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Abstract
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Protein synthesis is a highly complex process executed by the ribosome in coordination with
mRNA, tRNAs and translational protein factors. Several antibiotics are known to inhibit
bacterial protein synthesis by either targeting the ribosome or the proteins factors involved
in translation. Fusidic acid (FA) is a bacteriostatic antibiotic that blocks polypeptide chain
elongation by locking elongation factor-G (EF-G) on the ribosome. Mutations in fusA, the gene
encoding bacterial EF-G, confer high-level of resistance towards FA.  Antibiotic resistance in
bacteria is often associated with fitness loss, which is compensated by acquiring secondary
mutations. In order to understand the mechanism of fitness loss and compensation in relation to
FA resistance, we have characterized three S. aureus EF-G mutants with fast kinetics and crystal
structures. Our results show that, the causes for fitness loss in the FA-resistant mutant F88L are
resulting from significantly slower tRNA translocation and ribosome recycling. Analysis of the
crystal structures, together with the results from our biochemical studies enabled us to propose
that FA-resistant EF-G mutations causing fitness loss and compensation operate by affecting
the conformational dynamics of EF-G on the ribosome. EF-G is a G-protein belonging to the
GTPase super-family. In all the translational GTPases, a conserved histidine (H92 in E. coli EF-
G) residue, located at the apex of switch II in the G-domain is believed to play a crucial role
in ribosome-stimulated GTP hydrolysis and inorganic phosphate (Pi) release. Mutagenesis of
H92 to alanine (A) and glutamic acid (E) showed different degree of defect in different steps
of translation. Compared to wild type (WT) EF-G, mutant H92A showed a 10 fold defect in
ribosome mediated GTP hydrolysis whereas the other mutant H92E showed a 100 fold defect.
However, both the mutants are equally defective in single round Pi release (100 times slower
than WT). When checked for their activity in mRNA translocation, H92A and H92E were
10 times and 100 times slower than WT respectively. Results from our tripeptide formation
experiments revealed a 1000 fold defect for both mutants. Altogether, our results indicate that
GTP hydrolysis occurs before tRNA translocation, whereas Pi release occurs probably after or
independent of the translocation step. Further, our results confirm that, His92 has a vital role
residue in ribosome-stimulated GTP hydrolysis and Pi release.
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Introduction 

Bacterial protein synthesis 
The genetic information stored in DNA is transcribed into mRNA in a pro-
cess called transcription; the process by which the information on mRNA is 
decoded into the corresponding sequence of amino acids is called translation. 
Protein synthesis is a highly complex process executed by the ribosome in 
coordination with mRNA, tRNAs and several translational protein factors. 
Thanks to progress in structural biology and biochemistry, our knowledge of 
this process has advanced to the extent that different steps of translation can 
be followed in molecular detail. 
          Ribosomes are huge macromolecular structures with a molecular 
weight of approximately 2.5 MDa and a diameter over 200 Å (Williamson, 
2009). Composed of ribosomal RNAs (rRNA) and proteins (r-proteins), 
ribosomes are the most complicated RNA-protein complex in the cell. The 
bacterial ribosome (70S) is made up of two subunits, the large or 50S subu-
nit and the small or 30S subunit. The large subunit is composed of two 
strands of RNA, the 23S (2900 nucleotides) and 5S (120 nucleotides) rRNA 
along with 33 proteins whereas the small subunit is made up of a single 
strand of RNA, the 16S rRNA (1540 nucleotides) and 21 proteins (Cate et al, 
1999; Yusupov et al, 2001). The ribosomal subunits associate to form the 
70S ribosome and interact through several RNA-helices called inter-subunit 
bridges (Gabashvili et al, 2000; Yusupov et al, 2001). The two subunits have 
unique functions in the ribosome. The 30S subunit harbors the decoding 
center (DC) with the function of recognizing the cognate tRNAs bearing the 
correct amino acid from a large pool of non-cognate and near-cognate 
tRNAs (Wilson & Nierhaus, 2003). The 50S subunit, with its peptidyl trans-
ferase center (PTC), is mainly involved in the catalysis of peptide bond for-
mation (Wilson & Nierhaus, 2003). 
          The pool of tRNAs provide the physical link between the two worlds 
of RNA and protein. The anti-codon end of the tRNA binds the amino acid 
that will be incorporated into the growing polypeptide chain, while the other 
end contains the anticodon that interacts with themRNA on the ribosome to 
translate the genetic code. The tRNA synthetasases charge the tRNAs with 
the appropriate amino acid and high accuracy of this process is vital to the 
fidelity of translation. Ribosomes have three binding sites for tRNA mole-
cules called the A, P and E sites which are located at the subunit interface 
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(Rheinberger et al, 1981). The A-site or the aminoacyl site which is the entry 
point for all tRNAs except for initiator tRNA which binds directly to the P-
site. The P-site or the peptidyl site holds the peptidyl tRNA with the attached 
peptide chain. The E-site is called the exit site since it provides room to the 
deacylated tRNA that is about to exit the ribosome. Translation is divided 
into four major phases: initiation, elongation, termination and ribosome re-
cycling.  

 
Figure 1. Crystal structure of the 70S ribosome. The 50S subunit is shown in light 
grey and the 30S subunit is shown in light pink. The E, P and A-site bound tRNAs 
are shown in green and the mRNA shown in blue. The location of the PTC (red) and 
the DC (yellow) can also be seen. The image was made in PyMol using coordinates 
from the crystal structure of T. thermophilus 70S ribosome (PDB 2J00, 2J01). 

Initiation 
Initiation of protein synthesis sometimes starts even before the mRNA is 
completely synthesized. A proper initiation complex requires that the mRNA 
is positioned at the correct location on the 30S subunit so that the start codon 
is placed in the P-site. This positioning is crucial since initiation of protein 
synthesis at a different position other than the correct start codon leads to the 
synthesis of an inactive or even harmful protein. Exact positioning of the 
start codon is often achieved with the help of a stretch on mRNA called the 
Shine-Dalgarno sequence (SD) which interacts with a complimentary se-
quence (anti-SD sequence) located on the 16S rRNA of the 30S subunit 



 13

(Shine & Dalgarno, 1974; Yusupov et al, 2001). Three protein initiation 
factors termed IF1, IF2 and IF3 participate in the initiation phase of bacterial 
protein synthesis and each of the factors have a specific function.  
        After the splitting of post-translocation ribosome into subunits, IF3 
rapidly binds to the 30S subunit and catalyzes the dissociation of the bound 
deacylated tRNA (Karimi et al, 1999) IF3 is also thought to play a signifi-
cant role in discriminating initiator tRNAs from the elongator tRNAs by 
recognizing structural motifs that are unique to the initiator tRNAs (Hartz et 
al, 1990) IF2 is one of the four major translational GTPases and is conserved 
in all the three kingdoms of life (Choi et al, 2000). The major function of IF2 
is to recognize and facilitate the binding of the initiator tRNA to the P-site of 
the 30S subunit. Usually tRNAfMet is the initiator tRNA and formylation of 
the methionine allows IF2 to differentiate initiator tRNAs (fMet-tRNAfMet) 
from the elongator tRNAs (such as Met-tRNAMet) (Antoun et al, 2006; 
Varshney et al, 1993a). Besides that, tRNAfMet also bears a unique 3G:C base 
pair motif in the anticodon stem-loop which also acts as a discriminating 
factor (Seong & RajBhandary, 1987; Varshney et al, 1993b). The exact func-
tion of IF1 is not fully understood but it has been proposed that, by sitting in 
the A site, it prevents the premature binding of tRNAs to the A-site during 
initiation (Carter et al, 2001). Together with IF3, IF1 was demonstrated to 
induce conformational changes in the 30S subunit indirectly promoting bind-
ing of the initiator tRNA to the 30S initiation complex (Carter et al, 2001).  

Elongation 
The elongation phase of bacterial protein synthesis is accomplished in three 
major steps which are termed decoding, peptide bond formation and translo-
cation. By the end of the initiation phase, the 70S initiation complex is left 
with an initiator tRNA bound at the P-site and a vacant A-site exposing the 
next codon of the open reading frame (ORF). Elongation factor-Tu (EF-Tu) 
delivers the next aminoacyl-tRNA (aa-tRNA) to the A-site in the form of a 
ternary complex comprising EF-Tu, aa-tRNA and GTP (Stark et al, 1997). 
Whether the incoming tRNA is accepted or rejected depends on the com-
plementarily of the anticodon on tRNA to the corresponding codon of the 
mRNA in the A-site. The fidelity of translation relies on the correct selection 
of the cognate aa-tRNA from a large pool of near-cognate and non-cognate 
tRNAs during each round of elongation. 

Decoding of aa-tRNAs: 
The process of discriminating cognate aa-tRNAs from other competing aa-
tRNAs is called decoding and the 30S subunit has this function. A high level 
of accuracy is achieved in a two-step process. During “initial selection”, 
non-cognate ternary complexes are immediately rejected from the A-site 
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prior to the stimulation of GTP hydrolysis on EF-Tu (Rodnina et al, 2002). 
Cognate and near-cognate aa-tRNA complexes that pass the initial screening 
are subjected to a second level of selection called proofreading. During the 
second step, which occurs after GTP hydrolysis, the near-cognate aa-tRNAs 
dissociate from the ribosome rather than being accommodated into the PTC 
of the 50S subunit (Rodnina et al, 2002). Crystal structures of the 30S subu-
nit and the 70S ribosome have shown that, three universally conserved bases 
A1492, A1493 and G530 from the 16S rRNA span the minor groove of the 
codon-anticodon duplex in the 30S A-site (Ogle et al, 2001; Yusupov et al, 
2001). Bases A1493 and A1492 interact with the first and second positions 
of the codon-anticodon helix respectively whereas base G530 interacts with 
both the second position of the codon and third position of the anticodon 
(Ogle et al, 2001).  
          The third, or “wobble” position of the codon is not stringently moni-
tored like the first two positions and permitted to accept non-Watson-Crick 
base pairs (Ogle et al, 2001; Ogle et al, 2003). Thus, by sensing the correct 
geometry of the codon-anticodon interactions, the ribosome is able to dis-
criminate between Watson-Crick base pairing and mismatches in the first 
two positions (Ogle et al, 2001). Binding of cognate aa-tRNA in the A-site 
induces conformational changes in the decoding center of the 30S subunit 
that will eventually lead to rapid hydrolysis of GTP on EF-Tu and its subse-
quent release from the ribosome as EF-Tu-GDP (Ogle et al, 2001; Ogle et al, 
2003). In order to reinitiate another round of elongation, EF-Tu-GDP must 
exchange its GDP for GTP which is accomplished with the help of EF-Ts, 
another translational protein that acts as guanine nucleotide exchange factor 
(GEF) for EF-Tu (Rodnina et al, 2002). 

Peptidyl transferase reaction: 
After the dissociation of EF-Tu-GDP from the ribosome and accommodation 
of aa-tRNA into the A-site, the amino acid or the polypeptide chain attached 
to the peptidyl tRNA in the P-site is rapidly transferred to the aa-tRNA sit-
ting in the ribosomal A-site. This step is called peptidyl transfer and is cata-
lyzed by the components of peptidyl transfer center (PTC) located in the 50S 
subunit. Peptidyl transfer begins with the α-amino group of A-site tRNA 
attacking the peptidyl residue of P-site tRNA which results in the formation 
of tetrahedral intermediate that finally leads to peptide bond formation 
(Trobro & Aqvist, 2005; Wilson & Nierhaus, 2003). Whether peptidyl trans-
fer is catalyzed by ribosomal proteins or ribosomal RNA remained a highly 
debated question for a long time. Initially it was believed that proteins form 
the catalytic core of the PTC and RNA acted as scaffold for those proteins. 
But, later it was evidenced that 23S rRNA, not proteins, catalyze the peptidyl 
transfer reaction and the ribosome can act as a ribozyme (Cate et al, 1999; 
Noller et al, 1992). This concept gained further support when the crystal 
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structure of the 50S subunit was solved at high resolution (Ban et al, 2000; 
Nissen et al, 2000). It was clearly evident from the crystal structures of the 
50S that the active site of the PTC was entirely made of ribosomal RNA. 
The catalytic core of PTC is formed by the highly conserved residues from 
domain V of 23S rRNA and is placed in close proximity with the α-amino 
group of the aminoacyl tRNA positioned at the A-site. (Nissen et al, 2000; 
Wilson & Nierhaus, 2003).  

Translocation of tRNAs: 
After the peptidyl transfer step, the ribosome is left with a peptidyl tRNA 
carrying the nascent peptide at the A-site and a deacylated tRNA in the P-
site. The ribosomal complex at this stage of protein synthesis is called a pre-
translocation ribosome. In order to continue the elongation cycle, the pep-
tidyl tRNA in the A-site is moved to the P-site and the deacylated tRNA in 
the P-site is moved to the E-site. The movement of tRNAs is coupled to the 
movement of mRNA which moves towards the E-site by three bases so that 
a new codon is placed in the A-site for the binding of a new cognate tRNA 
carrying the next amino acid to be incorporated into the growing polypeptide 
chain. This synchronized movement of the tRNAs and the mRNA is called 
translocation and is catalyzed by the protein EF-G. The different steps of 
translocation are further discussed in detail later in this thesis. 

Termination 
The elongation phase of protein synthesis continues until a stop codon 
(UAA, UGA and UAG) on the mRNA is exposed in the ribosomal A-site. 
The nascent polypeptide chain is released from the peptidyl tRNA in the P-
site when a class I release factor (RF) interacts with this stop codon. Two 
class I release factors are present in bacteria termed RF1 and RF2, each of 
them is specialized to recognize a set of stop codons. RF1 is specific for 
UAA and UAG whereas RF2 is specific for UAA and UGA (Kisselev & 
Buckingham, 2000; Poole & Tate, 2000). Since the RFs can crosslink with 
the stop codons in the A-site, it was proposed that they mimic aa-tRNAs 
structurally and functionally (Ito et al, 1996; Poole & Tate, 2000). Mimick-
ing the tRNAs facilitates the class I RFs to interact with the DC of the small 
subunit and PTC of the large subunit and this simultaneous interaction with 
both the DC and PTC allows the class I RFs to recognize the stop codons on 
the mRNA and then trigger the release of nascent polypeptide chain from the 
peptidyl tRNA anchored to P-site (Poole & Tate, 2000).  
 
Biochemical studies have revealed that the universally conserved GGQ (Gly-
Gly-Glu) motif present in domain III of class I RFs interacts with the PTC of 
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the 50S subunit and induces the hydrolysis of the ester bond on the P-site 
tRNA thereby releasing the newly synthesized peptide (Kisselev et al, 2003; 
Zavialov et al, 2002). Mutations in the GGQ motif will affect the peptide 
releasing abilities of the RFs while leaving other interactions between the 
factors and the ribosome unchanged (Rawat et al, 2003; Zavialov et al, 
2002). Through amino acid substitutions, it was found that a conserved 
tripeptide motif present in class I RFs determines specificity for these fac-
tors: PAT (Pro-Ala-Thr) motif of RF1 is responsible for identifying stop 
codons UAA and UAG whereas SPF (Ser-Pro-Phe) motif of RF2 is respon-
sible for identifying UAA and UGA (Ito et al, 1996; Nakamura & Ito, 2002).  
          After the release of the nascent polypeptide, class I release factors are 
removed from the ribosome by class II release factor RF3 in a GTP depend-
ent manner (Freistroffer et al, 1997). RF3 binds to the ribosome in its GDP 
form and the presence of class I RFs in the post-termination complex trig-
gers the rapid dissociation of GDP from RF3 (Pallesen et al, 2013; Zavialov 
et al, 2001). Subsequent GTP binding to RF3 induces conformational chang-
es both in RF3 and the ribosome (Gao et al., 2007) and RF3 in its new con-
formation induces the rapid release of class I RFs from the ribosome 
(Zavialov et al, 2002). This is followed by hydrolysis of GTP on RF3 and 
the GDP conformation of RF3 has low affinity for the ribosomal complex 
which leads to rapid dissociation of the factor from the ribosome (Gao et al, 
2007; Zavialov et al, 2002).  

Recycling 
In order to initiate a new round of protein synthesis, the mRNA and deacyl-
ated tRNA that are still bound to the post-termination ribosome must be re-
moved and the 70S ribosome be split into subunits in a process called ribo-
some recycling. The post-termination 70S complex with an empty A site and 
a deacyalated tRNA sitting in the P site is targeted by ribosome recycling 
factor (RRF) and EF-G and the combined action of these two translational 
factors splits the 70S ribosome into 50S and 30S subunits (Karimi et al, 
1999; Peske et al, 2005; Savelsbergh et al, 2009; Zavialov et al, 2005). Even 
though it is agreed upon that IF3 has an important role in ribosome recy-
cling, its exact function is debated. Two models were put forward to explain 
the role of IF3 in the process of RRF and EF-G-mediated ribosome splitting. 
According to one model, IF3 is directly involved in the dissociation of ribo-
somal subunits (Hirokawa et al, 2002; Kaji et al, 2001) whereas the other 
model demonstrates that IF3 does not participate directly in ribosome split-
ting but instead it is necessary for the removal of deacylated tRNA from the 
30S subunit (Karimi et al, 1999; Peske et al, 2005; Zavialov et al, 2005). 
After 70S ribosome was split into subunits, IF3 binds to the small subunit 
and prevents the premature association of 50S subunit until IF2 and initiator 
tRNA have bound to the 30S subunit, thereby acting as an anti-association 
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factor (Zavialov et al, 2005). It was shown that binding of EF-G in its GTP 
bound state is necessary to promote subunit splitting and no splitting was 
observed when GTP was replaced by a non-hydrolysable GTP analogue 
GDPNP, suggesting that GTP hydrolysis by EF-G is required for efficient 
subunit dissociation (Karimi et al, 1999; Peske et al, 2005). 

 

 
Figure 2. Overview of the different phases of the bacterial translation cycle; Initia-
tion, Elongation, Termination and Ribosome recycling. 

Translocation and EF-G 
The translocation step of protein synthesis is very complex and its molecular 
mechanism is not completely understood. Translocation is characterized by 
the sequential movement of the deacylated tRNA from ribosomal P-site to 
the E-site and the peptidyl-tRNA from ribosomal A-site to the P-site leaving 
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the ribosome with an empty A-site, so that the next cognate ternary complex 
can bind and continue elongation. This movement of tRNAs is coupled to 
the movement of their respective codons on the mRNA so that a correct 
reading frame is maintained until a complete polypeptide is synthesized. In 
the late 1960s, a model was proposed by Spirin to explain the mechanism of 
translocation (Spirin, 1969). According to this model, the ribosome cycles 
between two distinct conformational states termed the “locked” and “un-
locked” states at each mRNA codon that is translated during the elongation 
phase of protein synthesis. In the locked state, the ribosomal subunits are 
tightly associated, holding the tRNAs in position and preserving the mRNA 
in the correct reading frame. Immediately after peptide bond formation be-
tween the amino acids of P and A site tRNAs, the ribosome switches to the 
unlocked state.  In this unlocked state, the ribosome loosens its grip on the 
bound tRNAs, allowing free movement of tRNAs as well as ribosomal sub-
units, eventually leading to the translocation of tRNAs and mRNA. Full 
translocation returns the ribosome to the previous locked state, once again 
restricting the movement of the tRNAs and ribosomal subunits. In 1968, 
based on the universal design of ribosomes containing two subunits, Bretch-
er hypothesized that ribosome unlocking will position the tRNAs in a new 
hybrid binding state that is different from their classical binding state and it 
is somehow coupled to the relative movement of ribosomal subunits 
(Bretscher, 1968). 

Hybrid binding states for the tRNAs: 
The existence of hybrid states for the tRNAs was first shown by Moazed and 
coworkers with the help of chemical foot printing studies on pretranslocation 
ribosomes (Moazed & Noller, 1989). Based on their studies, a two-step hy-
brid states model for translocation was put forward. During the first step, the 
aminoacyl ends of the deacylated and peptidyl tRNAs sitting in the P and A 
sites respectively move to the E and P sites on the 50S subunit but their anti-
codon ends on the 30S subunit remain bound to their respective P and A 
sites. This movement results in the formation of hybrid binding states for the 
tRNAs with the deacylated tRNA bound in the 30S P site and 50S E site 
(P/E hybrid state) and the peptidyl tRNA bound in the 30S A site and 50S P 
site (A/P hybrid state). In the second step of translocation, the anti-codon 
ends of the hybrid P/E and A/P tRNAs and their associated codons on 
mRNA are translocated into the E and P sites of the 30S subunit, eventually 
returning the tRNAs to their classical E/E and P/P binding states. The first 
step of translocation can occur spontaneously but the second step is energy 
dependant and is catalyzed by EF-G in combination with GTP (Moazed & 
Noller, 1989). The existence of tRNAs in the hybrid states was further vali-
dated by various experimental techniques like cryo-EM, X-ray crystallog-
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raphy as well as bulk and single molecule FRET studies and will be dis-
cussed in the following sections. 

Ribosome ratcheting: 
Consistent with the “locking” and “unlocking” model proposed by Spirin, 
cryo EM reconstructions of 70 ribosomes with bound tRNAs and ribosome-
EF-G complexes trapped at various stages of translocation by using either 
non-hydrolysable GTP analogues or the antibiotic fusidic acid (Agirrezabala 
et al, 2008; Frank & Agrawal, 2000; Frank et al, 2007; Gao et al, 2003; 
Julian et al, 2008; Ratje et al, 2010) and high-resolution crystal structures 
(Chen et al, 2013; Gao et al, 2009; Korostelev et al, 2006; Schuwirth et al, 
2005; Tourigny et al, 2013; Zhang et al, 2009; Zhou et al, 2013) had shown 
that ribosome undergoes large conformational changes during the elongation 
phase. The most important of these rearrangements occurs between the ribo-
somal subunits where the 30S subunit undergoes a 3°-10° counter clockwise 
rotation with respect to the 50S subunit. A two-step ribosome ratcheting 
model, based on the mechanism of inter-subunit movement, was proposed 
by Frank and coworkers to explain the process of tRNA-mRNA transloca-
tion (Frank & Agrawal, 2000; Frank et al, 2007). According to this model, 
tRNA-mRNA translocation is accomplished in two consecutive steps. The 
first step begins after peptide formation with the unlocking of the ribosome. 
Binding of EF-G-GTP to this unlocked ribosome favors the counter clock-
wise movement of the 30S subunit with respect to the 50S subunit and stabi-
lizes the tRNAs in their hybrid P/E and A/P binding states. In the second 
step, GTP hydrolysis by EF-G triggers the movement of the anti-codon ends 
of tRNAs relative to the small subunit finally translocating the tRNAs in the 
hybrid P/E and A/P binding sites into the classical E/E and P/P binding sites 
respectively. The movement of anti-codon ends is coupled to the movement 
of mRNA by one codon.  
        When rotation between the two ribosomal subunits was blocked by a 
disulphide bridge engineered between the small subunit protein S6 and the 
large subunit protein L12, translocation was completely inhibited, suggesting 
that ribosome ratcheting is key to translocation (Horan & Noller, 2007). The 
ratcheted ribosome along with its bound hybrid state tRNAs represents a 
different structural conformation that is intermediate between the pre and 
post translocational ribosomal states (Frank et al, 2007). By labeling the P 
and A-site tRNAs with fluorescent probes, recent single-molecule fluores-
cence energy transfer (FRET) experiments on pretranslocation ribosomes 
have shown that, after peptide bond formation, tRNAs in the P and A sites 
spontaneously fluctuate between the classical and hybrid states (Blanchard et 
al, 2004; Kim et al, 2007; Munro et al, 2007). In order to gain further insight 
into the mechanism of inter-subunit ribosomal rotation, fluorescent probes 
have been attached to ribosomal proteins S6 and S11 on the small subunit 
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and L9 on the large subunit. FRET studies on these labeled pretranslocation 
ribosomes have revealed that ribosomal subunits spontaneously fluctuate 
between the rotated and nonrotated conformational states of the ribosome 
(Aitken et al, 2010; Cornish et al, 2008; Ermolenko et al, 2007; Ermolenko 
& Noller, 2011; Guo et al, 2012; Munro et al, 2010). Together, these studies 
suggest that the spontaneous movement of ribosomal subunits between the 
two conformational states is coupled to the fluctuation of tRNAs between the 
classical and hybrid binding states (Aitken et al, 2010; Blanchard et al, 2004; 
Cornish et al, 2008; Fei et al, 2009; Munro et al, 2007) A pretranslocation 
complex with tRNAs in the hybrid state conformation is more favorable for 
EF-G binding and translocation than with tRNAs in the classical state con-
formation (Dorner et al, 2006; Munro et al, 2007). Binding of EF-G·GTP to 
this unlocked state was found to stabilize the hybrid state conformation of 
the fluctuating tRNAs as well as the rotated conformation of the subunits 
(Cornish et al, 2008; Ermolenko et al, 2007; Ermolenko & Noller, 2011; Fei 
et al, 2009; Spiegel et al, 2007).  
          The acylation state of P-site tRNA in the pre translocational ribosome 
complex plays a crucial role in inducing P/E hybrid state formation as well 
as inter-subunit rotation (Cornish et al, 2008; Ermolenko et al, 2007; Valle et 
al, 2003; Zavialov & Ehrenberg, 2003). The presence of an aminoacid or a 
polypeptide on the P-site bound tRNA inhibits the EF-G induced inter-
subunit movement and subsequent removal of this peptide form the P-site 
tRNA by puromycin treatment promotes ratchet-like subunit rotation in the 
presence of EF-G (Valle et al, 2003). Through FRET experiments, it was 
shown that, ribosomes containing the peptidyl tRNA analog N-Ac-Phe-
tRNAPhe  in the P-site were predominantly found in the classical, non-rotated 
conformation whereas the ones with P-site bound deacylated tRNAPhe were 
mostly observed in their hybrid, rotated conformation (Cornish et al, 2008; 
Ermolenko et al, 2007). Two views were put forward to explain the possible 
underlying mechanism. According to Valle and coworkers; when a peptidyl 
tRNA is present in the P-site, it simultaneously interacts with the PTC of 
50S subunit through its peptide on the CCA end and with the 30S DC 
through its ASL. As long as the connection between the bound peptide and 
the PTC is not broken, the P-site tRNA might act as a stabilizing link be-
tween the ribosomal subunits, thereby restricting their relative movement 
(Valle et al, 2003). Alternatively, Cornish and others proposed that, in order 
to establish stable interactions with the 50S E-site, the acceptor end of the P-
site bound tRNA needs to be deacylated. The presence of either a single 
amino acid or a peptide is thought to prevent the P-site tRNA from interact-
ing with the 50S E-site eventually blocking its movement into the P/E hybrid 
state (Cornish et al, 2008).  
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Rotation of the 30S head: 
The ratchet-like inter-subunit rearrangement during the translocation step of 
protein synthesis is accompanied by a swivel movement of the 30S head 
domain relative to its body. The 30S head undergoes a nearly orthogonal 
rotation relative to the inter-subunit rotation of ribosomal subunits and plays 
an important role in controlling the position of  tRNAs on the ribosome dur-
ing ribosome ratcheting (Frank et al, 2007; Ratje et al, 2010; Schuwirth et al, 
2005; Zhang et al, 2009; Zhou et al, 2013). In a pre-translocating ribosome, 
the 16 rRNA bases G1338-U1341 present in the head domain and base A790 
present in the shoulder of 30S subunit form a stable ridge between the P and 
E sites (Frank et al, 2007; Schuwirth et al, 2005; Zhou et al, 2013). In the X-
ray crystal structure of the 70S ribosome, the distance between the α-carbons 
of the residues A1340 and A790 is around 14 Å (Yusupov et al, 2001). This 
small gap would impede the movement of the anti-codon stem loops of 
tRNA form P to E site in the 30S subunit during translocation (Frank et al, 
2007; Schuwirth et al, 2005). Binding of EF-G·GTP and subsequent GTP 
hydrolysis might open this ridge and widen this gap and allow the passage of 
anti-codon ends so that translocation of tRNAs can occur with respect to 30S 
subunit (Frank et al, 2007; Schuwirth et al, 2005). Recently, crystal struc-
tures of 70S ribosome complexes trapped in intermediate stages of transloca-
tion revealed that, in fact it is the rotation of the 30S head domain that breaks 
the constriction between 30S P and E sites and increases the gap between 
A1340 and A790 to 24 Å eventually making room for the movement of the 
anti-codon stem loops through the 30S subunit P-site into the E-site (Zhou et 
al, 2013). Together, these findings implicate that, a large swiveling of 30S 
head domain during ribosome ratcheting is crucial for tRNA-mRNA translo-
cation (Guo & Noller, 2012; Ratje et al, 2010; Zhou et al, 2013).  

Role of the L1 stalk: 
The L1 stalk is a highly dynamic structural element present in the 50S subu-
nit and is universally conserved. Ribosomal protein L1, together with helices 
H76-78 from 23S ribosomal RNA of the large subunit constitutes the L1 
stalk (Fei et al, 2008; Gao et al, 2003; Valle et al, 2003). The L1 stalk plays 
an important role in directing the movement of tRNAs during translocation 
and assisting the release of E-site tRNA (Chen et al, 2013; Cornish et al, 
2009; Fei et al, 2008; Schuwirth et al, 2005). Ribosomes lacking protein L1 
show a significant defect in protein synthesis (Subramanian & Dabbs, 1980). 
In the crystal structure of the 70S ribosome with a vacant E site, the L1 stalk 
is found in an “open” conformation, positioned away from the body of the 
50S subunit (Schuwirth et al, 2005). The stalk assumes a “closed” confor-
mation when the E site is occupied by a deacylated tRNA either in the clas-
sical E/E bound state (Korostelev et al, 2006; Selmer et al, 2006) or hybrid 
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P/E bound state (Chen et al, 2013; Gao et al, 2003; Valle et al, 2003; Zhou et 
al, 2013). In its closed conformation, the L1 stalk moves towards the inter-
subunit space and interacts with the elbow region of E/E or P/E tRNA. Ra-
ther than a closed conformation, the L1 stalk actually adopts an intermediate 
“half-closed” conformation when it interacts with the deacylated tRNA 
bound in the E/E state (Cornish et al, 2009). By fluctuating between three 
distinct structural states relative to the body of the 50S subunit, the L1 stalk 
is thought to facilitate the movement of tRNAs from P to E-site (Chen et al, 
2013; Cornish et al, 2009; Fei et al, 2009; Fei et al, 2008). Valle proposed 
that, ribosome ratcheting and the interaction of the L1 stalk with the hybrid 
P/E tRNA occur only in the presence of EF-G-GTP (Valle et al, 2003) but 
FRET studies revealed that, L1 stalk interaction with hybrid P/E tRNA oc-
curs spontaneously and rapidly after peptide bond formation and before EF-
G-GTP binding (Cornish et al, 2009; Fei et al, 2009; Fei et al, 2008; Valle et 
al, 2003). Binding of EF-G-GTP stabilizes the otherwise fluctuating L1 stalk 
into its closed conformation (Chen et al, 2013; Cornish et al, 2009; Fei et al, 
2008). 

 
Figure 3. Scheme showing the various steps in translocation. The ratcheted (rotated) 
state of the ribosome is shown in blue whereas the unratcheted (unrotated) state is 
shown in green. 
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EF-G, a translational G-protein 
EF-G is one of the four major translational G-proteins along with IF2, EF-Tu 
and RF3 that catalyze different steps of translation by participating in the 
various phases of bacterial protein synthesis such as initiation, elongation 
and termination. They all belong to the GTPase super family and are highly 
conserved in bacteria (Caldon et al, 2001; Margus et al, 2007). During the 
GTP cycle, the G-proteins usually exist in two different conformations: an 
active GTP-bound conformation, induced by binding of GTP and an inactive 
GDP-bound conformation (Bourne, 1995; Bourne et al, 1991). Several regu-
latory proteins are also involved in the GTPase cycle of the G-proteins 
(Bourne, 1995). The intrinsic GTPase activity of G-proteins is very low and 
factors that accelerate the hydrolysis reaction are called as GTPase activating 
proteins (GAPs) and the ones that help in GDP to GTP exchange are called 
guanosine nucleotide exchange factors (GEFs). By cycling between inactive 
“off” state and active “on” states, GTPases serve as molecular switches that 
can be used to regulate different cellular processes (Bourne, 1995; Bourne et 
al, 1990; Vetter & Wittinghofer, 2001). All the G-proteins contain a com-
mon nucleotide-binding domain called the G-domain that carries out the 
basic functions of G-proteins such as nucleotide binding and GTP hydroly-
sis. The G-domain has a conserved structure with a characteristic fold which 
is composed of six strands of β sheet and five α helices, connected together 
by several hydrophilic loops (Bourne et al, 1991) and hence classified under 
α, β proteins, a character that is typical for nucleotide-binding proteins 
(Vetter & Wittinghofer, 2001). The G-proteins can be either solely com-
posed of the core G-domain, as in case of Ras p21 and RhoC or can have 
additional domains like EF-Tu (3 domains) and EF-G (5 domains). Lining 
the nucleotide binding site, the G-domain has four to five distinct elements 
which are highly conserved in the GTPase super family. These conserved 
elements, designated as G1, G2, G3, G4 and G5 sequence motifs are essen-
tial for the binding and exchange of guanine nucleotides, GTP hydrolysis, 
GTP induced conformational changes and for interactions with the cofactor, 
Mg2+ (Bourne et al, 1991).  

G1 (P-loop): 
The G1 motif is also called the phosphate binding loop (P-loop) motif and 
has a highly conserved consensus GXXXXGK(S/T) sequence (Bourne et al, 
1991; Dever et al, 1987). The P-loop spans over the bound nucleotide and 
interacts with its α- and β- phosphates. Interactions between β- phosphate 
and the conserved lysine residue of the P-loop are necessary for the tight 
binding of nucleotide (Vetter & Wittinghofer, 2001). Mutation of this lysine 
to glutamic acid in EF-Tu completely abolishes its affinity for GTP  (Hwang 
et al, 1989). A conserved interaction of  P-loop lysine with serine and threo-
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nine residues from DXXG motif of switch II was observed in EF-G and 
eEF2  (Hansson et al, 2005b).  

G2 (Switch I): 
The switch I or G2 motif, also referred to as the effector loop, is a highly 
flexible element in the G-domain and contains the RGITI consensus se-
quence, specific for the subfamily of translational GTPases (Bourne et al, 
1991; Caldon et al, 2001). The highly conserved threonine of switch I inter-
acts directly with the γ- phosphate of the bound GTP and also coordinates 
the Mg2+ ion (Nissen et al, 1995). This crucial residue plays an important 
role in the conformational change of switch I following GTP hydrolysis 
(Bourne et al, 1991). In its GTP conformation, switch I interacts with the 
Mg2+ ion whereas in the GDP conformation, switch II appears more relaxed 
and its interaction with Mg2+ is lost (Vetter & Wittinghofer, 2001).  

G3 (Switch II): 
The G3 motif or switch II is also flexible like switch I and has a characteris-
tic DXXG sequence which is highly conserved in all GTPases (Bourne et al, 
1991; Vetter & Wittinghofer, 2001). The invariant aspartate residue coordi-
nates the Mg2+ ion through an intervening water molecule while the con-
served glycine residue forms a hydrogen bond with the γ- phosphate of the 
bound GTP (Bourne et al, 1991). The glycine of the DXXG motif is imme-
diately followed by a histidine that is conserved in all translational GTPases 
and is known to play a crucial role in ribosome stimulated GTP hydrolysis. 
Interestingly, in other G-proteins this His is replaced by a glutamine (Bourne 
et al, 1991).  

G4 and G5 motifs: 
The G4 motif has a characteristic NKXD sequence that is conserved in all 
members of the GTPase super family (Bourne et al, 1991). The conserved 
asparagine interacts with the guanine ring of the bound nucleotide while the 
lysine and aspartic acid stabilize the guanine nucleotide binding site by in-
teracting with the G1 motif. In this way the G4 motif plays a major role in 
the binding of guanine nucleotides (Bourne et al, 1991; Vetter & 
Wittinghofer, 2001). The G5 region is not conserved in all GTPases and it 
interacts indirectly with the guanine nucleotide through hydrogen bonds that 
stabilize the side chains of the conserved asparagine and aspartic acid resi-
dues of the G4 motif (Bourne et al, 1991). 
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Figure 4. Closeup view of the G domain showing important sequence motifs. The 
P-loop is shown in reddish brown; Switch I is shown in blue and switch II is shown 
in yellow. The image was made in PyMol using coordinates from S. aureus EF-G 
(PDB, 2XEX) 

Structure of EF-G in solution 
During the past two decades, structures of several wild type EF-Gs and their 
mutants, mostly from the bacterium Thermus thermoplilus were solved using 
X-ray crystallography. The first ever crystal structure of wild type EF-G in 
its apo-form from Thermus thermophilus was solved in 1994 (AEvarsson et 
al, 1994) closely followed by the advent of GDP bound crystal structures of 
wild type EF-G from the same bacterium (Czworkowski et al, 1994; 
Karadaghi et al, 1996). In the following years, different mutant EF-Gs, again 
from Thermus thermoplilus, both in their apo and nucleotide bound forms 
were solved (Hansson et al, 2005a; Hansson et al, 2005b; Laurberg et al, 
2000a). In 2010, the first EF-G structure from a pathogenic bacterium, 
Staphylococcus aureus was solved (Chen et al, 2010). There are around 690 
amino acid residues in EF-G and it has a molecular weight of about 77 kDa.     
The EF-G in solution had an extended structure consisting five domains, 
namely G, II, III, IV and V. The G domain has an additional G' sub-domain 
inserted into the G domain and this subdomain is present only in EF-G, 
eEF2, RF3 and LepA and is absent in other members of the GTPase super-
family. The G' subdomain is shown to interact with the NTD of ribosomal 
protein L11 in the ribosome bound structure of EF-G trapped by FA 
(Agrawal et al, 2001) but the exact function of this sub-domain is not fully 
understood.  
          The G domain consists the consensus GTP fold, characteristic of the 
GTPases and contains a central six-stranded mostly parallel β-sheet sur-
rounded by five α-helices. The G' sub-domain is made up of four-strands of 
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anti-parallel β-sheets and three α-helices. Domain II is a β-sandwich com-
pletely built by β-strands and is highly similar to domain II of EF-Tu 
(Czworkowski et al, 1994). Domains III and V, each contain four anti-
parallel β-strands and two α-helices forming a double split β-α-β motif. Both 
these domains have a high level of sequence similarity with the correspond-
ing domains in eEF-2 (Czworkowski et al, 1994). Apart from the four-
stranded β-sheets and two α-helices making the β-α-β motif, domain IV con-
tains an additional β-sheet and a helix (AEvarsson et al, 1994). Domain IV 
protrudes from the rest of the molecule and is connected to domains III and 
V by two small β-strands. The overall conformation and domain arrange-
ment of the nucleotide-free EF-G is almost similar to its nucleotide-bound 
counterpart with minute differences. The solution structure of EF-G will be 
discussed further in paper I. 

Structure of EF-G on the ribosome 
The ribosome bound structure of EF-G was first visualized with the help of 
cryo-EM by stalling EF-G on the ribosomal complexes either with non-
hydrolysable GTP analogues, GMPPNP, GDPNP and GDPCP or by using 
the antibiotic FA (Agrawal et al, 2001; Agrawal et al, 1998; Stark et al, 
2000). Later, several high-resolution crystal structures of EF-G bound ribo-
some complexes trapped at various stages of translocation have emerged 
(Chen et al, 2013; Gao et al, 2009; Tourigny et al, 2013; Zhou et al, 2013). 
These structures have enhanced our understanding of the ribosome induced 
conformational changes on EF-G as well as EF-G induced structural rear-
rangements on the ribosome during EF-G catalyzed translocation. Together, 
these structures revealed that, when bound to the ribosome, EF-G attains a 
confirmation that is significantly different from the ones observed in its ribo-
some-free state regardless of the nature of the bound nucleotide. 
          The G domain of EF-G locates below the L7/L12 stalk and it interacts 
with the sarcin-ricin-loop (SRL) of 23S rRNA in the 50S subunit. (Agrawal 
et al, 1998; Chen et al, 2013; Connell et al, 2007; Gao et al, 2009; Stark et al, 
2000)The crucial functional components present in the G-domain surround-
ing the nucleotide binding pocket include the flexible switch I and switch II 
elements and the P-loop (Chen et al, 2013; Connell et al, 2007; Gao et al, 
2009; Tourigny et al, 2013; Zhou et al, 2013). Switch I is ordered and found 
to interact with domain III when EF-G is trapped on the ribosome using non-
hydrolysable GTP analogues (Chen et al, 2013; Tourigny et al, 2013; Zhou 
et al, 2013) whereas it becomes disordered after GTP hydrolysis as seen in 
the post-translocational ribosome complexes (Connell et al, 2007; Frank et 
al, 2007; Gao et al, 2009) (Frank, 2007; Connell, 2007; Gao, 2009). Arg61 
of switch I interacts with the SRL of 23S rRNA while the side chain of 
Thr64 simultaneously interacts with both the γ- phosphate oxygen of GTP 
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and the Mg2+ ion (Chen et al, 2013; Zhou et al, 2013). In the nucleotide 
binding pocket, the γ- phosphate of the bound GTP is surrounded by several 
highly conserved residues such as Asp22 and Lys 25 from the P-loop and 
His87 from switch II (Chen et al, 2013; Tourigny et al, 2013). The catalytic 
His87 residue is positioned closer to the γ- phosphate of GTP in the pre-
translocation state of EF-G (Chen et al, 2013; Tourigny et al, 2013) while it 
is found pointed away in the post-translocation state (Connell et al, 2007; 
Gao et al, 2009). This conformation of His87 is stabilized by interactions 
with the phosphate oxygen atom of residue A2662 from the SRL and this 
interaction is thought to be crucial for the function of His87 during GTP 
hydrolysis (Chen et al, 2013; Tourigny et al, 2013). 
          Between the free and ribosome-bound EF-G structures, the most strik-
ing difference is observed in the orientation of domain IV relative to the rest 
of the molecule. In the ribosome-bound state, a reorganization of domains 
III, IV and V relative to domains G and II results in a 25-30 Å movement of 
the tip of domain IV in comparison to the structure of EF-G off the ribosome 
(Connell et al, 2007; Frank et al, 2007; Gao et al, 2009; Stark et al, 2000; 
Valle et al, 2003). This movement allows domain IV to insert deep into the 
30S decoding center and interact with the anti-codon stem loop of the P-site 
bound tRNA and mRNA (Chen et al, 2013; Connell et al, 2007; Gao et al, 
2009; Zhou et al, 2013). Besides that it also makes extensive contacts with 
the universally conserved base A1493 of 16S rRNA (Gao et al, 2009). Based 
on the cryo-EM reconstructions of eEF2 bound to the 80S ribosome, it was 
suggested that, GTP hydrolysis on EF-G results in a shift of domain IV 
which detaches the tRNA-mRNA duplex from the 30S decoding center so 
that translocation can occur together with a head rotation of 30S subunit 
(Taylor et al, 2007). Analyzing the crystal structure of EF-G in the post-
translocation state gave rise to another proposal, that domain IV closely in-
teracts with the A-site tRNA and its codon throughout their translocation 
into the P-site thereby facilitating translocation without slippage of the read-
ing frame (Gao et al, 2009). 
          Binding of EF-G to the ribosome induces a rotation of domain III rela-
tive to domains G and II. Domain III simultaneously contacts protein S12, 
switch I of the G domain as well as 16S rRNA and the SRL (Chen et al, 
2013; Gao et al, 2009; Tourigny et al, 2013). This rotation results in the al-
teration of interactions between the G domain switch regions and domain III, 
especially with switch I that helps in the stabilization of domain III (Chen et 
al, 2013; Connell et al, 2007). By contacting both the ribosomal subunits, 
domain III can sense whether the subunits are in a rotated or non-rotated 
conformation and might signal the onset of GTP hydrolysis (Gao et al, 
2009). Domain II interacts with the 30S subunit in the vicinity of proteins S4 
and S12 and contacts the 16S rRNA (Agrawal et al, 1998; Connell et al, 
2007; Gao et al, 2009). Domain V interacts with the 50S subunit in the re-
gion of 23S rRNA (Agrawal et al, 1998; Connell et al, 2007; Zhou et al, 
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2013). Through domain V, EF-G interacts directly with helices 43 and 44 of 
23S rRNA that bind ribosomal protein L11. (Gao et al, 2009). When intra-
domain mobility in EF-G is restricted by introducing a disulphide cross-link 
between the G-domain and domain V, tRNA-mRNA translocation and EF-G 
turnover on ribosome are inhibited but the GTPase activity remained unal-
tered (Peske et al, 2000). 

The mechanism of GTP hydrolysis 
EF-G is a G-protein belonging to the GTPase super-family and is included in 
the sub-family of translational GTPases (Bourne, 1995; Bourne et al, 1991). 
The intrinsic GTPase activity of most of the G-proteins is very low and it is 
accelerated by certain factors called the GTPase-activating proteins (GAPs).  
In the case of small G-proteins such as ras and rho, their GAPs (ras-GAP and 
rho-GAP) contribute a catalytic “arginine finger” into the active site of their 
respective targets and stabilize a transition state that greatly enhances their 
GTP hydrolysis rates (Rittinger et al, 1997; Scheffzek et al, 1997). For het-
erotrimeric G-proteins such as Gα, the GTPase activity is accelerated by 
factors known as regulator of G-protein signaling (RGS). Even though the 
binding sites of RGSs on their target G-proteins are similar to that of GAPs, 
they do not supply any catalytic residues to their partners but instead cata-
lyze rapid hydrolysis of GTP by stabilizing the switch regions of G-proteins 
(Hunt et al, 1996; Tesmer et al, 1997). In the case of the translational 
GTPases such as EF-Tu and EF-G, the ribosome itself acts as a GAP by 
stabilizing an active conformation of the factors (Savelsbergh et al, 2000; 
Voorhees et al, 2010). According to the generally accepted model, the hy-
drolysis reaction occurs via direct in-line nucleophilic attack on the γ-
phosphate of the bound GTP by an activated water molecule (Berchtold et al, 
1993; Chen et al, 2013; Schweins et al, 1995; Tourigny et al, 2013; 
Voorhees et al, 2010). A conserved Glutamine (Gln61) residue belonging to 
the switch II region is believed to be crucial for catalyzing the hydrolysis of 
GTP in ras-like G proteins (Hilgenfeld, 1995; Vetter et al, 1999) however, 
this residue is replaced by a Histidine (His84 and His87 in Thermus ther-
moplilus EF-Tu and EF-G respectively) which is conserved in all the transla-
tional G proteins (Bourne et al, 1991; Hilgenfeld, 1995).  
          Several groups have reported that, substitution of this crucial His resi-
due in EF-Tu with other amino acids severely inhibits the ribosome stimulat-
ed GTPase activity of EF-Tu (Cool & Parmeggiani, 1991; Daviter et al, 
2003; Scarano et al, 1995; Zeidler et al, 1995). (Cool & Parmeggiani, 1991; 
Daviter et al, 2003; Scarano et al, 1995; Zeidler et al, 1995) Structural analy-
sis revealed that, this crucial His residue is in a position pointing away from 
the γ-phosphate of the bound nucleotide and its access to the catalytic water 
molecule is blocked by a closed hydrophobic gate formed by the side-chains 
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of Valine20 from the P loop and Isoleucine60 from switch I (Berchtold et al, 
1993; Nissen et al, 1995) thereby preventing premature GTP hydrolysis on 
EF-Tu. Interactions with ribosomal elements induce major conformational 
rearrangements in the G-domain of EF-Tu which will lead to reorganization 
of its switch regions and attaining the GTPase-activated state.  In its activat-
ed state, an opening of the hydrophobic gate, facilitated by the movement 
Ile60 away from Val20 and repositioning of His84 closer to the catalytic site 
eventually initiates the hydrolysis reaction (Schmeing et al, 2009; Villa et al, 
2009; Voorhees et al, 2010).  
          Recently published high-resolution crystal structures of EF-G trapped 
on the ribosome with GTP analogues and FA at different functional states 
gave further insights into the mechanism of EF-G catalyzed GTP hydrolysis 
and the role of different ribosomal elements in stimulating the hydrolysis 
reaction (Chen et al, 2013; Gao et al, 2009; Tourigny et al, 2013; Zhou et al, 
2013). In the structure of EF-G locked in the post-translocation state, the 
catalytic His87 is found pointed away from the γ-phosphate (Gao et al, 2009) 
while in the pre-translocation state with GDPCP, it has moved towards the γ-
phosphate (Chen et al, 2013; Tourigny et al, 2013). Similar to EF-Tu, Ile21 
on P-loop and Ile63 from switch I form the hydrophobic gate in EF-G (Chen 
et al, 2013). Due to similarity of the catalytic site, it can be assumed that the 
mechanism of GTPase activation is identical for both EF-Tu and EF-G.  
          The structural basis for GTPase activation and the exact mechanism of 
GTP hydrolysis involving His84/87 are still debated. Based on EF-Tu struc-
tures, one model suggests that, the conserved His residue act as a general 
base by abstracting a proton form the water molecule positioned for hydroly-
sis thereby activating it and facilitating a direct in-line attack on the γ-
phosphate of the bound GTP (Berchtold et al, 1993; Villa et al, 2009; 
Voorhees et al, 2010). However, Liljas and coworkers challenged the idea of 
His84/87 acting as a general base for the following reasons (Liljas et al, 
2011). The position of His84 close to the negatively charged phosphate 
groups of SRL increases the acid dissociation constant (pKa) of His84, thus 
stabilizing its protonated state and enabling it to donate one hydrogen bond 
to the phosphate of A2662 from SRL and another to the oxygen atom of the 
hydrolytic water molecule. Since the fully protonated His84 cannot abstract 
a proton from the water molecule, the hydrolysis of GTP proceeds through 
an alternative substrate-based catalytic mechanism (Chen et al, 2013; Liljas 
et al, 2011; Schweins et al, 1995; Tourigny et al, 2013; Wallin et al, 2013). 
According to this model, the γ-phosphate itself acts as a general base by 
abstracting a proton from the water molecule. The substrate-generated hy-
droxide ion in turn attacks the γ-phosphate, eventually leading to the hydrol-
ysis of the bound GTP. Therefore, it has been proposed that instead of direct-
ly participating in the catalysis reaction by activating a critically positioned 
water molecule, the conserved His rather contribute to an allosteric effect 
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that stabilizes an active GTPase transition state (Chen et al, 2013; Liljas et 
al, 2011; Tourigny et al, 2013). 

Role of the sarcin-ricin loop (SRL): 
The SRL is the universally conserved region around position 2660 of the 
23S rRNA in the 50S subunit (Hausner et al, 1987; Moazed et al, 1988). 
Cytotoxins α-sarcin and ricin both target the SRL, with α-sarcin cleaving the 
rRNA between residues G2661 and A2662 whereas recin depurinates base 
A2660. Cleavage of SRL by the cytoxins inhibits protein synthesis by block-
ing the binding of elongation factors EF-Tu and EF-G, suggesting that both 
these elongation factors interact with a common region on the 23S rRNA 
(Hausner et al, 1987; Moazed et al, 1988). Cryo EM images and high-
resolution crystal structures of EF-Tu and EF-G trapped on the ribosome at 
various stages of elongation had shown that SRL interacts with the G-
domain of these factors (Agrawal et al, 1998; Savelsbergh et al, 2003; Stark 
et al, 1997; Stark et al, 2000) and particularly with the consensus sequence 
motifs such as switch I, switch II and the P-loop (Frank et al, 2007; Gao et 
al, 2009; Schmeing et al, 2009; Tourigny et al, 2013; Villa et al, 2009; 
Voorhees et al, 2010; Zhou et al, 2013). The GAGA tetrad (G2655, A2660, 
G2661, and A2662) of the SRL is involved in the formation of the nucleo-
tide binding pocket by inserting into the cleft formed by domains G, III and 
V (Chen et al, 2013). In ribosome-bound EF-G, the active conformation of 
His87 is stabilized by hydrogen bonding interactions with the phosphate 
oxygen atom of A2662 in the SRL (Chen et al, 2013; Tourigny et al, 2013). 
Base A2660 of the SRL might also have an essential role in repositioning 
His87 in the active site and opening the hydrophobic gate (Chen et al, 2013; 
Tourigny et al, 2013). 

Role of the L7/L12 stalk: 
The other ribosomal element implicated as a key player in factor recruitment 
and ribosome stimulated GTP hydrolysis is the L7/L12 stalk (Diaconu et al, 
2005; Mohr et al, 2002; Savelsbergh et al, 2005; Savelsbergh et al, 2000). 
Except for an acetylated N-terminus, the L7 protein is similar to L12. There-
fore from here onwards, I will refer L7/L12 as L12. In E. coli ribosomes, the 
L12 stalk is composed of protein L10 and four copies of L12 in the form of 
two dimers (Bocharov et al, 2004; Gudkov, 1997). The L12 protein is orga-
nized into two distinct domains connected by an extensive linker called the 
“hinge region” (Bocharov et al, 2004; Gudkov, 1997). The N-terminal do-
main (NTD) of L12 is required for dimerization and for anchoring it to the 
protein L10, whereas its globular C-terminal domain (CTD) interacts with 
the translational factors (Bocharov et al, 2004; Diaconu et al, 2005; Gudkov, 
1997). Structural analysis of ribosomal complexes in various functional 
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states revealed that L12 stalk interacts with the G-domain and G' sub-domain 
of the elongation factors EF-Tu (Schmeing et al, 2009; Stark et al, 1997; 
Villa et al, 2009; Voorhees et al, 2010) and EF-G respectively (Agrawal et 
al, 1998; Connell et al, 2007; Gao et al, 2009; Tourigny et al, 2013; Valle et 
al, 2003). Biochemical experiments using fast kinetics have shown that, on 
ribosomes lacking L12, both EF-Tu and EF-G exhibit greatly reduced 
GTPase activities in single-round as well as multiple-turnover conditions 
(Diaconu et al, 2005; Mohr et al, 2002; Savelsbergh et al, 2005; Savelsbergh 
et al, 2000). Mutational analysis of the conserved residues on the CTD of 
L12 showed a considerable decrease in the rate of ternary complex binding 
to the ribosome, indicating a crucial role for L12 CTD in factor recruitment 
(Diaconu et al, 2005; Kothe et al, 2004). Another similar mutational study 
revealed that these mutations had almost no effect on the ribosome stimulat-
ed GTP hydrolysis by EF-G (Diaconu et al, 2005; Savelsbergh et al, 2005) 
but had substantial effect on the rate of Pi release (Savelsbergh et al, 2005). 
Together, these findings suggest that, probably L12 does not participate di-
rectly in the GTPase activation but rather stimulates GTP hydrolysis by sta-
bilizing the activated conformation of the translational GTPases (Diaconu et 
al, 2005; Savelsbergh et al, 2005; Savelsbergh et al, 2000). 

Staphylococcus aureus 
S. aureus is a common, naturally occurring pathogen in human beings, with 
an estimated 20% of the population acting as persistent carriers and another 
60% acting as intermittent carriers while the remaining 20% act as persistent 
non-carriers (Peacock et al, 2003). It is a Gram-positive bacterium belonging 
to the Micrococcaceae family and can be easily distinguished from other 
members of the staphylococcal species on the basis of colonies with golden 
pigmentation (Lowy, 1998). S. aureus mostly colonizes the moist surfaces of 
the human body such as nasal mucosa, axillae, pharynx, vagina, rectum and 
perineum where it forms a major reservoir for infections (Shuter et al, 1996; 
Sibbald et al, 2006).  By expressing an arsenal of virulence factors, S. aureus 
is responsible for causing many diseases in humans. The diseases range from 
superficial skin lesions such as styes, furunculosis and paronychia to serious 
systemic infections such as pneumonia, mastitis, osteomyelitis, endocarditis 
and sepsis (Sibbald et al, 2006).  
         Despite several medical advances during the last century, bacterial 
infections still remain the cause for a majority of deaths in the underdevel-
oped and developing countries. Controlling these infections with the applica-
tion of antibiotics is central to the modern health care system but increasing 
bacterial resistance to many of the known antibiotics threatens effective 
therapy. When penicillin was introduced for clinical use in the 1940s, virtu-
ally all strains of S. aureus were susceptible but within less than a decade, 
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over 50% of the strains have become resistant to the antibiotic (Livermore, 
2000). Resistance to penicillin is developed by acquiring β-lactamase genes 
that encodes penicillinase, an enzyme that breaks penicillin. In the following 
years, the ability of S. aureus to develop resistance towards many known 
antibiotics has resulted in the emergence of multidrug-resistant strains such 
as methicillin-resistant S. aureus (MRSA) (Livermore, 2000; Sibbald et al, 
2006). MRSA had become resistant to the β-lactams, a broad group of anti-
microbial agents containing a β-lactam ring in their molecular structure (pen-
icillins, cephalosporins, monobactams and carbapenem) and the most widely 
used antibiotics in clinical practice (Villegas-Estrada et al, 2008). The mode 
of action for β-lactam antibiotics is by targeting transpeptidase activity of the 
penicillin-binding proteins (PBPs) involved in bacterial cell wall biogenesis. 
However, through the acquisition of mecA genes encoding an altered penicil-
lin-binding protein (PBP 2a), which has less affinity for β-lactams, MRSA 
evades the action of these antibiotics (Sibbald et al, 2006; Villegas-Estrada 
et al, 2008). 

Fusidic acid (FA) 
FA is a narrow spectrum antibiotic that is effective against several species of 
Gram-positive bacteria, including MRSA, strains of S. aureus that are re-
sistant to other classes of antibiotics (Besier et al, 2003; Norstrom et al, 
2007). FA was first derived from the fungus known as Fusidium coccineum. 
It is a steroid-like molecule containing a tetracycline ring system and has a  
molecular formula C31H48O6 (Godtfredsen et al, 1962). FA blocks polypep-
tide chain elongation by preventing the release of EF-G-GDP from the ribo-
some during the translocation step, thereby inhibiting bacterial protein syn-
thesis (Bodley et al, 1969; Willie et al, 1975; Wilson, 2009). It was also pro-
posed that, other than blocking the elongation step, FA might also lock EF-G 
during the ribosome recycling step (Savelsbergh et al, 2009). Previously, 
with the help of mutational studies, it was proposed that FA binds in an in-
terface between domains G, III and V of EF-G (Hansson et al, 2005b; 
Johanson et al, 1996). Later, the emergence of high-resolution crystal struc-
ture of EF-G trapped on the ribosome in a post-translocation state revealed 
that, FA binds in a pocket surrounded by domains II, III and the switch II 
region of G-domain (Gao et al, 2009; Zhou et al, 2013). FA locks EF-G on 
the ribosome by preventing switch II from adopting its GDP-bound confor-
mation even after GTP hydrolysis thereby blocking the transmission of con-
formational changes in the G-domain to domains III and IV which play a 
crucial role in the dissociation of the molecule form the ribosome (Gao et al, 
2009). In an alternative model, FA mimics certain residues in the conserved 
core of the switch I loop and stabilizes it in a state that is identical to that of 
the GTP-bound conformation; allowing EF-G to stay on the ribosome even 
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though GTP has been hydrolyzed to GDP (Zhou et al, 2013). The clinical 
usage of FA is primarily in the treatment of superficial skin and soft tissue 
infections and occasionally in treating bone and joint infections in combina-
tion with other antibiotics (Spelman, 1999; Whitby, 1999) 
 

 
Figure 5. Close up view of the FA binding site on EF-G. FA binds in a pocket in the 
interface between domains G, II and III. Switch II (green) is seen in close proximity 
to the bound FA (blue) and GDP (red). The image was created in PyMol using the 
coordinates from ribosome bound T. thermophilus EF-G (PDB 2WRI). 

Types of FA resistance 
Even though evolution of resistance mechanisms in S. aureus against FA is 
considerably slower compared to other antibiotics, development of drug 
resistance is an emerging problem that could limit the therapeutic options 
available for controlling staphylococcal infections  (Howden & Grayson, 
2006; Rayner & Munckhof, 2005). Mechanisms that render S. aureus re-
sistant towards FA have been grouped into three separate classes (Norstrom 
et al, 2007). Class one (fusA): Mutations in the chromosomal fusA gene that 
encodes bacterial EF-G can cause FA resistance. Class two (fusB): Expres-
sion of FA resistance causing fusB proteins through the acquisition of 
pUB101 plasmid that contains the fusB gene. Class three (fusE): Mutations 
in the rplF gene that codes for ribosomal protein L6 can lead to FA re-
sistance by altering the structural conformation of EF-G when bound to the 
ribosome. A direct interaction between domain V of EF-G and the C-
terminus of ribosomal protein L6 was observed in the crystal structure of 
EF-G locked on the ribosome by FA (Gao et al, 2009). Therefore mutations 
on protein L6 probably alter the interactions between ribosome and EF-G 
and render the molecule resistant to the inhibitory effects of FA. In the fol-
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lowing section, I am going to discuss only about the fusA and fusB mediated 
resistance mechanisms since they are better characterized by structural and 
functional studies. 

Altering the drug target (FusA): 
The chromosomal gene encoding EF-G is called fusA and mutation of this 
gene can alter the structural conformation of EF-G thereby making it re-
sistant to FA. Mutational studies on various clinical isolates as well as labor-
atory-isolated spontaneous FA-resistant S. aureus mutants have identified 
more than 40 different amino acid substitutions in the fusA gene that are 
responsible for conferring resistance to FA (Chen et al, 2010; Laurberg et al, 
2000b; Nagaev et al, 2001; Norstrom et al, 2007). With respect to S. aureus, 
resistance to FA was found to occur rapidly in vitro, but in clinical isolates, 
although steadily increasing, it remained relatively low (Besier et al, 2003). 
The resistance causing mutations are mainly clustered at the interface of 
domains G, III and V of EF-G (Hansson et al, 2005b; Laurberg et al, 2000b). 
It was shown that FA binds in a pocket between domains G, II and III (Gao 
et al, 2009) and amino acid substitutions  in this region will lead to varying 
degrees of resistance. Analyzing the crystal structure of S. aureus EF-G, 
together with the FA locked T. thermophilus EF-G in the post-translocation 
complex (Gao et al, 2009) enabled the classification of fusA mutations into 
four different groups (Chen et al, 2010). Group A mutations decrease the 
affinity of FA for EF-G by altering the drug-target interactions. Group B 
mutations act by changing the interactions between the ribosome and EF-G. 
Group C mutations affect the FA binding pocket as well as the inter-domain 
conformational dynamics. Group D mutations decrease the structural stabil-
ity of EF-G enabling the molecule to dissociate faster from the ribosome. 
Therefore, based on their location on various domains and domain interfac-
es, these mutations exert different effects on the structure and function of 
EF-G thus making it unfavorable for locking on the ribosome by FA.   

Protection of the drug target (FusB): 
Another way of acquiring FA resistance is through the expression of certain 
proteins that protect the target molecule form the drug. FusB is one among 
several such proteins that was shown to provide low-level resistance towards 
FA in S. aureus (O'Brien et al, 2002; O'Neill & Chopra, 2006). FusB has a 
molecular weight of 25 kDa and is encoded by the fusB gene located on a 
transposon-like element carried on the 22 kB pUB10I plasmid (O'Brien et al, 
2002; O'Neill & Chopra, 2006). Along with fusB, the pUB10I plasmid also 
contains genes that are responsible for conferring resistance to cadmium and 
penicillin (O'Brien et al, 2002). Chromosomal genes encoding proteins that 
have 45 % amino acid similarity to FusB have been identified in some mem-
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bers of the Staphylococci (O'Neill et al, 2007). The genes termed as fusC 
(S.aureus, S. intermedius, S. epidermidis) and fusD (S. saprophyticus) en-
code proteins that are believed to act like FusB and protect EF-G form the 
inhibitory effects of FA (O'Neill et al, 2007). Pull-down experiments using 
cell extracts from S. aureus and E. coli had revealed that fusB interacts with 
S. aureus EF-G but not with E. coli EF-G (O'Neill & Chopra, 2006). Similar-
ly, FusB was shown to rescue S. aureus based cell-free translation system 
from inhibition by FA but failed to do the same in case of E. coli-derived 
system, suggesting an interaction between FusB and EF-G is necessary for 
the FusB mediated resistance mechanism (Cox et al, 2012; Guo et al, 2012; 
O'Neill & Chopra, 2006). Furthermore, FusB was found to protect the in-
vitro translation system from FA inhibition in both the elongation and recy-
cling phases of protein synthesis (Guo et al, 2012). The precise mechanism 
by which FusB rescues the FA locked translation apparatus is still unclear 
and several models were proposed to explain the underlying mechanism. 
According to the model put forward by ONeil and Chopra, interaction of 
FusB with EF-G might prevent the initial formation of EF-G-GDP-FA com-
plex on the ribosome (O'Neill & Chopra, 2006). Another model states that, 
FusB promotes the dissociation of ribosome-EF-G-GDP complex stalled by 
FA, thereby allowing the ribosome to resume translation (Cox et al, 2012).  
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Aim of the study 

The present study aims to characterize wild type and mutant EF-Gs from S. 
aureus in the context of fusidic acid resistance, fitness cost and fitness com-
pensation using biochemical and structural tools.  
 
We further aim to enhance our knowledge on the mechanism of ribosome-
stimulated GTP hydrolysis and Pi release at molecular level by using mutant 
EF-Gs that have varying degrees of defects in the above mentioned process-
es. 
 
The main objectives are listed below 
 

1) To solve the crystal structure of S. aureus wild type EF-G. In Paper 
I (Chen et al., 2010), we present a high-resolution (1.9 Å) crystal 
structure of S. aureus wild type EF-G.  

 
2) To understand the mechanism of FA resistance, fitness loss and 

compensation using EF-G mutans from S. aureus. In Papers II and 
III (Koripella et al., 2012; Guo et al., 2012), using fast kinetics and 
high-resolution crystal structures we unravel the process. 

 
3) To understand the mechanism of ribosome-stimulated GTP hydroly-

sis with the help of mutant EF-Gs from E. coli. In Paper IV (Kor-
ipella et al., manuscript), with the help of various biochemical ex-
periments, we were able to explain the underlying mechanism.  
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My investigations  

Crystal structure of S. aureus EF-G (Paper I) 
Until now, a vast majority of research done on bacterial EF-G utilized T. 
thermophilus EF-G.  The crystal structures of wild type and several mutant 
EF-Gs from this thermophile have been solved in their apo forms 
(AEvarsson et al, 1994), bound with guanine nucleotides (Czworkowski et 
al, 1994; Hansson et al, 2005a; Hansson et al, 2005b; Karadaghi et al, 1996; 
Laurberg et al, 2000a) and in complex with ribosome and FA (Gao et al, 
2009). These land mark structures revealed several details about the dynam-
ics of EF-G during its functional cycle on and off the ribosome. They also 
provided a lot of information about the effect of different mutations on FA 
resistance, associated fitness cost and compensatory mutations restoring the 
lost fitness. However, the major clinical target of FA is S. aureus and no 
high-resolution crystal structure of EF-G from this bacterium was available 
before 2010. In order to further enhance our knowledge about S. aureus EF-
G and understand the underlying mechanism of various FA resistance con-
ferring mutations, we have solved the crystal structure of S. aureus EF-G at 
1.9 Å resolution.  
          Comparison of S. aureus EF-G with the previously solved EF-G crys-
tal structures from T. thermophilus shows that the individual domains are 
quite similar but they differ in the orientation of the domains III, IV and V 
relative to the domains I and II. In all the structures of T. thermophilus EF-G, 
domians III, IV and V displays a bent relative to the domains I and II in the 
same plane (Hansson et al, 2005a; Laurberg et al, 2000a) which is more pro-
nounced in the ribosome bound structures (27-33 Å) (Chen et al, 2013; Gao 
et al, 2009; Tourigny et al, 2013; Zhou et al, 2013). In S. aureus EF-G, do-
mains III, IV and V moved approximately 25 Å in the perpendicular direc-
tion compared to the other EF-G structures.  
          The switch I region is partially ordered in S. aureus EF-G in contrast 
to the fully ordered switch I seen in structures of T. thermophilus EF-Tu with 
a GTP analogue (Kjeldgaard et al, 1993) or GDP (Polekhina et al, 1996) as 
well as in the structure of the EF-G homologue EF-G-2 bound to GTP 
(Connell et al, 2007). In the GDP bound structure of EF-Tu, the switch I 
region forms a short helix and a β- hairpin moving away from the nucleo-
tide-binding site whereas in the GTP bound state, it forms two short helices 
in front of the highly conserved threonine residue that coordinates with the 
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Mg2+ ion and the γ- phosphate. The switch I helix in S. aureus EF-G has a 
different orientation and is longer than in any of these structures. It is located 
too far away from the nucleotide-binding site suggesting that a large inter 
domain movement occurs upon binding to the ribosome in GTP state. 
          The switch II region of S. aureus EF-G shows a different confor-
mation compared to the T. thermophilus EF-G (Fig. 2A). When different EF-
G structures are compared, the switch II region with its highly conserved 
Phe90 (Phe88 in T. thermophilus) is seen in many different orientations. But, 
only in the ribosome bound structure, the phe90 is exposed at the surface of 
EF-G and forms part of the FA-binding pocket (Gao et al, 2009). In compar-
ison, in S. aureus EF-G, Phe88 points to the completely opposite direction. 
Despite occurring in many orientations, the switch II region also appears to 
block the FA binding site in all the free structures of T. thermoplilus EF-G. It 
suggests that most probably there is a gross rearrangement of switch II upon 
ribosome binding, especially in the presence of FA.  

 
Figure 6. Crystal structure of S. aureus EF-G. Different domains are shown in indi-
vidual colors and labeled accordingly. 
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Mechanism of FA resistance (Papers II and III) 
EF-G undergoes large conformational changes upon binding to ribosome 
(Agrawal et al, 1999; Agrawal et al, 2001; Connell et al, 2007; Gao et al, 
2009; Ratje et al, 2010; Stark et al, 2000; Valle et al, 2003). By comparing 
the organization of switch I regions in the GTP bound structure of EF-G 2 
(Connell et al, 2007) and EF-G in complex with 70S ribosome and FA  (Gao 
et al, 2009), it was suggested that FA binds to EF-G only after GTP hydroly-
sis because the closed conformation of the switch I loop as seen in the GTP 
bound EF-G would interfere with the proposed FA binding site. FA on the 
other hand may have direct contact with one of the highly conserved resi-
dues on switch II (F88 in S. aureus and F90 in T. thermoplilus) that plays an 
important role in EF-G function. F88 is responsible for transmitting the con-
formational changes of switch II between the GTP and GDP forms to do-
main III which in turn drives the conformational movements of domains IV 
and V (Gao et al, 2009; Valle et al, 2003). FA locks F88 and prevents the 
conformational changes, thereby trapping the EF-G in an intermediate con-
formation between the GTP and GDP bound states. As a result, EF-G cannot 
be released from the ribosome (Gao et al, 2009).  
          The highly flexible aromatic ring of phenyl alanine (Phe88) might 
provide stacking interactions with FA which is vital for stable binding of the 
drug (Hansson et al, 2005b; Ticu et al, 2011). Therefore, one common 
mechanism in nature for acquiring FA resistance is to change this Phe to 
Leu. Replacing the aromatic ring of Phe with the smaller side chain of Leu 
(mutant F88L) will primarily result in loss of contact with FA. Further, this 
mutation might alter the overall shape of the FA-binding pocket in the inter-
domian space of EF-G. These alterations result in either decreased affinity of 
FA to ribosome-bound EF-G or promote faster dissociation of FA from EF-
G, thereby rendering the EF-G resistant to FA.  
          Apart from fusA mediated resistance, resistance towards FA can also 
be acquired through the expression of FusB type proteins (Cox et al, 2012; 
Guo et al, 2012; O'Brien et al, 2002; O'Neill & Chopra, 2006). This protein 
is encoded by the fusB gene which is carried on the 22 kB pUB101 plasmid 
in bacteria S. aureus (O'Brien et al, 2002; O'Neill & Chopra, 2006). It was 
shown that FusB protein can rescue S. aureus EF-G driven translation from 
FA inhibition but not the E. coli driven one (Cox et al, 2012; O'Neill & 
Chopra, 2006). It was therefore suggested that interaction between FusB and 
EF-G is central to the fusB mediated FA resistance mechanism (Cox et al, 
2012; O'Neill & Chopra, 2006). FusB has high affinity for S. aureus EF-G 
and can bind in a 1:1 stoichiometry (Cox et al, 2012; Guo et al, 2012). Re-
cently the crystal structure of FusB has been solved using highly diffracting 
crystals (up to 1.6 Å) (Guo et al, 2012).  
          The FusB protein is composed of 2 domains: the N-terminal domain 
contains mainly α-helices and the C-terminal domian contains five short 
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helices and a five-stranded anti-parallel β-sheet folded in a special structural 
motif. The binding site of FusB on EF-G was mapped using hybrid EF-Gs 
constructed by swapping domains between S. aureus and E. coli EF-Gs. 
Since FusB binds only to the hybrid EF-G construct that possess domain IV 
from S. aureus EF-G, the structural determinants for FusB binding are prob-
ably present in domain IV of S. aureus EF-G. The effect of FusB on FA 
locked ribosome complexes was tested in biochemical experiments. When 
tested in a reconstituted transcription-translation-folding system (RTTF), 
FusB was able to rescue the S. aureus EF-G based fire-fly luciferase synthe-
sis from the inhibitory effects of FA. Consistent with the previous findings 
(O'Neill & Chopra, 2006), FusB failed to rescue luciferase synthesis form 
FA inhibition when E. coli EF-G was used instead of S. aureus EF-G.  
          Further, in our tripeptide formation experiments as well as ribosome 
recycling experiments, FusB was observed to rescue S. aureus EF-G which 
is otherwise stalled on the ribosome by FA. FA inhibited tripeptide for-
mation to 50 % and addition of FusB was found to recover tripeptide for-
mation to approximately 75 % (Figure 7A). Subunit dissociation was com-
pletely blocked in the presence of FA and addition of FusB resumed ribo-
some splitting, although at a lower rate (Figure 7B). FusB rescues the trans-
lational apparatus from FA inhibition by two possible mechanisms. FusB 
binds to the FA immobilized EF-G and induce conformational changes that 
facilitate its dissociation from the ribosome. Alternatively, FusB remains 
bound to the EF-G during the translocation and recycling steps and prevents 
EF-G from reaching the conformation to which FA binds.  
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Figure 7. The effect of FA and FusB on tripeptide formation and ribosome recy-
cling. (A) The fraction of mono- (fMet, red bars), di- (Met-Phe, green bars) and tri- 
(Met-Phe-Phe, purple bars) peptide formed in 10 s without (control) or with different 
combinations of FA and FusB are presented as indicated below the bars. (B) Split-
ting of a post-termination complex programmed with MFF-stop mRNA was fol-
lowed by the decrease in Rayleigh light scattering in a stopped flow without FA and 
FusB (trace 1), with FA alone (trace 2) or with FA) and FusB (trace 3). 

Biological fitness cost 
Antibiotic resistance is usually associated with biological fitness cost that 
results in decreased growth rate and other physical abnormalities for the 
resistant bacteria (Andersson & Levin, 1999; Macvanin et al, 2003; 
Macvanin et al, 2000; Nagaev et al, 2001). Since it was suggested that FA 
binds to EF-G after GTP hydrolysis (Gao et al, 2009), mutations that can 
either block GTP hydrolysis or block the conformational changes following 
the hydrolysis that allow FA binding would result in FA resistance. Since 
F88, at the apex of switch II plays a pivotal role in transmitting conforma-
tional changes in EF-G, F88L mutation not only causes FA resistance, but 
also results in functional impairment. Therefore, it can be expected that mu-
tation of this conserved Phe residue would affect the conformational changes 
in EF-G that follow GTP hydrolysis but not the hydrolysis reaction itself. 
This hypothesis was supported by our biochemical studies on GTP hydroly-
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sis and tripeptide formation. Mutation of Phe to Leu (F88L) showed no de-
fect in hydrolyzing GTP or the subsequent release of Pi in the presence of 
ribosome (Figure 8) but it showed a 10 fold defect in peptide elongation, as 
checked in tripeptide (MFF) formation (Figure 9) (Table 1) when compared 
to the wild type EF-G. Thus, we conclude that the decreased rate of tripep-
tide formation observed in case of F88L EF-G is due to inefficiency of leu-
cine at position 88 in transmitting the conformational changes in switch II to 
other domains to enable translocation. The F88L mutant also proved highly 
defective in full-length protein synthesis when it was not able to produce any 
detectable luciferase in an RTTF system. Apart from promoting the translo-
cational step of protein synthesis, together with RRF, EF-G also participates 
in ribosome recycling where the post-termination 70S ribosome is dissociat-
ed into subunits (Pavlov et al, 2008; Savelsbergh et al, 2009; Zavialov et al, 
2005). In line with the decreased efficiency in translocation, F88L mutation 
resulted in a 20 fold decrease in EF-G catalyzed ribosome recycling when 
tested alongside wild type EF-G. 

Fitness compensation 
By acquiring additional mutations, often called fitness compensatory muta-
tions, bacteria can restore the lost fitness without losing the antibiotic re-
sistance gained from the primary mutation (Bjorkman & Andersson, 2000; 
Johanson et al, 1996; Levin et al, 2000; Nagaev et al, 2001). Additional mu-
tation at 16 position replacing methionine with isoleucine (F88L+M16I) 
resulted in improved fitness while keeping the FA resistance intact (Nagaev 
et al, 2001). The improved fitness is a result of faster translocation and better 
ribosome recycling ability by the double mutant when compared to the pri-
mary mutant (F88L). In our tripeptide formation experiments (Figure 9) as 
well as ribosome recycling experiments, F88L+M16I EF-G showed a 3 fold 
higher activity than F88L EF-G. Apart from gaining fitness, the double mu-
tant had shown increased resistance towards FA with an IC50 of ~1000 µM 
which is more than 3 times compared to the IC50 (300 µM) of F88L. In the 
presence of 250 µM FA, WT and M16I EF-Gs which are sensitive to FA 
were strongly inhibited. Their ability in tripeptide formation decreased 25 
and 45 fold respectively compared to the condition in the absence of FA 
(Table 1). As predicted, the rates of tripeptide formation for the FA resistant 
EF-Gs, F88L and F88L+M16I remained essentially unchanged even in the 
presence of FA. A similar situation was observed when the EF-Gs are tested 
in multiple round ribosome-stimulated GTP hydrolysis. The FA sensitive 
EF-Gs were able to hydrolyze only 20 % of GTP whereas the resistant EF-
Gs hydrolyzed all the GTP in the reaction in a specific time period. Thus, in 
the presence of the drug, FA resistant EF-Gs are favored over the sensitive 
ones and further the double mutant (F88l+M16I) showed higher activity than 
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the primary mutant (F88L) both in the presence and absence of FA, a reason 
attributed to the fitness compensation. 
  

      (A)                                                    (B) 

 
Figure 8. (A) GTP hydrolysis by EF-G. Time course of multiple turnover hydrolysis 
of [3H]GTP (10 µM) by EF-G (1 µM) in the presence of 70S ribosomes (4 µM) at 
37°C measured from the ratio of separated GTP and GDP on TLC membranes. 
Various EF-Gs in the figure are indicated by individual color codes; WT (gray), 
M16I (blue), F88L (red) and F88L+M16I (green). (B) Time courses of single round 
of Pi release was estimated by monitoring the fluorescence of MDCC labelled PBP 
in a stopped flow apparatus at 37°C. The color codes used are same as in (A). 

       (A)                                                           (B) 

 
Figure 9. (A) The rate of fMet-Phe-Phe tripeptide formation by different EF-Gs at 
37°C. The rates were estimated from initiated 70S ribosomes mixed with excess 
ternary complexes in a quench flow apparatus. Each curve in the figure corresponds 
to a specific EF-G indicated by an individual color code and a corresponding num-
ber: WT (gray, 1), M16I (blue, 2), F88L (red, 3) and F88L+M16I (green, 4). (B) The 
rate of fMet-Phe-Phe tripeptide formation by different EF-Gs at 37°C measured in 
the presence of 250 µM FA. The color codes and numbers are same as in (A). 
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Table 1. The rate of tripeptide (MFF) formation by different EF-Gs, estimated both 

in the presence and absence of FA. 

EF-G  - FA, rate (s-1) + FA, rate (s-1) Decrease in rate 

WT 0.75 ± 0.1 0.03 ± 0.005 25 times 

M16I 0.87 ± 0.1 0.02 ± 0.002 45 times 

F88L 0.07 ± 0.02 0.075 ± 0.03 None 

F88L+M16I 0.21 ± 0.03 0.2 ± 0.04 None 

Hypersensitivity to FA           
Removing the primary mutation by back mutating leucine to phenyl alanine 
from the double mutant F88L+M16I resulted in a new mutant M16I. Bio-
chemical experiments showed that, M16I EF-G had increased sensitivity 
towards FA which is evident from our nitrocellulose filter binding experi-
ments where the M16I EF-G was able to form more 70S-EF-G-GDP-FA 
complex than wild type EF-G. This hypersensitive nature of M16I towards 
FA was also reflected in our tripeptide formation experiments in the pres-
ence of FA. At 250 μM FA, we have observed a 45 fold decrease in the rate 
of tripeptide formation for M16I EF-G whereas this decrease was only 25 
fold in case of wild type EF-G (Table 1). Even though a phenotypic variant 
carrying the M16I mutation was not identified in S. aureus so far, a similar 
kind of mutation (G16V)  in T. thermophilus was known to render the bacte-
ria hypersensitive to FA (Hansson et al, 2005b; Martemyanov et al, 2001). 
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Role of His92 in GTP hydrolysis (Paper IV) 
 
EF-G is a G-protein belonging to the GTPase super-family (Bourne et al, 
1991). The intrinsic GTPase activity of the G-proteins is very low and it is 
accelerated by certain factors called the GAPs. The ribosome acts as a GAP 
in case of translational G-proteins such as IF2, EF-Tu, EF-G and RF3. All 
the translational G-proteins share a common G-domain and a highly con-
served His residue (His92 in E. coli EF-G and His87 T. thermophilus EF-G) 
located at the apex of switch II is suggested to play a key role in the ribo-
some-catalyzed GTP hydrolysis reaction (Chen et al, 2013; Tourigny et al, 
2013; Zhou et al, 2013). It is known that translocation can occur even with-
out GTP hydrolysis however, for fast and efficient translocation, GTP hy-
drolysis is absolutely essential. This is evident from previous reports where 
translocation with GDPNP, a non-hydrolyzable analog of GTP resulted in 50 
- 100 times decrease in the rate of translocation (Katunin et al, 2002; 
Rodnina et al, 1997). In case of EF-Tu, the role of GTP hydrolysis was ex-
plored by characterization of mutations at the conserved His located on 
switch II (H84 in E. coli EF-Tu). It was shown that, substitution of this cru-
cial His residue in EF-Tu with other amino acids severely inhibits the ribo-
some stimulated GTPase activity of EF-Tu (Cool & Parmeggiani, 1991; 
Daviter et al, 2003; Scarano et al, 1995; Zeidler et al, 1995). Since this His 
corresponds to H92 in E. coli EF-G, characterization of the defects caused 
by mutations in this position would enable us to pinpoint the role of GTP 
hydrolysis in the context of translocation. Moreover, whether this conserved 
His plays a catalytic role or not in GTP hydrolysis will also be evident. 
          When we compared the rates of single round GTP hydrolysis by EF-G 
in the presence and absence of ribosome (Figure 10) (Table 2), we found that 
ribosome stimulates the GTP hydrolysis by more than 15000 folds. The huge 
stimulation in GTP hydrolysis achieved by ribosome binding of EF-G clear-
ly indicates that the ribosome itself or some ribosomal component acts as the 
GTPase activating factor for EF-G. In structural terms, the activation is 
probably achieved by proper positioning of the switch regions of EF-G in 
relation to GTP and also by opening the so called ‘hydrophobic gate’ com-
posed of two hydrophobic amino acids Ile 21 and Ile 63 in E. coli EF-G. 
Compared to GTP hydrolysis, the single turn-over rate of tRNA/mRNA 
translocation was estimated as 31 s-1, (Figure 12) (Table 3) which is slightly 
faster than the rate of Pi release (27 s-1) (Figure 11) (Table 2) as well as 
tripeptide formation (26 s-1) (Figure 13) (Table 4). Thus, it can be concluded 
with certainty that GTP hydrolysis on EF-G takes place prior to 
tRNA/mRNA translocation.  
          Consistent with the mutational studies on His84 mutants in EF-Tu, 
both the H92 mutants showed defective GTP hydrolysis in our experiments. 
However, H92E EF-G, where positively charged His is replaced by nega-
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tively charged Glu, showed a 100 fold defect compared to WT EF-G. This 
defect was also reflected in the later Pi release and tRNA translocation steps, 
which showed about 100 fold reductions in the single turnover rate com-
pared to the WT. Secondly, the H92A mutant, although only about ten times 
slower in GTP hydrolysis and tRNA translocation, showed about 100 fold 
slower rate in Pi release. Multiple conclusions can be drawn from these re-
sults. First, GTP hydrolysis is a prerequisite for tRNA translocation. If GTP 
hydrolysis becomes defective, the same extent of defect can be seen in the 
translocation step as well. However, the same notion is not applicable to Pi 
release, which certainly occurs after GTP hydrolysis. For H92A EF-G, tRNA 
translocation (~3 s-1) (Figure 12) (Table 3) occurs ten times faster than Pi 
release (~0.3 s-1) (Figure 11) (Table 2). Thus the second conclusion is that Pi 
release cannot be a prerequisite for tRNA translocation. Most probably it 
occurs after translocation. Alternatively, Pi release can be totally independ-
ent of translocation. Third, it also means that the conformational change in 
EF-G required for driving translocation can be achieved even without the 
actual release of Pi from EF-G. In the H92A mutant, the delayed release of 
Pi is probably caused by retention of the Pi molecule in the bigger pocket 
formed due to absence of the bulky side chain of His 92. Forth, we observe 
that for both H92A and H92E mutants, tripeptide formation is delayed about 
900 times compared to the WT. This defect is significantly higher than the 
defect seen in all other steps. Compared to Pi relase, which proceeds at about 
~0.3 s-1 for both the mutants, tripeptide formation was as slow as ~0.03 s-1 

(Table 4). Most probably, this delay is due to delayed release of EF-G from 
the ribosome. Thus, Pi release and EF-G release must occur prior to the next 
elongation step.  

 
Figure 10. Single round GTP hydrolysis: (A) The activity of various EF-Gs, WT 
(black), H92A (red) and H92E (green) in the presence of ribosomes measured under 
single turnover conditions.  The amount of 3H GDP formed at various time intervals 
is plotted against time and fitted with a single exponential  function to estimate the 
rate of GTP hydrolysis. Inset: Short time window showing the data for WT EF-G. 
(B) The Time course of GTP hydrolysis measured in the absence of ribosomes. The 
color codes used in B are the same as in A.  
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Figure 11. Single round Pi release:  The activity of WT (black), H92A (red) and 
H92E (green) EF-Gs in single round Pi release was checked by stopped-flow fluo-
rimetry. The fluorescence of MDCC-PBP increases upon binding Pi released from 
GTP hydrolysis and this fluorescence change over time is fitted with a single expo-
nential equation to estimate the rate of Pi release. Inset: time window showing the 
time course of MDCC-PBP fluorescence change for WT EF-G. 

 

Table 2. Rates of single-turnver GTP hydrolysis and Pi release for the WT and H92 
mutant EF-Gs. 

EF-G KGTP (s
-1) + 70S KGTP ( m

-1) - 70S KPi ( s
-1)

WT 202 ± 29 0.81 ± 0.16 27 ± 0.7 

H92A 28 ± 4.5 0.71 ± 0.16 0.32 ± 0.04 

H92E 1.9 ± 0.3 0.84 ± 0.16 0.25 ± 0.02 
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Figure 12. Activity of EF-Gs in mRNA translocation: (A) Time course of fluores-
cence change for pyrene labeled mRNA at 5 µM EF-G; WT (black), H92A (red) and 
H92E (green).  Inset: Time course of fluorescence change shown on a logarithmic 
scale. (B - D) Maximal rates for WT (B), H92A (C) and H92E (D) EF-Gs were 
estimated by nonlinear fitting of the hyperbolic Michaelis-Menten equation to the 
observed mRNA translocation rates plotted against the concentration of EF-G. 

 

Table 3. Kinetic parameters of tRNA/mRNA translocation with wild-type and H92 
mutant EF-Gs. 

EF-G Kcat (s
-1) KM (µM) Kcat/KM

WT 25.97 ± 0.85 8.2 ± 0.66 3.18 

H92A 0.03 ± 0.003 1.2 ± 0.11 0.025 

H92E 0.028 ± 0.004 1.4 ± 0.12 0.02 

 
 
 
 
 



 49

 
Figure 13. Activity of EF-Gs in tripeptide formation: (A) Time course of tripeptide 
(fMet-Phe-Phe) formation, measured at 5 µM EF-G; WT (black), H92A (red) and 
H92E (green).  Inset: time window showing the time course of WT EF-G. (B - D) 
The maximal rates of tripeptide formation for WT (B), H92A (C) and H92E (D) EF-
Gs were estimated by non-linear fitting of the hyperbolic Michaelis-Menten equa-
tion to the observed rates versus EF-G concentration.  

 

Table 4. Kinetic parameters for tripeptide formation with wild-type, H92A and 
H92E EF-Gs. 

EF-G Kcat (s
-1) KM (µM) Kcat/KM

WT 30.78 ± 1.9 3.9 ± 0.45 7.97 

H92A 3.82 ± 0.1 3.6 ± 0.14 1.05 

H92E 0.16 ± 0.01 1.4 ± 0.13 0.11 

We have also found that, the intrinsic GTPase activity of the H92 mutant 
EF-Gs, although extremely low, is not affected by the mutations. Also, their 
affinity to GTP remained more or less the same irrespective of the mutations. 
Thus, the variation of the ribosome stimulated GTPase activity of these mu-
tants is probably originating from their interaction with the ribosome. To 
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understand the process properly, we have taken help of the crystal structures 
of Thermus thermophilus EF-G in the GDP and GTP state, off and on the 
ribosome. In the inactive GDP bound conformation (with GDP and FA), the 
crucial His92 shows a completely different orientation when compared to the 
ribosome bound EF-Gs in the activated GTP bound conformation (with 
GDPCP) (Figure 14 A, B). Most probably, this activated conformation of 
His92 is a combined effect of binding to the ribosome and the activator mol-
ecule GTP. As seen in figure 14B, in the GDPCP conformation on the ribo-
some, His92 is perfectly aligned with the γ-phosphate through the opened 
hydrophobic gates formed by Ile21 and Ile63. Whether His92 acts as a gen-
eral base or not in catalyzing hydrolysis of the γ-phosphate is a matter of 
separate studies, which is beyond the scope of this work. 

 
 
Figure 14. His87 and the hydrophobic gate (A) Comparing the position of His87 
(His92 in E. coli EF-G) by superimposing the crystal structures of various EF-Gs on 
and off the ribosome. Ribosome bound T. thermophilus EF-G-GDPCP (PDB 4JUW, 
green); Ribosome bound T. thermophilus EF-G-GDPCP (PDB 4BTC, magenta); 
Ribosome bound T. thermophilus EF-G-GDP-FA (PDB 4KDA, orange); Ribosome 
bound T. thermophilus EF-G-GDP-FA (PDB 2WRI, brown); Free T. thermophilus 
EF-G (PDB 1FNM, yellow). The so called “hydrophobic gate” formed by residues 
Ile20 and Ile63 is shown in blue and the bound GDPCP molecule shown in red. (B)  
Closeup view of the hydrophobic gate and the conserved histidine. Color codes are 
the same as in A. 

A 

B 
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Concluding remarks 

The study presented in my thesis, together with the four papers enhanced our 
understanding on EF-G catalyzed translocation as well as the mechanism of 
fitness loss and compensation in S. aureus related to fusidic acid (FA) re-
sistance, thereby enabling me to draw these conclusions. 
 
By crystallizing EF-G from S. aureus, the major clinical target for FA, we 
were able to conclude that individual domains of EF-G are highly similar in 
structure in different bacterial species, but the super-domains may align dif-
ferently due to the flexibility of the inter-domain joints. Additionally, FA 
resistant mutations can be grouped in different categories. 
 
With the help of high-resolution crystal structures and kinetic assays we 
could explain the relation between FA resistance, fitness loss and fitness 
compensation mechanisms in molecular terms. The Phe residue on switch II 
is involved in trapping FA in EF-G on the ribosome. Thus, the mutation 
F88L (S. aureus EF-G), where the aromatic ring of Phe is replaced by the 
small side chain of Leu, shows FA resistance. Since F88 is also crucial for 
coordinating the conformational changes in EF-G, mutation F88L also af-
fects EF-G function causing fitness loss. The improved fitness acquired by 
additional mutation M16I is a result of loosening of the hydrophobic core in 
domain I and altered interactions between domains I and II. These changes 
probably allow switch II to reach conformations where L88 can interact 
more efficiently with other domains and facilitate EF-G function even with-
out F88. 
 
The conserved Histidine (H92 for E. coli EF-G) at the apex of switch II is 
believed to play a crucial role in EF-G function, especially in GTP hydroly-
sis. Biochemical characterization of the mutants H92A and H92E led us to 
conclude that this His residue is important for both GTP hydrolysis and Pi 
release. Comparing the degree of defect in these two mutants in different 
steps of elongation, we conclude that GTP hydrolysis precedes tRNA trans-
location, while most probably, Pi release occurs after it. Our results suggest 
that there exists a cross-talk between GTP hydrolysis on EF-G and ribosomal 
ratcheting. Lastly, we confirm that GTP hydrolysis and Pi release are abso-
lutely essential for the next round of elongation. 
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The crystal structure and biochemical characterization of FusB suggest that, 
FusB specifically rescues S. aureus EF-G from FA inhibition either by pre-
venting the formation of ribosome-EF-G-GDP-FA complex or facilitating 
dissociation of the FA locked EF-G-GDP from the ribosome.  
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Sammanfattning på Svenska 

I levande celler lagras den genetiska informationen i form av DNA. Denna 
information skickas sedan vidare till budbärar RNA (mRNA) i en process 
kallad transkription, slutligen används den för att tillverka protein i en pro-
cess kallad translation. Informationen i mRNA läses i så kallade kodon, varje 
kodon består av tre nukleotider och motsvarar en aminosyra i det protein 
som bildas. De stora makromolekylära maskinerna i levande celler som läser 
en sekvens av kodon på mRNA och konvertera den till en sekvens av ami-
nosyror i ett protein kallas för Ribosomer. Ribosomer består av proteiner och 
ribosomalt RNA (rRNA). Med en vikt på 2,5 megadalton och en diameter på 
över 200 Ångström är ribosomerna några av de största och mest komplice-
rade RNA-proteinkomplexen i cellen. Bakteriernas Ribosom kallas för 70S 
Ribosomen och den består av två subenheter, den stora 50S subenheten och 
den lilla 30S subenheten. Proteinsyntesen är uppdelad i fyra faser; initiering-
en, elongeringen, termineringen och återvinningen. Många andra molekyler 
hjälper Ribosomen under proteinsyntesen.  En sorts RNA kallat transfer 
RNA (tRNA) är ansvarigt för att förse Ribosomen med de aminosyror som 
skall inkorporeras i det protein som tillverkas. Ett antal proteiner, kollektivt 
kallade för translationsfaktorer, assisterar också Ribosomen under de olika 
faserna i proteinsyntesen. Tre faktorer, initiantionsfaktor 1, 2 och 3 medver-
kar under initieringsfasen. Tre elongeringsfaktorer, EF-Tu, EF-Ts och EF-G 
medverkar under elongeringsfasen. Tre termineringsfaktorer, RF 1, 2 och 3 
medverkar under termineringen. Slutligen genomförs återvinningen av Ri-
bosomer av två faktorer RRF och EF-G. Min avhandling handlar om faktorn 
som är inblandad både i elongeringsfasen och återvinningen: Elongerings-
faktor G (EF-G). 
         Staphylococcus Aureus är en patogen bakterie som är ansvarig för 
många sjukdomar hos människor. Sjukdomarna varierar från små sårinfekt-
ioner till stora systemiska infektioner så som lunginflammation. S. aureus 
har utvecklat resistens mot många kända antibiotika, av de få antibiotika som 
fortfarande fungerar är fusidinsyra (FA) en. FA stoppar bakteriens tillväxt 
genom att låsa fast EF-G på ribosomen och därmed inhibiera proteinsynte-
sen. Mutationer i den gen (fusA) som kodar för EF-G kan göra bakterier 
resistenta mot FA, oftast leder dock dessa resistensmutationer även till en 
minskning av bakteriens fitness (ungefär lämplighet). Detta yttrar sig oftast 
genom att bakterien växer långsammare. Dock kan ytterligare mutationer 
leda till att bakteriens fitness ökar igen. Denna mekanism kallas för fitness 
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kompensering. För att förstå mekanismen bakom FA resistans, fitness förlust 
och fitness kompensation har vi valt ut tre mutationer i EF-G; F88L resistant 
mot FA men med låg fitness, F88L+M16I resistant mot FA med bättre fit-
ness, samt M16I hyperkänslig för FA men med hög fitness. Vi har studerat 
strukturen hos dessa olika EF-G och testat dem i olika biokemiska experi-
ment. Vi har funnit att aminosyran F88 i EF-G är viktig för att binda FA men 
även mycket viktig för EF-Gs vanliga funktion.  Om denna aminosyra byts 
ut mot en annan som t.ex. leucine så binder FA mycket svagare till proteinet 
vilket leder till resistens. Eftersom denna aminosyra även är viktig för EF-Gs 
funktion så kommer mutationer även att påverka funktionen. Den ytterligare 
mutationen där vi ändrade M16 till isoleucine ändrade EF-Gs struktur och 
återställde den förlorade fitnessen. 
          För EF-Gs funktion så krävs energi. EF-G binder den energirika mole-
kylen guanosintrifosfat (GTP). När denna molekyl bryts ned i en process 
som kallas för hydrolys så frisläpps stora mängder energi som kan användas 
av EF-G. Eftersom det kan binda och hydrolysera GTP so inkluderas EF-G i 
G-proteinfamiljen. De andra G-proteinerna som deltar i proteinsyntesen är 
IF2, EF-Tu och RF3. Dessa G-protein är själva väldigt dåliga på att hydroly-
sera GTP men när de är bundna till Ribosomen kan de hydrolysera GTP flera 
tusen gånger snabbare än de kan ensamma, EF-G är inget undantag. En vik-
tig aminosyra, Histidin92 i E. coli EF-G har visat sig vara viktig för GTP 
hydrolysen när EF-G är bundet till Ribosomen. För att förstå mekanismen 
bakom Ribosom-stimulerad GTP hydrolys så skapade vi två mutanter av EF-
G där denna histidin är ersatt med alanin eller glutaminsyra, dessa två mu-
tanter kallas för H92A och H92E. När vi testade hur fort dessa mutanter kan 
hydrolysera GTP tillsammans med Ribosomen så var H92A tio gånger lång-
sammare och H92E hundra gånger långsammare än vanligt EF-G, detta be-
kräftar att H92 är viktig för GTP hydrolysen. Utöver detta så är de två mute-
rade EF-G sämre på sin biologiska funktion i elongeringsfasen i proteinsyn-
tesen, vilket visar att GTP hydrolysen är nödvändig för EF-Gs funktion. 
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