ch
em

. C
el

l B
io

l. 
D

ow
nl

oa
de

d 
fr

om
 w

w
w

.n
rc

re
se

ar
ch

pr
es

s.
co

m
 b

y 
C

or
ne

ll 
U

ni
ve

rs
ity

 o
n 

05
/3

1/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.




