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Abstract
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Protein synthesis, translation, performed by the ribosome, is a fundamental process of life and
one of the main targets of antibacterial drugs. This thesis provides structural and biochemical
understanding of three aspects of bacterial translation.

Elongation factor G (EF-G) is the target for the antibiotic fusidic acid (FA). FA binds to EF-G
only on the ribosome after GTP hydrolysis and prevents EF-G dissociation from the ribosome.
Point mutations in EF-G can lead to FA resistance but are often accompanied by a fitness cost
in terms of slower growth of the bacteria. Secondary mutations can compensate for this fitness
cost while resistance is maintained. Here we present the crystal structure of the clinical FA
drug target, Staphylococcus aureus EF-G, together with the mapping and analysis of all known
FA-resistance mutations in EF-G. We also present crystal structures of the FA-resistant mutant
F88L, the FA-hypersensitive mutant M16I and the FA-resistant but fitness-compensated double
mutant F88L/M16I. Analysis of mutant structures together with biochemical data allowed us to
propose that fitness loss and compensation are caused by effects on the conformational dynamics
of EF-G on the ribosome.

Aminoglycosides are another group of antibiotics that target the decoding region of the 30S
ribosomal subunit. Resistance to aminoglycosides can be acquired by inactivation of the drugs
via enzymatic modification. Here, we present the first crystal structure an aminoglycoside 3’’
adenyltransferase, AadA from Salmonella enterica. AadA displays two domains and unlike
related structures most likely functions as a monomer.

Frameshifts are deviations the standard three-base reading frame of translation. -1
frameshifting can be caused by normal tRNASer3 at GCA alanine codons and tRNAThr3 at CCA/
CCG proline codons. This process has been proposed to involve doublet decoding using non-
standard codon-anticodon interactions. In our study, we showed by equilibrium binding that
these tRNAs bind with low micromolar Kd to the frameshift codons. Our results support the
doublet-decoding model and show that non-standard anticodon loop structures need to be
adopted for the frameshifts to happen.

These findings provide new insights in antibiotic resistance and reading-frame maintenance
and will contribute to a better understanding of the translation elongation process.
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asymmetric unit  
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dalton, the standard unit indicating mass. One Dalton 
is equivalent to 1g/mol 
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tRNA 
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single molecule fluorescence resonance energy trans-
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transfer RNA 
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Introduction 

Genomes are maintained and expressed with remarkably high fidelity 
throughout biology. This is partly achieved by the fundamental process of 
life - protein synthesis, which is implemented in the amazing cellular ma-
chines - the ribosomes. They translate the encoded information from the 
genome provided by messenger ribonucleic acid (mRNA) and link together 
the amino acids carried by transfer ribonucleic acid (tRNA) to produce poly-
peptides, which will fold into functional proteins.  

The prokaryotic and eukaryotic ribosomes both consist of two subunits, 
but their size and structure are different, and the translation process also 
slightly differs between prokaryotes and eukaryotes. These differences open 
a window for drugs to target the bacterial ribosomes. Indeed, antibiotics, 
such as aminoglycosides, tetracyclines, cyclic peptides, macrolides and so 
on, specifically target the bacterial ribosomes and inhibit translation. These 
ribosome-targeting antibiotics are not only used clinically to cure severe 
infections but also for probing various states of protein translation and com-
pleting the picture of the bacterial translation cycle. Yet, bacteria are clever 
enough to acquire resistance to antibiotics, and understanding of the mecha-
nisms are of great interest and important for potential therapeutics in the 
future. Although the ribosomes are sophisticated to do its job with high fidel-
ity, errors can occur, such as missense mutations, frameshifting and so on. 
Protein translation is a fundamental but complex process. Although each step 
of the process has been extensively studied over the past few decades, much 
remains unresolved.   

The work in this thesis is mainly focusing on three aspects of the elonga-
tion step in the translation cycle using structural and biochemical methods. 
First, the ribosomal elongation factor G is a drug target for fusidic acid (FA), 
point mutations on EF-G can lead to FA resistance and often a secondary 
mutation compensates the fitness cost – typically a reduced growth rate. 
Second, resistance to aminoglycosides can be acquired by inactivation of the 
drugs by enzymatic modification, and the aminoglycoside adenyltransferase 
is one of these aminoglycoside-modifying enzymes. Third, -1 ribosomal 
frameshifting can be caused by normal tRNAs using an unknown mecha-
nism. These three aspects are independent, but all have something to do with 
errors occurring at the elongation cycle. Each project will be introduced and 
insights from our results will be presented in this thesis.  
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Translation in bacteria  

The sequence of three-base codons on mRNA carrying the genetic infor-
mation directs the synthesis of a protein polypeptide chain. This process is 
named translation and it takes place on a large and complex molecular ma-
chine – the ribosome. The ribosome, found in all living cells, is made from 
both RNAs and proteins and is therefore a ribonucleoprotein particle. It con-
sists of two subunits in all species. In bacteria, the two subunits are designat-
ed 50S and 30S respectively, and together form the 2.5-mega-dalton (MDa) 
70S ribosome; in eukaryotes, their counterparts are the 60S and 40S subunits 
and the 80S ribosome. The 50S subunit is composed of 23S ribosomal RNA 
(rRNA), 5S rRNA and about 30 ribosomal proteins; the 30S subunit is com-
posed of 16S rRNA and about 20 ribosomal proteins. During translation, the 
ribosome works as a dynamic machine together with various ribosomal 
translation factors, many of which are guanosine triphosphate hydrolases 
(GTPases).  

Much progress towards understanding of the detailed mechanism of trans-
lation has been made during the past two decades. This has been achieved by 
the application of various tools such as pre-steady-state and fast kinetics, 
cryoelectron microscopy (cryoEM), molecular dynamics (MD) simulations, 
X-ray crystallography, single molecule fluorescence resonance energy trans-
fer (smFRET) and so on.  

On the ribosome, there are three binding sites for the tRNAs: 1) amino-
acyl-site (A-site), which accommodates the incoming aminoacylated tRNA; 
2) peptidyl-site (P-site), which holds the translocated tRNA attached to a 
nascent polypeptide chain, and 3) exit-site (E-site), to which the deacylated 
tRNA proceeds after the formation of a peptide bond before leaving the ribo-
some. The tRNAs occupy the inter-subunit space with their anticodon stem 
loops (ASLs) protruding to the mRNA codons on the 30S subunit and their 
amino-acid-carrying ends reaching the peptidyl transferase center (PTC) at 
the 50S subunit where peptide formation occurs. The tRNA and mRNA 
binding sites and some basic features of the ribosome are shown in Figure 1. 
The mRNA is located at the cleft between the “head” and the “body” of the 
30S subunit. The tRNAs have codon-anticodon interactions with the mRNA, 
and the 3’-CCA end of the A- and P-site tRNA are in the PTC, whereas that 
of the E-site is around 50 Å away. Since the first high resolution crystal 
structures of the ribosomal subunits and the 70S ribosome were solved (Ban 
2000; Wimberly et al. 2000; Yusupov et al. 2001), detailed interactions be-
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tween the ribosomal subunits and mRNA, tRNAs, as well as the translation 
factors in various states of protein synthesis have been elucidated. An excel-
lent review of ribosome structures (Schmeing & Ramakrishnan 2009) sum-
marizes what is known about the structural mechanism of translation.  

During translation, a ratchet-like rotation between the two ribosomal sub-
units and a relative movement between the “head” and the “body” of the 30S 
subunit (swiveling of the head) have also been observed (Frank & Agrawal 
2000; Schuwirth et al. 2005). These movements are fundamental features of 
the ribosome.  

 
Figure 1. Structure of the ribosome in complex with mRNA and A- P- and E- site 
tRNA. The 50S ribosomal RNA is shown in cyan and 50S ribosomal proteins are 
shown in blue. RNA in the 30S subunit is shown in yellow and ribosomal proteins in 
the 30S subunit are shown in orange. The A- P- and E- site tRNAs are shown in 
magenta, green and yellow with surface representation, respectively. The short 
mRNA is shown in black. Coordinates are from a structure of the T. thermophilus  
70S ribosome (Voorhees et al. 2009). Figure was made in PyMol.  

The bacterial translation cycle consists of four steps: initiation, elongation, 
termination and ribosome recycling. Each step involves GTP-hydrolysis-
mediated complex formation or dissociation. A summary of the translation 
cycle and the involved protein translation factors based on current biochemi-
cal and structural knowledge will be introduced in the following sections.  
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Initiation 
Initiation is the rate-limiting step for translation. To start synthesizing a pro-
tein, the ribosome needs to recognize a start codon (AUG, GUG, UUG, or 
AUU) on the mRNA, which can encode the initiator N-formylmethionine 
(fMet)-tRNAfMet, and it needs to position the initiator tRNA over the P-site. 
The most common initiation triplet is AUG, whereas the others are rare. 
Another element on an mRNA other than the start codon is the Shine-
Dalgarno (SD) sequence (Shine & Dalgarno 1975), which is also necessary 
for ribosome recognition. The SD sequence is optimally 5-9 bases upstream 
of the start codon, complementary to the 3’-end of 16S rRNA (Steitz and 
Jakes 1975), containing the consensus AGGAGGU bases. The accurate posi-
tioning of the ribosome is directed by binding of mRNA, the initiator tRNA 
and initiation factors (IF) 1-3 (Gualerzi and Pon 1990). The first step of ini-
tiation is the association of IF3 and the 30S ribosomal subunit that has been 
split from the 50S after translational termination (See termination section 
below). The binding of mRNA, IF1, IF2 and initiator tRNA to the 30S-IF3 
complex results in the formation of 30S initiation complex (30S-IC). The 
formation of 70S-IC is stimulated by IF2, which is a GTPase, and coupled 
with release of IF3 (Milon et al. 2008). With the assistance of IF2-dependent 
GTP hydrolysis, phosphate release and subsequently IF2 release, the initiator 
tRNA at the P-site reaches the PTC and prepares the ribosome for elongation 
(Grigoriadou et al. 2007).  

The elongation cycle  
The completion of initiation leaves the 70S ribosome with an aminoacylated 
initiator tRNA at the P-site and an empty A-site ready for the elongation 
cycle. An outline of the elongation cycle is shown in Figure 2. The elonga-
tion cycle consists of several steps that are involved in sequentially adding 
amino acids to a polypeptide chain according to the sequence in the mRNA. 
The first step is decoding, during which the next aminoacyl-tRNA (aa-
tRNA) is delivered to the ribosomal A-site in complex with elongation factor 
Tu (EF-Tu) and GTP. This is followed by peptide bond formation at the PTC 
resulting in the addition of one amino acid to the nascent polypeptide chain. 
Following peptidyl transfer, the tRNAs move spontaneously in the 50S sub-
unit, from the “classical” state to a “hybrid” state, until elongation factor G 
(EF-G) binds. EF-G then catalyzes translocation under GTP hydrolysis, 
which moves the tRNAs and mRNA with respect to the ribosome and leaves 
an empty A-site for the next round of elongation.  
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Figure 2. The elongation cycle. Each cycle consists of three major steps: decoding, 
peptidyl transfer, and translocation. This figure is reproduced from (Shoji et al. 
2009) with permission from the publisher.  

Decoding  
Decoding ensures that the ribosome selects the correct aa-tRNA for the A-
site. This is extremely accurate; the missense error rate in protein translation 
in vivo has been estimated to be no more than 3.4×10-4 per codon (Kramer & 
Farabaugh 2007). Base pairing between the mRNA and the tRNA ASL is the 
basis for codon recognition. However, the cognate base pairing, which has a 
perfect match for all the three bases, and the near-cognate base pairing, 
which has one base mismatch, have too small energy differences for the base 
pairs alone to be selected accurately (Xia et al. 1998; Ramakrishnan 2002). 
Nonetheless, the ribosome is able to discriminate the difference between 
cognate and near-cognate binding. The ribosome plays a direct role in ensur-
ing discrimination and fidelity.  

Most aa-tRNAs in the cell exist as ternary complexes with EF-Tu and 
GTP. The crystal structure of the ternary complex of EF-Tu, Phe-tRNAPhe 
and a GTP analog was solved about two decades ago (Nissen et al. 1995). 
The binding of a correct aa-tRNA to the ribosomal A-site takes place in a 
series of kinetic steps, which have been elucidated by pre-steady state kinet-
ics measurements (Rodnina and Wintermeyer 2001) and smFRET 
(Blanchard et al. 2004) studies. As the ternary complex is delivered to the A-
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site, the ribosome can discriminate tRNAs in two stages: initial selection, 
which takes place before GTP hydrolysis; and proofreading, which occurs 
after GTP hydrolysis and before peptide bond formation. Initial selection 
involves binding of the ternary complex, codon recognition, GTPase activa-
tion and GTP hydrolysis. Upon GTP hydrolysis and phosphate release, EF-
Tu rearranges its conformation into GDP form and dissociates from the ribo-
some. Thereafter the A-site tRNA is either accommodated in the PTC, ready 
for peptide bond formation, or rejected by ribosome proofreading.  

Structural studies of various ribosomal complexes have elucidated the di-
rect roles of the ribosome in decoding. The universally conserved bases on 
the 16S rRNA - G530, A1492 and A1493 - were found to be shielded by A-
site tRNA from chemical probing (Moazed and Noller 1986). Nuclear mag-
netic resonance (NMR) spectroscopy studies have also shown that the error-
inducing aminoglycoside paromomycin (see the aminoglycoside section 
below) induces local conformational changes at the A-site of 16S rRNA 
including A1492 and A1493 (Fourmy et al. 1998; Fourmy et al. 1996). Crys-
tal structures of the 30S subunit with mRNA, cognate tRNA at the A-site 
with and without paromomycin (Ogle et al. 2001) reveal that the essential 
bases A1492, A1493 and G530 interact with the minor groove of the first 
two base pairs. These bases monitor the geometry of Watson-Crick base-
pairing and discriminate against near-cognate tRNA, whereas the third posi-
tion of the codon is free to accommodate U-G wobble base pairs. The geom-
etry checking enhances the specificity of codon-anticodon recognition to a 
much greater extent than base-pairing alone. The recognition of cognate 
tRNA by the ribosome has been proposed to be conducted by an induced fit 
model coupled with a transition from an open to a closed form of the 30S 
subunit (Ogle et al. 2001; Ogle et al. 2003; Ogle et al. 2002). Another struc-
ture of the 70S ribosome with three tRNAs bound in A-, P- and E- sites 
(Selmer et al. 2006) confirms the results by Ogle and coworkers for 70S. A 
recent crystallographic study showes that the 30S domain closure upon bind-
ing of a tRNA to the A-site forces the first two base pairs to assume the Wat-
son-Crick geometry (Demeshkina et al. 2012). Furthermore, the crystal 
structure of EF-Tu and aa-tRNA bound to the 70S ribosome (Schmeing et al. 
2009) reveals details of how tRNA distortion allows communication be-
tween the decoding center on the 30S subunit and the EF-Tu GTPase center 
on the 50S subunit. A more recent crystal structure of the 70S ribosome, EF-
Tu, aa-tRNA and a GTP analog captures EF-Tu in its active form (Voorhees 
et al. 2010), showing a critical and conserved interaction between the cata-
lytic histidine of EF-Tu and A2262 at the sarcin-ricin loop of the 23S rRNA, 
suggesting a universal mechanism for GTPase activation on the ribosome.  
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Peptide bond formation  
The accommodation of the correct aa-tRNA to the PTC is followed by rapid 
and irreversible peptide-bond formation (Wohlgemuth et al. 2006), which is 
the central chemical reaction during protein synthesis. The α-amino group of 
the A-site aa-tRNA makes a nucleophilic attack on the ester carbon of the 
peptidyl-tRNA to form a new peptide bond. The peptide then sits on the A-
site tRNA (Green & Lorsch 2002). To do this, the CCA ends of the aa-tRNA 
and peptidyl-tRNA bind to domain V of the 23S rRNA, which is the catalyt-
ic site. The PTC has been precisely localized in the Haloarcula marismortui 
50S subunit structure (Nissen et al. 2000), in which no protein is visible near 
the catalytic site. The structures of 50S subunit in complex with peptidyl 
transferase substrate analogues (Schmeing et al. 2005) suggest an induced fit 
model in which the active site bases and the substrates reposition to allow 
peptide bond formation. Later, structures of the intact ribosome containing 
the active site at the PTC (Voorhees et al. 2009) have confirmed the high 
similarity in the PTC conformations for the large subunit and the intact ribo-
some, but they also reveal interactions between the ribosomal proteins L16 
and L27 and the tRNA substrates. This shed lights on the importance of the-
se proteins in peptidyl transfer together with previous biochemical (Moore et 
al. 1975; Maguire et al. 2005) and computational data (Trobro & Aqvist 
2008). The N-terminal tail of L27 may be involved in stabilizing the tRNA 
substrates in the PTC and helping to position their 3’ ends for peptidyl trans-
fer. Ribosomal protein L16 may also be involved in stabilizing the A-site 
tRNA.  

Translocation  
Peptide bond formation results in a ribosomal complex with the A-site tRNA 
attached to a nascent polypeptide chain and a deacylated P-site tRNA, 
termed pre-translocation (PRE) complex. The tRNAs and the mRNA need to 
move relative to the ribosome such that the mRNA moves precisely one 
codon, and the tRNAs translocate from the A and P sites to the P and E sites 
before the next round of elongation cycle. Translocation takes place in sev-
eral steps. First, following peptide bond formation, the acceptor ends of the 
tRNAs move spontaneously within the 50S subunit resulting in a hybrid-
state complex (Moazed and Noller 1989). In a hybrid state, the anticodon 
stem loops of the peptidyl-tRNA and deacylated tRNA reside at the A and P 
sites of the small subunit and their acceptor ends interact with the P and E 
sites of the large subunit, occupying the A/P and P/E site (the first and the 
second letter present the binding site on 30S and 50S subunits), respectively. 
After binding of GTPase EF-G, the codon-anticodon helices move in the 30S 
subunit, where peptidyl-tRNA and deacylated tRNA occupy the P and E 
sites of both subunits. At this point, the complex is a post-translocation 
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(POST) complex. The POST complex has a vacant A-site, ready for the next 
round of elongation. 

Ribosome motions during translocation  
The EF-G-dependent translocation is coupled with conformational changes 
of the ribosome.  Before peptidyl transfer or after translocation, when there 
is a peptidyl-tRNA bound at the ribosomal P-site, the ribosome is “locked” 
in a classical state, see Figure 1 (Valle et al. 2003). After peptidyl transfer, 
the ribosome undergoes a ratchet-like rotation between the ribosomal subu-
nits where it becomes “unlocked”, i.e., there is a 3-10 degree of counter-
clockwise rotation of the body of the 30S subunit with respect to the 50S 
subunit (Frank and Agrawal 2000; Valle et al. 2003). This movement is es-
sential for translocation (Horan and Noller 2007). The hybrid state tRNAs, 
coupled with spontaneous ratcheting of the ribosome, were visualized using 
cryo-EM (Agirrezabala et al. 2008; Julián et al. 2008). The formation of 
tRNA hybrid states is believed to occur in two steps: the P/E state forms first 
and then the A/P state (Munro et al. 2007). Single-molecule FRET studies 
show that the ribosome oscillates between the classical and rotated states. It 
is unlocked in the PRE complex until the binding of EF-G stabilizes the ro-
tated state (Blanchard et al. 2004; Cornish et al. 2008; Munro et al. 2010; 
Spiegel et al. 2007). 

The rotation of the body of 30S relative to the 50S subunit is followed by 
another motion that is involved in the ratcheting of the ribosome. This mo-
tion is the rotation of the head domain of the 30S subunit, which is believed 
to play an important role in controlling the position of the tRNAs and facili-
tating tRNA-mRNA movement (Frank et al. 2007; Schuwirth et al. 2005). 
The rotation of the head is about 12 degrees, equivalent to a 20 Å movement 
at the subunit interface (Schuwirth et al. 2005).  

The “opening” and “closing” of the ribosomal L1 stalk, which is com-
posed of helices 76-78 from the 23S rRNA and the ribosomal protein L1, is 
also required in translocation to facilitate the movement of the tRNAs (Shoji 
et al. 2009). The L1 stalk interacts with the elbow region of the E-site tRNA 
in the closed conformation (Selmer et al. 2006; Korostelev et al. 2006). Sin-
gle-molecule FRET studies show that the L1 stalk spontaneously establishes 
interaction with the newly deacylated tRNA after peptide bond formation 
(Fei et al. 2008). In the unrotated classical ribosome in which the P-site 
tRNA is charged, the L1 stalk is in an open form without interacting with the 
tRNA. By contrast, in the rotated ribosome in which the P-site tRNA is 
deacylated, the L1 stalk is in a closed form and interacts with tRNA (Valle et 
al. 2003; Fei et al. 2008).  

The role of EF-G and GTP hydrolysis in translocation  
Early kinetics studies show that EF-G can promote a single round of translo-
cation in the presence of nonhydrolyzable GTP analogs, but GTP is needed 
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for multiple-turnover translocation (Kaziro 1978). EF-G with GDP or with-
out any guanine nucleotide does not have any translocase activity (Katunin 
et al. 2002; Rodnina et al. 1997). The presence of both A-site and P-site 
tRNAs is required by EF-G to catalyze translocation, but it seems that only 
the ASL of the A-site tRNA and full P-site tRNA are essential for transloca-
tion (Joseph and Noller 1998). EF-G joins the PRE complex in the GTP-
bound form, and GTP hydrolysis is followed by tRNA-mRNA movement 
and phosphate release, inducing further structural rearrangement of EF-G 
and the ribosome (Wilden et al. 2006; Savelsbergh et al. 2003). In solution, 
EF-G does not undergo a global conformational change when switching 
between the GTP- and GDP- bound forms. Rather, ribosome binding seems 
to trigger EF-G conformational change and the active overall conformation 
of EF-G is only acquired when it is bound to the rotated state of the ribo-
some (Hauryliuk et al. 2008). A recent single-molecule FRET study tracks 
the binding of EF-G and the ribosome conformation in real time, demon-
strating the locking and unlocking model of the ribosome and correlation of 
EF-G binding with ribosome conformation (Chen et al. 2013). This study 
indicates that the EF-G-GTP complex continuously samples both rotated and 
classical states of the ribosome and binds with higher affinity to the rotated 
state, consistent with previous kinetic and single-molecule FRET data.  

Structure of EF-G and its interaction with the ribosome 
EF-G is a five-domain protein, with a molecular mass of ~ 78 kDa. The crys-
tal structures of Thermus thermophilus EF-G in its apo and GDP-bound form 
were solved almost two decades ago independently by two groups 
(AEvarsson et al. 1994; Czworkowski et al. 1994).  

 
Figure 3. Structure of EF-G bound to the ribosome. Domains are shown in Roman 
numerals. Numbers 1-8 indicate ribosome contact areas, see description to the right. 
The coordinates are from ribosome-bound T. thermophilus EF-G (PDB code 2wri) 
(Gao et al. 2009).  
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There are a number of GTPases involved in the bacterial translation cycle, 
namely IF2, EF-Tu, EF-G, RF3, SelB and LepA. All of these GTP-
hydrolyzing enzymes share a highly conserved GTPase (G) domain - the 
catalytic domain. They bind to an overlapping region on the ribosomal 50S 
subunit (Helgstrand et al. 2007). GTPases are molecular switches with in-
trinsic GTPase activity. Proteins in the GTPase family undergo conforma-
tional changes upon GTP hydrolysis and switch between the functional GTP 
state and the inactive GDP state (Bourne et al. 1991). In EF-G, the G domain 
(domain I) is the largest domain, which is homologous to that in the 
GTPases of the Ras superfamily. There are three functionally important re-
gions in the G domain: the P-loop (phosphate-binding loop), switch I (effec-
tor loop) and switch II. The P-loop has a consensus GXXXXGKS/T (X is 
any amino acid) motif, interacting with the β and γ phosphates of the nucleo-
tide. The switch regions usually undergo conformational changes upon GTP 
hydrolysis, where the release of γ-phosphate relaxes the switch regions into 
the inactive GDP form. Domains I and II of EF-G share high similarity to the 
corresponding domains of other translational GTPases, such as EF-Tu and 
IF2 (Caldon et al. 2001; Caldon et al. 2003), although there is an extra ~90-
amino acid insertion of a G’ subdomain in EF-G. Domains III, IV, and V are 
connected with the other two domains via a loop. The overall conformation 
of EF-G was found to have striking similarity to the EF-Tu ternary complex 
(Nissen et al. 1995), with domains III-V mimicking a tRNA. The structure of 
EF-G with a nonhydrolyzable GTP analog is known (Hansson et al. 2005a), 
but no major difference was found between the GDP- and the GTP-bound 
forms. This is unlike crystal structures of other GTPases, e.g. EF-Tu, where 
GTP hydrolysis involves a large global conformational change and helix 
unwinding at the nucleotide binding site (Kjeldgaard et al. 1993; Polekhina 
et al. 1996). All previously solved EF-G structures are from T. thermophilus 
(Hansson et al. 2005a; Hansson et al. 2005b; Laurberg et al. 2000; 
Czworkowski & Moore 1997; Czworkowski et al. 1994; Al-Karadaghi et al. 
1996; AEvarsson et al. 1994), and the switch I region is disordered in all of 
them. Switch II, on the other hand, displays various conformations (Figure 
7B). In a crystal structure of EF-G-2 bound with GTP (a homolog of EF-G 
with sequence identity of 34%), the switch I region is ordered as two helices 
(Connell et al. 2007).   

Large-scale movement of EF-G is seen with cryo-EM when EF-G is 
locked on the ribosome during translocation either with a nonhydrolyzable 
GTP analogue (Connell et al. 2007) or with the antibiotic FA and GDP 
(Stark et al. 2000; Agrawal et al. 1998; Agrawal et al. 2001). Domain I inter-
acts with the L7/L12 stalk on the 50S subunit, and domain IV contacts the 
shoulder of the 30S subunit in the PRE complex and reaches the decoding 
center after translocation. The 3.6 Å crystal structure of the 70S ribosome 
and EF-G⋅GDP complex trapped by FA in the POST state reveals more de-
tails of EF-G-ribosome interactions (Gao et al. 2009), including its interac-
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tion with the L11 region and L10-L12 stalk and the interaction between do-
main IV and the decoding center. The overall structure of EF-G when it is 
bound to the ribosome and its interactions with it are illustrated in Figure 3. 
Recent crystal structures of the E. coli 70S ribosome in complex with EF-G 
and the nonhydrolyzable GTP analogue β,γ-methyleneguanosine 5’-
triphosphate (GMPPCP) in different states of ribosomal subunit rotation 
(Pulk & Cate 2013) indicate that EF-G binding to the ribosome stabilizes its 
switch regions. Thus, EF-G⋅GMPPCP is in a compact and rigid confor-
mation favoring the rotated ribosome. The same study suggests that EF-G 
controls translocation by going from a rigid to a relaxed conformation after 
GTP hydrolysis. Another recent crystal structure of the T. thermophilus 70S 
ribosome in complex with EF-G and GMPPCP also reveals an EF-G-bound 
ribosome in the rotated state before GTP hydrolysis (Tourigny et al. 2013). 
In this structure, the switch regions are ordered and an inward movement of 
the L1 stalk has been observed, stabilizing the P/E tRNA. The key conserved 
residues Asp22, Lys25, and His87 in EF-G interact with the 50S subunit in a 
different conformation compared to the isolated and fully translocated struc-
tures. This study suggests a similar mechanism of activation of GTP hydrol-
ysis between EF-G, EF-Tu, and possibly other translational GTPases.  

Termination  
The termination of a coding sequence requires a UAA, UAG or UGA stop 
codon. The elongation cycle ends when a stop codon moves into the A-site. 
A type I release factor (RF) recognizes the stop codon and promotes hydrol-
ysis of the peptidyl-tRNA linkage in the PTC, resulting in release of the 
nascent peptide chain from the ribosome. In bacteria, there are two type I 
release factors, RF1 an RF2. Both of them can recognize the UAA stop co-
don, whereas UAG is only recognized by RF1 and UGA is only recognized 
by RF2 (Scolnick et al. 1969). The high resolution structures of the 70S ribo-
some in complex with RF1 (Laurberg et al. 2008) and RF2 (Weixlbaumer et 
al. 2008; Korostelev et al. 2008) provide structural details of translational 
termination. The conserved GGQ motif of the release factors plays a major 
role in peptide hydrolysis. They show that it is positioned in the PTC in a 
special conformation for which the two glycines are critical. The type II 
release factor RF3 facilitates the release of type I release factors from the 
ribosome after peptide release. RF3 is a GTPase and is stably bound to GDP 
in solution in vivo. The crystal structure of RF3-GDP is strikingly similar to 
that of EF-Tu-GTP (Gao et al. 2007). The ribosomes in complex with RF1/2 
act as guanine nucleotide-exchange factors, allowing binding of RF3-GTP to 
the ribosome (Zavialov et al. 2001). The binding of RF3-GTP induces con-
formational changes of the ribosome and release of the type I release factors. 
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GTP hydrolysis is required for dissociation of RF3 from the ribosome 
(Zavialov et al. 2001).  

Ribosome recycling  
Dissociation of RF3 from the ribosome under GTP hydrolysis leaves the 
ribosome with an mRNA and a deacylated tRNA in the P-site. To initiate a 
new round of protein synthesis, the ribosome must be recycled as subunits. 
This process is carried out by a ribosomal recycling factor (RRF) together 
with EF-G (Hirashima & Kaji 1973). The crystal structure of RRF from 
Thermotoga maritima contains two domains (Selmer et al. 1999). The de-
tailed interactions of the RRF with the ribosome are revealed by the complex 
crystal structure of the 70S ribosome and RRF from T. thermophilus 
(Weixlbaumer et al. 2007). However, a crystal structure of the 70S ribosome 
with both RRF and EF-G is still lacking to date. EF-G is the only translation 
factor that has two distinct functions in different stages of translation. EF-G 
hydrolyzes GTP in both translocation and ribosome recycling, but when 
GTP is replaced with nonhydrolyzable analogs, ribosome recycling is com-
pletely blocked (Zavialov et al. 2005). Detailed interactions between EF-G 
and RRF can be seen with cryo-EM (N. Gao et al. 2007), where domains III-
V of EF-G interact with the hinge region, the head domain and the C-
terminus of RRF, respectively. EF-G undergoes domain rearrangement and 
switch I conformational change upon GTP-hydrolysis. These conformational 
changes are proposed to induce head domain rotation of RRF and eventually 
subunit dissociation (N. Gao et al. 2007).  

In summary, the translation process is a fundamental but complex pathway. 
Although the accuracy and efficiency of translation is high, any step of the 
translation cycle can go wrong. Errors in protein synthesis include substitu-
tion, insertion, deletion mutations, premature termination, or even a com-
pletely different protein if the reading frame is changed. The following sec-
tions will address such aspects as error-inducing antibiotics, antibiotic re-
sistance, and ribosomal frameshifting. 
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Translation inhibition by antibiotics  

The ribosome is one of the major in vivo targets for antibiotics. Antibiotics 
were originally defined as small metabolic products produced by micro-
organisms that inhibit the growth of or even destroy other micro-organisms 
(Waksman 1947). The term antibiotic is now used in a broader sense to in-
clude chemicals that inhibit micro-organisms, viruses or eukaryotic cells 
(Spahn & Prescott 1996).  

Since their discovery, ribosome-targeting antibiotics have been of major 
clinical importance; however, bacterial strains with resistance to the drugs 
often emerge rapidly in clinical use. The ribosome-targeting antibiotics have 
also been used as tools for capturing functional states of the ribosome and 
understanding the mechanism of the various steps of translation described 
above. How do antibiotics interact with the ribosome and how do the drugs 
take their action? These questions have been studied extensively in recent 
years by biochemical and structural methods. Most inhibitors target func-
tionally important sites of the rRNA on the surface of the two subunits 
(Poehlsgaard and Douthwaite 2005). In the 30S subunit, the best-
investigated site is the decoding center, which is targeted by aminoglyco-
sides (Tenson and Mankin 2006), and crystal structures of the 30S in com-
plex with various antibiotics reveal the structural basis for the action of the 
aminoglycosides (Brodersen et al. 2000; Carter et al. 2000). In the 50S subu-
nit, the antibiotics target mainly three regions where they interfere with GTP 
hydrolysis, peptide bond formation and intersubunit interactions 
(Poehlsgaard and Douthwaite 2005). Translation factors are also common 
targets for antibiotics, e.g. kirromycin locks EF-Tu-GDP on the ribosome 
(Parmeggiani and Nissen 2006; Wolf et al. 1974) and fusidic acid (FA) locks 
EF-G-GDP on the ribosome (Bodley et al. 1969) etc.  

Although a wide range of drugs target the bacterial ribosome, the follow-
ing paragraphs will only introduce the modes of action for FA, which inhib-
its translocation, and a few aminoglycosides, which interfere with decoding. 

Fusidic acid and its action  
Fusidic acid, derived from Fusidium coccineum, is a bacteriostatic antibiotic 
discovered in the 1960s (Godtfredsen et al. 1962). The chemical structure of 
FA is shown in Figure 4. It has been in clinical use for the treatment of 
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staphylococcal infections for over four decades. Staphylococcus aureus is 
one major target for clinical treatment. FA inhibits translocation by prevent-
ing dissociation of EF-G. It acts on EF-G only when it is bound to the ribo-
some, locking and stabilizing EF-G there after GTP hydrolysis and translo-
cation (Willie et al. 1975; Valle et al. 2003). FA binds to the ribosome bound 
EF-G-GDP with a Kd of around 0.4 µM (Okura et al. 1970), whereas it does 
not bind to free EF-G. This indicates that the FA-binding pocket on EF-G is 
only formed when it is bound to the ribosome. The binding pocket can be 
seen in the 70S-EF-G⋅GDP⋅FA complex structure (Gao et al. 2009), where 
FA is surrounded by the switch II region of the G domain, domains II and III 
of EF-G.  

 
Figure 4. Chemical structures of antibiotics mentioned in this thesis.  

Aminoglycosides and their mode of action  
Aminoglycosides are a family of antibiotics that are composed of amino-
modified sugars and with considerable structural diversity. They are often 
broad-spectrum antibiotics produced by bacterial or fungal metabolism. The 
first aminoglycoside streptomycin was isolated from Streptomyces griseus in 
the 1940s (Schatz et al. 1944). Clinically aminoglycosides are for example 
used to treat bacteremia, endocarditis, infections of the abdomen and urinary 
tract. The aminoglycosides mentioned in this thesis are shown in Figure 4. 
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Aminoglycosides bind to 16S rRNA at the decoding region of the 30S ri-
bosomal subunit (Moazed and Noller 1987), causing misreading and inhibit-
ing translation (Cabanas et al. 1978; Davies et al. 1965). Most of them are 
inactive against eukaryotic ribosomes. It is believed that the identity of the 
nucleotide at position 1408 on 16S rRNA, which is an adenine in prokary-
otes and a guanosine in eukaryotes, is the determinant of specificity of many 
aminoglycosides (Recht et al. 1999). 

The crystal structure of 30S subunit in complex with the aminoglycosides 
paromomycin and streptomycin and an aminocyclitol antibiotic, spectino-
mycin, that is closely related to the aminoglycosides reveals the structural 
basis for their mode of action (Carter et al. 2000). Streptomycin, which can 
cause extensive misreading of mRNA (Davies et al. 1964), binds tightly to 
the phosphate backbone of 16S rRNA and makes contact with protein S12 
that is encoded by rpsL gene. The binding of paromomycin flips out A1492 
and A1493 from helix 44 into a position where they could interact with the 
minor groove of the codon-anticodon helix, increasing the error rate of the 
ribosome. The binding of the aminoglycosides also induces a domain closure 
of the 30S subunit that usually takes place when a correct tRNA is bound. 
The binding sites of streptomycin, spectinomycin and paromomycin are 
shown in Figure 5. 

 
Figure 5. Binding sites of the antibiotics on the bacterial ribosomal 30S subunit. The 
30S subunit model is based on (Voorhees et al. 2009) and the position of the binding 
sites are based on Figure 1 in (Poehlsgaard & Douthwaite 2005). Figure was made 
in PyMol and Microsoft Powerpoint.  

Spectinomycin interferes with EF-G-catalyzed translocation (Bilgin et al. 
1999). The crystal structure shows that the antibiotic binds to the end of he-
lix 34, making interactions with G1064 and C1192; it is also in close prox-
imity to a loop of S5 and part of helix 28 (Carter et al. 2000). Spectinomycin 
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has a rigid structure and binds near the pivot point for the head rotation of 
30S subunit which is required in the EF-G-catalyzed translocation. It is like-
ly that binding of the drug sterically blocks the head rotation of the 30S sub-
unit and thereby inhibits translocation.   

Other aminoglycosides will not be discussed in this thesis in detail except 
to mention that the common effect of their binding is a conformational 
change of the ribosome mimicking the closed state induced by cognate 
tRNA binding.  
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Antibiotic resistance  

Antibiotics are essential in the fight against infectious diseases, and bacterial 
resistance against antibiotics is widely recognized as a health threat. There-
fore, understanding the mechanisms of antibiotic resistance is critical, both 
for maintaining the effectiveness of existing drugs and for developing new 
ones. Extensive studies on antibiotic resistance have provided considerable 
knowledge of its mechanisms, although much remains to be investigated. 
There are several mechanisms of resistance: inactivation of the drug, modifi-
cation of the drug target, decreased uptake or increased efflux, and altered 
metabolism (bypassing the inhibited pathway) (Giedraitienė et al. 2011). The 
concept “antibiotic resistome” has been proposed to represent the collection 
of genes that contribute to resistance directly or indirectly (Wright 2010). In 
the following paragraphs, relevant parts of the current understanding of re-
sistance mechanisms to FA and aminoglycosides will be introduced.  

Resistance mechanisms to fusidic acid  
Staphylococcus aureus is a bacterium that is a common cause of respiratory 
diseases and skin infections, against which FA has been used for clinical 
treatment. The first mechanism of resistance to FA to be identified was alter-
ation of the fusA gene encoding EF-G-, i.e., the drug target (Chopra 
1976)(fusA class). Later, numerous fusA class mutations were identified by 
DNA sequencing from either mutants evolved and selected in the lab (Besier 
et al. 2003; Johanson et al. 1994) or clinically isolated FA-resistant mutants 
(Besier et al. 2003; Lannergård et al. 2009; Nagaev et al. 2001; Norström et 
al. 2007). A subset of the fusA class mutations cause a small-colony variant 
(SCV) phenotype (Norström et al. 2007). These are subpopulation of cells 
having slow growth rate and resistance towards antibiotics. A second class 
of mutations with the SCV phenotype have been identified in the rplF gene, 
which encodes ribosomal protein L6; these are classified as fusE mutants 
(Norström et al. 2007). The C-terminus of L6 is in close proximity to domain 
V of EF-G when it is bound to the ribosome after translocation (Gao et al. 
2009).  

Resistance to FA can also result from expression of the EF-G protective 
FusB-type proteins. The fusB gene is carried on plasmid pUB101 (O’Brien 
2002). FusB binds to S. aureus EF-G, but not to E. coli EF-G (O’Neill and 
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Chopra 2006). FusB was suggested to promote the dissociation of the EF-G-
GDP complex from the ribosome (Cox et al. 2012). The crystal structure of 
FusB was solved and mapping of the FusB binding site using hybrid con-
structs between S. aureus and E. coli EF-G was performed (Guo et al. 2012). 
The hybrid construct containing S. aureus domain IV and domains I, II, III 
and V from E. coli show the same binding to FusB as the wild type S. aureus 
EF-G, indicating that FusB binds to domain IV of EF-G. The detailed mech-
anism of FusB-mediated FA resistance, however, still remains unclear.  

We solved the S. aureus EF-G structure at high resolution (1.9 Å), and 
analyzed and mapped all known clinically isolated FA-resistance mutations 
to our structure (Paper I). 

Fitness cost and compensation  
Any characteristic that enables an organism to survive may be defined as 
fitness. The most common measure of fitness is the growth rate. Antibiotic 
resistance is often associated with a fitness loss, i.e., slow growth for the 
resistant bacteria (Andersson and Levin 1999). The FA-resistant mutations 
in EF-G often are evolved to be associated with a secondary mutation that 
partly or fully compensates the fitness loss (Nagaev et al. 2001). One of the 
primary mutations that cause strong FA resistance is F88L. This mutation is 
located at the tip of the switch II loop and involved in direct contact with FA 
when bound to the ribosome (Gao et al. 2009). The F88L mutant exhibits a 
significant growth defect, yet an additional mutation M16I can compensate 
the fitness loss and retain FA resistance (Nagaev et al. 2001). Interestingly, 
the M16I mutation itself confers an FA hypersensitive phenotype. We tried 
to clarify the mechanism of how the resistance is retained and how the fit-
ness loss is compensated. In our study, crystal structures of EF-G mutants 
F88L, M16I, and the fitness compensated double mutant F88L/M16I were 
solved and analyzed together with kinetic data (Paper II).  

Resistance mechanisms to aminoglycosides  
Bacterial resistance towards aminoglycosides is acquired by several mecha-
nisms: inactivation of the drug by aminoglycoside-modifying enzymes; 
structural alteration of the drug binding site on the ribosome, e.g. 16S rRNA 
methylation and ribosomal point mutations; extrusion of drugs from the cell 
by efflux pumps; and decreased cell membrane permeability. Among these 
mechanisms, drug modification by enzymes gives the highest level of ami-
noglycoside resistance (Azucena & Mobashery 2001), and only this mecha-
nism will be discussed here.  
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Aminoglycoside-modifying enzymes (AMEs)  
Aminoglycoside-modifying enzymes transfer a functional group to the ami-
noglycoside structure resulting in inactivation of the antibiotic via dimin-
ished binding to the drug target. There are three types of such enzymes: ami-
noglycoside nucleotidyltransferases (ANTs), which transfer a nucleotidyl 
group from a nucleotide triphosphates; aminoglycoside acetyltransferases 
(AACs), which transfer the acetyl group from acetyl-CoA; and aminoglyco-
side phosphotransferases (APHs), which transfer the phosphoryl group from 
ATP (Shaw et al. 1993). Each type also consists of different enzymes that 
differ in the position of the substrate to which the modification is added. A 
detailed classification of each class of AME based on the modification sites 
on the drugs is summarized in a relatively recent review (Ramirez & 
Tolmasky 2010). Representative crystal structures for each class have shed 
light on enzyme function, and reveal some unexpected connections to other 
enzyme families (Wright 1999). Most of the members of the APH family 
share more than 25% sequence identity, and they show similarity to protein 
kinases even though the sequence identity with them is below 5%. A few 
known AAC structures show similar folds to each other. In contrast, the 
ANT enzymes share little overall sequence identity with each other. 

ANT is the smallest class of AMEs and is the least studied. The only 
known ANT crystal structure is a kanamycin nucleotidyltransferase 
(KNTase) from S. aureus. Structures for it exist both in its apo form and in 
ternary complex with kanamycin and a nonhydrolyzable ATP analog 
AMPCPP (Pedersen et al. 1995; Sakon et al. 1993). The KNTase, an ANT 
(4’) modifying the 4’ position of the drug, functions as a homodimer. The 
active site is at the interface of the two monomers and residues from both 
monomers form and stabilize the binding pocket for kanamycin and ATP 
(Pedersen et al. 1995). Each monomer consists of two domains of approxi-
mately the same size. The N-terminal domain is a nucleotidyltransferase 
domain, and the C-terminal domain is an up-and-down α helical bundle. 
This enzyme shares structural similarity with DNA polymerase B. In the 
same KNTase structure, there is no specific interaction between the enzyme 
and the adenine ring, although there is extensive hydrogen bonding network 
between AMPCPP and the enzyme, which explains why this enzyme can 
also utilize other nucleotides as substrate.  

Aminoglycosides have positive charges, therefore they tend to bind to 
negatively charged pockets in structured RNAs or proteins. Results from 
molecular simulations suggest that the most favorable binding sites for ami-
noglycosides are similar in the modifying enzymes and the rRNA 
(Romanowska et al. 2013).  

A streptomycin/spectinomycin adenyltransferase gene (aadA) was first 
identified and sequenced in E. coli. (Hollingshead & Vapnek 1985). Its en-
coded protein AadA is an ANT (3”) modifying the 3” position of the sub-
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strates; however, no crystal structure of ANT(3”) has been reported to date. 
The expression of a cryptic, chromosomally located aadA gene in Salmonel-
la enterica has shown activation in SCVs or by growth in minimal media, 
and the gene expression is positively regulated by the stringent response 
regulator tetraphosphate (ppGpp) (Koskiniemi et al. 2011). The fact that 
AadA can act on both streptomycin and spectinomycin despite their structur-
al differences makes it interesting to solve its structure. We have solved the 
crystal structure of AadA from Salmonella enterica and analyzed the struc-
ture in relation to the current knowledge of this enzyme family (Paper III).  
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Ribosomal frameshifting  

The accuracy of translation requires not only the correct tRNA correspond-
ing to the A-site codon to be delivered to the ribosome. It also requires the 
ribosome to maintain a reading frame of three nucleotides. The consequence 
of a shift of the reading frame would be a complete alteration of the protein 
sequence starting from the frameshift site, and the ribosome would continue 
reading in the new frame until it encounters a stop codon. Frameshifts are 
extremely rare errors during translation. The error rate is estimated to be 10-5 
or less (Parker 1989), which is at least 10-fold lower than missense errors. 
Some genes have evolved sequences, termed programmed frameshifting 
sites, which can manipulate the ribosome to promote non-canonical decod-
ing, thereby inducing frameshifting efficiently (Farabaugh 1996). Pro-
grammed frameshifts have been mainly described in viruses, retrotranspos-
ons, and also some cellular genes. Ribosomes can also shift frame at simple 
frameshift-prone sequences. In some genes, the ribosome shifts the reading 
frame by one base in the upstream direction, causing a -1 frameshift; in oth-
ers, the reading frame is shifted by one base in the downstream direction, 
namely a +1 frameshift. The ribosome is even capable of reading through a 
stop codon, or bypassing a short piece of nucleotide sequence to continue 
translation either in-frame or in a new frame. All of these frameshifting 
events require the ribosome to pause during translation elongation and let the 
kinetically unfavorable alternatives to occur (Farabaugh 1996). The 
frameshift sites have also been used as tools to probe the mechanisms of 
reading frame maintenance, but the detailed mechanism of how the reading 
frame is maintained is still unclear.  

A major step forward towards understanding of the mechanism of ribo-
somal frameshifting is the structural knowledge of ribosome in complex with 
tRNAs and mRNAs. The P-site tRNA clearly has more extensive interac-
tions with both ribosomal subunits compared to the A-site tRNA (Selmer et 
al. 2006), such that the P-site tRNA is held tightly by the ribosome and 
maintains the reading frame. An excellent review on ribosomal frameshifting 
has been written by Atkins and Björk (Atkins & Björk 2009), where they 
emphasized the pivotal role of the ribosomal P-site on frameshifting events 
by summarizing how various alterations of tRNA, rRNA, or the ribosomal 
proteins induce frameshifting. The structure of a tRNA is given in Figure 6. 
When a frameshift has occurred, the action of a suppressor tRNA which 
reads a non-triplet codon may restore the proper reading frame. Some +1 
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frameshift mutation suppressor tRNAs contain an extra base in their antico-
don loops (Roth 1981), and the interactions between a few four-base antico-
don ASLs and the mRNA at the ribosomal decoding center have been visual-
ized in crystal structures (Dunham et al. 2007). Other frameshift mutation 
suppressor tRNAs have either alterations in their primary sequence or modi-
fication deficiency. Studies on a number of +1 frameshift mutation suppres-
sors support a model where after a three-base translocation, the grip of the 
ribosome to the P-site tRNA is altered. The mRNA encounters a +1 slip, 
thereby inducing a frameshift. This model has gained further support from 
an analysis of independently isolated frameshift-suppressor mutants (Jäger et 
al. 2013).  

 

 
Figure 6. Structure of a standard tRNA with the conventional numbering for the 
locations of the different nucleotides (left). Three-dimensional structure of yeast 
tRNAPhe with various regions indicated (right). This figure is reproduced from 
(Atkins & Björk 2009) with permission from the publisher.  

Although it is generally accepted that most types of frameshifting occur at 
the ribosomal P-site, there are cases that most likely do not, e.g. some -1 
framshifts were proposed to depend on doublet base pairing in the A-site. 
This is the simplest explanation but it remains to be confirmed experimental-
ly. Two normal tRNAs promote ribosomal frameshifting when the MS2 
virus genome is translated in vitro using E. coli cell extract (Atkins et al. 
1979). Wild type E. coli tRNASer (anticodon GCU) is able to decode a GCA 
alanine codon to cause -1 frameshifting when extra tRNASer is added to the 
E. coli cell extract. Even without a perturbed balance of tRNAs, wild type 
tRNAThr (anticodon GGU) decodes CCG or CCA proline codons, inducing   
-1 frameshifting.  

An early study with anticodon replacement experiments showed that 
tRNAPhe with a GCU anticodon also promotes frameshifting, indicating that 
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the anticodon loop, but not the rest of the tRNA structure, makes a major 
contribution to the frameshifting event (Bruce et al. 1986). The same study 
also investigated the importance of bases 33-36 at the anticodon loop to 
frameshifting. In conclusion, it seems that the tRNASer anticodon must be 
maintained to obtain efficient frameshifting, but base 33 can better tolerate 
substitution than bases 34-36. Characterization of the frameshift event by 
protein sequencing shows that tRNASer can promote frameshifting at GCA, 
GCU and GCC alanine codons, but GCA is the most active of the three; 
tRNAThr induces frameshifting at CCG and CCA, but not at CCU codons 
(Dayhuff et al. 1986).  

A simple explanation would be that the doublet base-paired tRNA-mRNA 
is translocated in a step size of two bases, inducing a -1 frameshift. Howev-
er, there are other possibilities. In a standard codon-anticodon interaction, 
the 7-base anticodon loop employs a 2:5 stacking (two on the 5’ side and 
five on the 3’ side). A possible A-site base pairing has been proposed to be a 
1:6 stacking (one on the 5’ side and six on the 3’ side). This would allow the 
anticodon base 33 to base pair with the third codon base and revert to a 2:5 
stack at the P-site after 3-base translocation. This in turn allows the third 
base to be the first base of the next codon (Weiss 1984; Atkins et al. 2000). 

In our study, we measured the binding affinity of the frameshift tRNAs to 
the frameshifting sites and examined the roles of different anticodon bases. 
(Paper IV).  
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Methodology  

The following section is a brief description of the methods that are used in 
the studies included in this thesis. Detailed procedures can be found in the 
corresponding papers.  

Component preparation   
Protein expression and purification  
Wild type S. aureus EF-G and three EF-G mutants were expressed and puri-
fied using a standard procedure as described by R. Koripella (Paper I and II). 
A pEXP5 construct of C-terminally His-tagged AadA was used for expres-
sion. Native and selenomethionine-substituted AadA proteins were overex-
pressed in E. coli BL21 star cells. In both cases the proteins were first puri-
fied using nickel-immobilized metal affinity chromatography. The purified 
fractions were then subjected to size exclusion chromatography and the puri-
fied proteins were concentrated for crystallization trials and storage (Paper 
III).  An extensive high-salt wash was performed before elution in the nick-
el-column step to exclude nucleic acid contaminants. Purity of proteins was 
checked using SDS-polyacrylamide gel electrophoresis.  

tRNA and mRNA production  
In our study, tRNAs were cloned into plasmid pBSTNA V-2 and overex-
pressed in E. coli strain HMS174 using the constitutive lpp promotor. Total 
tRNA was extracted using phenol and purified using hydrophobic interaction 
chromatography. Fractions were collected, concentrated and stored for fur-
ther use. Purity of tRNAs was checked using denaturing polyacrylamide 
electrophoresis. The ASLs used in this study were chemically synthesized by 
Dharmacon, USA. 

The mRNAs used in our study were in vitro transcribed using T7 RNA 
polymerase. (Paper IV) 

tRNA and ASL labeling with Phosphorus 32 (32P) 
The 3’ end of the tRNA or ASL molecules was labeled with 32P using alka-
line phosphatase (Amersham Biosciences). Labeled material was gel puri-
fied, phenol extracted and ethanol precipitated. The pellet was recovered in a 
minimum volume of water and specific activity was determined using a scin-
tillation counter. The labeled material was stored at -20 °C for further use.  
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Ribosome purification  
70S ribosomes were purified from E. coli MRE600 cells by sucrose gradient 
ultra-centrifugation. The 70S peak was detected by UV260 absorption at 40-
50% sucrose concentration. The purified ribosomes were shock frozen and 
stored at -80 °C for further use. (Paper IV) 

X-ray crystallography  
Crystallization  
Initial crystals of S. aureus EF-G grew in the Index screen (Hampton Re-
search, USA) with condition 100mM Tris-HCl, pH 8.5, 200mM NaCl and 
25% (w/v) PEG 3350 at 20 °C. The initial crystals were used for streak seed-
ing into sitting-drop vapour diffusion-experiments. Optimized crystals were 
obtained a size of 100-150 µM within four weeks after setting up the drops. 
The same condition was used for growing and optimizing crystals of the 
mutant proteins.  (Paper I and II)  

Crystals of S. enterica AadA were obtained in the Morpheus screen (Mo-
lecular Dimensions, UK) with a reservoir solution containing 0.12M various 
alcohols, the 0.1M Morpheus buffer system 1, pH 6.5 and 30% ethylene 
glycol/PEG8000 at 8 °C. The crystals grew to a size of about 50-100 µM in 
24 hours. (Paper III)  

Soaking and co-crystallization with ligands were attempted. All the crys-
tals were either transferred to the corresponding reservoir solution containing 
cryo-protectant or directly fished out (if the reservoir solution was adequate 
to serve as a cryo-protectant) and vitrified in liquid nitrogen prior to data 
collection.  

Data collection and processing  
A 2.1Å dataset for wild type EF-G was collected at the PXII beamline, Swiss 
Light Source (Villigen, Switzerland). Later a 1.9 Å dataset was collected at 
beamline ID14-1, ESRF (Grenoble, France). All the EF-G mutant datasets 
were collected at beamline ID23-1, ESRF, with resolution slightly better 
than 3Å. The dataset for selenomethionine-substituted AadA protein was 
collected at beamline ID14-4, ESRF, with resolution of 2.5 Å. Data were 
processed and scaled using the XDS package (Kabsch 1993).  

Structure determination and refinement 
All the EF-G structures were solved by molecular replacement using Phaser 
(McCoy et al. 2007). (Paper I and II) The AadA structure was solved by 
SAD phasing using PHENIX (Adams et al. 2010). (Paper III) Where appro-
priate, the structure models were improved by the used of automatic model 
building in ARP/WARP (Perrakis et al. 1999). Manual model rebuilding was 
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done in COOT (Emsley & Cowtan 2004). Structures were refined with CNS 
(Brünger et al. 1998), REFMAC (Murshudov et al. 1997) and PHENIX. 
Structure superposition was performed with O (Jones et al. 1991).  

Filter binding assay  
To measure the binding affinity of tRNAs to mRNAs, a nitrocellulose filter 
binding assay was performed. A-site binding affinity was determined using a 
constant amount of labeled cognate ASL, by either homologous competition 
with unlabeled cognate ASL or heterologous competition with unlabeled 
near-cognate ASL. Triplicate measurements were performed at each concen-
tration. The buffer system and complex formation condition were consistent 
with what has been described previously (Ogle et al. 2002). The prepared 
complex solution was applied onto a nitrocellulose filter and washed quickly 
with cold buffer to get rid of small molecules unbound to the ribosomes. The 
filter was dried and dissolved in scintillation cocktail and radioactivity 
measured using a scintillation counter. The measurements were normalized 
and plotted against the concentrations of the competitors, and binding affini-
ty was calculated. (Paper IV) 
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Aims of thesis  

In this thesis, the research focuses on three aspects of elongation during pro-
tein translation. The first aspect is understanding fusA-type FA resistance 
and the accompanied fitness cost (paper I and paper II); second, understand-
ing aminoglycoside resistance by a drug-modifying enzyme (paper III); 
third, understanding the mechanism of tRNA-induced -1 ribosomal 
frameshifting (paper IV).  

We aimed to solve the crystal structure of EF-G from S. aureus, which is 
the drug target of FA. The goal was to solve the structures of wild-type EF-G 
in both apo and nucleotide-bound form. Also, we aimed to solve the struc-
tures of FA-resistant mutant F88L, FA-hypersensitive mutant M16I, and FA-
resistant but fitness compensated double mutant F88L/M16I. We wanted to 
analyze the structures in relation to clinically isolated FA-resistance muta-
tions and biochemical data provided by our collaborators (Koripella and 
Sanyal).  

We also aimed to solve the crystal structure of an aminoglycoside modi-
fying enzyme, adenyltransferase AadA, in both its apo form and with its 
substrates streptomycin/spetinomycin and cofactor ATP. We wanted to ana-
lyze the structure to gain insight into the mechanism of the enzymatic reac-
tion and substrate specificity.  

In the frameshifting project, we aimed to reproduce the -1 frameshifting 
induced by normal tRNAs (tRNASer3 and tRNAThr3) in a small, defined sys-
tem and measure the binding affinity of tRNA to mRNA in regular or 
frameshift context. We wanted to understand the mechanism of these partic-
ular frameshifts and define the roles of various bases on the anticodon stem 
loop of the frameshift tRNAs. We also aimed to solve the crystal structures 
of the 70S ribosome in complex of frameshifting mRNAs and tRNAs.  
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Summary of current research   

Paper I: Mapping of FA resistance mutations on the 
drug target 
 
The structure  
Prior to our study, all available structures of EF-G were from T. thermophi-
lus. Very few studies had been done using EF-G from the major drug target 
S. aureus. In this work, we solved the crystal structure of S. aureus EF-G at 
1.9Å resolution using molecular replacement. The crystals belong to space 
group P21. There are two molecules in the asymmetric unit (AU), forming a 
two-fold noncrystallographic symmetry (NCS). The two molecules in the 
AU have identical conformations despite the fact that they make different 
crystal contacts with the neighboring molecules. A Thermus thermophilus 
EF-G structure was chosen as search model (PDB code 1fnm). The multi-
domain characteristic of EF-G and the propensity of inter-domain movement 
resulted in difficulty in molecular replacement using the whole molecule as a 
search model. A solution was found by using only domains I and II, which 
together form a globular, less flexible structure. Domain V, Domain III and 
Domain IV were added sequentially afterwards. Co-crystallization or soak-
ing EF-G with GDP, GTP and nonhydrolyzable GTP analogs was attempted. 
Soaking with GDP and the GTP analog GMPPNP gave only partial occu-
pancy of GDP in our structure, so only the apo structure is presented here. 
Unsurprisingly, the overall structure of S. aureus EF-G displays five do-
mains similar to T. thermophilus EF-G (Figure 7A).  

In molecule B, part of the Switch I region was built as a short helix (Fig-
ure 8). The Switch I region is disordered in all other known EF-G structures. 
The P-loop structure is in agreement with that in the apo T. thermophilus 
EF-G structure (AEvarsson et al. 1994). Upon soaking with GDP, a peptide-
flip conformation with partial occupancy was observed, similar to that in a 
previous EF-G-GDP structure from T. thermophilus (Al-Karadaghi et al. 
1996). 
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Figure 7. Overall S. aureus EF-G structure and the switch II region. A. Overall do-
main arrangement of S. aureus EF-G, switch II is shown in black; B. Comparison of 
conformation of the switch II region of S. aureus EF-G (magenta) with previous T. 
thermophilus structures. C. Fo-Fc omit map of the switch II loop countered at 3 σ.  

The switch II region displays a distinct conformation compared to other 
available structures (Figure 7B), and none of them adopts the same confor-
mation as when EF-G is bound to the 70S ribosome (Gao et al. 2009). The 
conserved bulky residue Phe88 (Phe90 in T. thermophilus) is exposed at the 
surface of EF-G when it is bound to the ribosome, where it participates in 
forming the binding pocket of FA. Only when EF-G is bound to the ribo-
some does the switch II region adopt its conformation for FA-binding.  

 
Figure 8. Ordered switch I helix in S. aureus EF-G. 2Fo-Fc map is countered at 1 σ.  

Conformational space of EF-G  
As mentioned in the introduction, there is a hinge-like movement between 
domain G/II and domain III, IV and V when EF-G is bound to the ribosome. 
Many T. thermophilus EF-G structures, when not bound to the ribosome, 
have only small overall conformational changes possibly because of con-
straints imposed by crystal contacts. In our structure, crystallization of EF-G 
from another species avoided this problem. Our structure has a significantly 
different domain arrangement. This new conformation demonstrates the 
conformational space of EF-G. The hinge-like movement in T. thermophilus 
EF-G structures results in displacement of the tip of domain IV by up to 8Å. 
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Upon binding to the ribosome, the EF-G molecule opens up resulting in a 
shift of the tip of domain IV, which protrudes to the A-site during transloca-
tion, of up to 27 Å in the same direction. Our structure shows a 25 Å dis-
placement of the tip of domain IV, in the perpendicular direction. A compar-
ison of the position of the tip of domain IV in all available EF-G structures 
based on superposition of domain G and II is shown in Figure 9. The radius 
of gyration for the S. aureus EF-G structure was calculated to be 30.6 Å, 
which is in agreement with previous data from small-angle X-ray scattering 
(Czworkowski & Moore 1997). In conclusion, EF-G may display higher 
flexibility in solution than previously thought, and our structure demon-
strates the size of the conformational space of EF-G when not bound to the 
ribosome.  

A                                             B                          C 

 
Figure 9. Conformational space of EF-G. A and B are superpositions of S. aureus 
EF-G (magenta) with T. thermophilus EF-G on (blue) and off (yellow) the ribosome 
based on domain G and II. The arrows indicate the direction of projection to the 
circle in C. C is the comparison of the positions of the tip of domain IV in the fol-
lowing known EF-G crystal and cryo-EM structures. 1, E.coli EF-G+ GMPPNP+ 
70S (PDB 2om7 cryo-EM); 2, T. thermophilus EF-G+ 70S+ FA+ GDP (PDB2wri); 
3, E.coli EF-G+ GDP+ 70S+ FA (PDB 1jqm, cryo-EM); 4, T. thermophilus EF-G 
T84A+ GMPPNP (PDB 2bv3); 5, T. thermophilus EF-G +GDP (PDB 1ktv); 6, T. 
thermophilus EF-G apo (PDB 1elo); 7, T. thermophilus EF-G T84A + GDP (PDB 
2bm0); 8, T. thermophilus EF-G G16V + GDP (PDB 2bm1); 9, T. thermophilus EF-
G H573A+ GDP (1fnm); 10, S. aureus EF-G (PDB 2xex).  

FA-resistance mutations  
In total there are 42 point mutations reported to cause FA-resistance 
(Johanson et al. 1994; Nagaev et al. 2001; Norström et al. 2007). We 
mapped and analyzed all the mutations on our S. aureus EF-G structure. We 
classified the mutation sites into four groups: group A, residues involved in 
FA-binding pocket formation; group B, residues altering ribosome-EF-G 
interactions; group C, residues related to interdomain orientations in EF-G; 
group D, mutations decreasing stability of domain I and III of EF-G. Several 
of the mutations are likely to interfere with more than one parameter: e.g., 
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EF-G conformation and stability are linked to FA- and ribosome-binding. A 
detailed interpretation of the mutations can be found in table 2 of paper I.  

Mysterious density – capture of free phosphate? 
Pre-steady-state kinetics suggested that EF-G binding to the ribosome leads 
to GTPase activation, after which EF-G is in a GDP⋅Pi state. In this state the 
inorganic phosphate (Pi) is not released (Wilden et al. 2006; Rodnina et al. 
1997; Savelsbergh et al. 2003). As mentioned above, soaking in GDP, GTP, 
and a nonhydrolyzable GTP analog were tried, but not included in paper I. 
Soaked with either GDP or the GTP analog, only partial occupancy of GDP 
was observed. An interesting observation occurred with the GTP soaked 
structure. In this structure, GDP was observed with full occupancy, and no-
ticeable local changes were found around the P-loop region. A clear piece of 
positive-difference density was observed in between a few charged residues. 
The density was larger than a water molecule and had a pyramid shape (Fig-
ure 10A). Attempts to fit a phosphate group in the density agreed well with 
the density although the binding pocket is not a typical phosphate binding 
site (Figure 10B)  
A                       B 

       
Figure 10. Electron density maps of the ligand in the GTP soaked EF-G structure. 
A. Un-biased Fo-Fc map at a contour level of 3 σ showing strong positive density 
for GDP and an extra blob of density ~9 Å away from the GDP. B. 2Fo-Fc map at a 
contour level of 1 σ showing the electron density map for GDP, a free phosphate, 
and the surrounding residues.          

Paper II: A clever network to gain fitness: analysis of 
EF-G mutants  
In this study, we solved crystal structures of three S. aureus EF-G mutants – 
FA-resistant mutant F88L, FA-resistant but fitness compensated double mu-
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tant F88L/M16I, and the M16I mutant, which was back mutated from the 
double mutant and interestingly displays the FA-hypersensitive phenotype. 
Structures were solved using molecular replacement with the wild type S. 
aureus EF-G Domains I and II as a search model, and the rest of the model 
was manually added, domain by domain, in COOT.  

Fast kinetics assays show that the M16I mutant exhibits higher activity in 
ribosome complex formation, tripeptide formation, ribosome recycling and 
GTP hydrolysis, and somewhat higher binding affinity to GTP compared to 
the other mutants. The F88L mutant shows significantly slower translocation 
and recycling, and increased tRNA drop off. However, the activity of the 
double mutant F88L/M16I in both reactions was increased by three to four 
times compared to F88L and no tRNA drop off was observed. These data 
provide biochemical explanations for the fitness compensatory phenotype of 
the double mutant. (The kinetics of paper II was done by R. Koripella.)  

To further reveal the mechanism of fitness compensation, careful analysis 
of our crystal structures was performed. Although all the mutant structures 
are ribosome-free structures, the alteration of interactions that are crucial for 
GTP hydrolysis, domain rearrangement and FA binding pocket were in 
agreement with the kinetics data. 

Overall structures of the mutants   
The mutant crystals belong to the same space group, P21, as the wild type 
crystals. However, the size of the unit cell for the mutant crystals is dramati-
cally different from that of the wild type (WT) despite the fact that crystals 
were streak seeded with WT crystals. The overall conformation of all the 
mutants differs significantly from the WT structure in the sense of relative 
domain movement, and it also differs from previous T. thermophilus struc-
tures. The tip of domain IV is displaced by 6-9 Å in the mutants with respect 
to the WT.  

Phe88 and Switch II region 
As mentioned before, switch II is located at the interface of domains II, III 
and V. The conformation of switch II is very similar in all three mutant 
structures but is different from the WT structure (Figure 11). In the WT 
structure Phe88 contacts domain V, whereas in all the mutant structures, the 
switch II loop shifts about 5 Å, resulting in the side chain of residue 88 con-
tacting domain III instead. In the mutants, residue 88 forms hydrophobic 
interactions with Leu456 and Ile460 in domain III. In F88L and the double 
mutant, the smaller side chain Leu88 brings domains III 1.6 Å closer to do-
main I. Asp87 forms a salt bridge to Arg659 in domain V in the wild type 
structure, but this salt bridge is disrupted in the mutant structures. Clearly 
Phe88 and its neighboring residues can trigger global conformational change 
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in EF-G. Our structures provide structural support for Phe88 playing a pivot-
al role in transmitting the conformational change of switch II to other do-
mains of EF-G so that EF-G acquires the active conformation for transloca-
tion (Ticu et al. 2011).  

 
Figure 11. Switch II region of S. aureus wild type EF-G (magenta), M16I mutant 
(blue), F88L mutant (green), and double mutant F88L/M16I (yellow).  

 
Figure 12. M16 and the hydrophobic core of domain G. Vander Waals interactions 
are shown as dashed lines. Superposed structures are M16I (blue), F88L (red), dou-
ble mutant F88L/M16I (green) and the WT structure (grey).  

Met16 and the hydrophobic core  
Met16 is located in a hydrophobic core formed by Leu, Val and Ala residues 
upstream of P-loop in domain I (Figure 12). This core involves residues from 
two helices in domain I, which are close to the switch II loop and pack 
against domain II and V. The residues forming the hydrophobic core are not 
conserved between species but seem to compensate for each other in size 
and shape. When Met16 is mutated to a smaller residue (Ile) in the mutants 
M16I and F88L/M16I, the distances of hydrophobic interactions to sur-
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rounding residues in the core notably increased. This suggests a destabilizing 
effect of the hydrophobic core. The F88L mutant also showed small changes 
in the core compared to the WT, where the distances between Cα atoms of 
the hydrophobic residues increase (Figure 12). A loosening of the hydropho-
bic core in M16I seems to favor conformational dynamics in EF-G through 
effects on the domain I-II interface. Thus, Leu88 can substitute for Phe88 
more efficiently in the double mutant F88L/M16I. Several other fitness 
compensatory mutants to F88L (Nagaev et al. 2001) seem to have similar 
effects on the hydrophobic core and the domain I-II interface. A loosening of 
the hydrophobic core may make EF-G more efficient in translocation and 
recycling thereby improving fitness. 

Crucial salt bridges 
Apart from the salt bridge Asp87-Arg659 mentioned above, a few more salt 
bridges were observed to be involved in inter-domain interaction. They 
could potentially be of functional importance. These salt bridges include 
Glu444-Arg483, Glu117-Arg154, Glu610-Arg636, Lys23-Thr82. It would 
be of great interest to test the effect of these salt bridges on EF-G function.   

Paper III: The first structure of ANT (3”) - AadA  
 
The structure  
In this work, we solved the crystal structure of an aminoglycoside 3” adenyl-
transferase AadA from Salmonella enterica. AadA has 262 amino acids. 
Both native AadA and selenomethionine-substituted protein was produced 
and purified. The protein was purified as a monomer from gel filtration and 
the structure was solved using single-wavelength anomalous diffraction 
(SAD) phasing. Of 262 amino acids in the sequence, 260 were ordered in the 
structure. Although co-crystallization and soaking with the substrates strep-
tomycin/spectinomycin and the nonhydrolyzable analogue of the cofactor 
ATP was attempted, no density for the ligands was observed. The overall 
structure consists of two domains. An overview of the structure and the to-
pology diagram is shown in Figure 13. The N-terminal domain has a central 
β-sheet surrounded by α helices, a typical fold for nucleotide recognition. 
This domain is classified as a nucleotidyltransferase domain. The C-terminal 
domain is an α-helical domain, which falls into the category of up-and-down 
helical bundles.  
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Figure 13. Overall structure of AadA and topology diagram for the N- and the C-
terminal domains. The structure is rainbow colored from the N terminus in blue to 
the C terminus in red. The same color scheme is used in the topology diagrams. The 
numbering stands for the start and end residues of the secondary structure.  

 
Figure 14. Surface properties of  AadA (A) and KNTase (B). The upper row shows 
surface electrostatic potential. The color spectrum ranges from deep red (-7kT) to 
deep blue (+7kT). The lower row shows the surface conservation. The color spec-
trum ranges from magenta (highest conservation) to cyan (lowest conservation). The 
second subunit in the KNTase homodimer is shown as a yellow cartoon.  

Conserved residues in AadA form a pocket for substrate and 
cofactor binding  
A search for similar structures in the PDB was performed using the Dali 
server (Holm & Rosenström 2010). In a Dali search with the entire AadA 
molecule, the top hit was the kanamycin nucleotidyltransferase (KNTase) 
from S. aureus with a Z-score of 9.5 (pdb 1kny, (Pedersen et al. 1995)). Sur-
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face conservation of AadA and KNTase was analyzed using the ConSurf 
server (Ashkenazy et al. 2010; Celniker et al. 2013), where homologue se-
quences were obtained by a BLAST search in the UniRef90 database. Strik-
ingly, highly conserved surface residues of the AadA molecule are clustered 
in the inter-domain region, forming a pocket, whereas the outer surface of 
the molecule shows little conservation (Figure 14A). Surface electrostatic 
potential of AadA shows that the pocket formed by the conserved residues is 
highly negatively charged, whereas the other parts of the molecule are with a 
lower level of negative charge or uncharged (Figure 14A). This highly con-
served and negatively charged pocket is obviously the binding pocket for the 
positively charged substrates and the cofactor ATP.  

AadA most likely functions as a monomer 
KNTase function as a homodimer, whereas AadA is monomeric both from 
purification and crystallization. In KNTase, the conserved residues are in-
volved in both ATP- and substrate- binding and dimerization (Figure 14B). 
Among these conserved residues, the ones involved in ligand binding display 
a highly negatively charged surface, whereas the ones involved in dimeriza-
tion are uncharged. Although AadA is potentially able to open up and expose 
the conserved pocket, the highly negatively charged surface is unlikely to 
form a homodimer. Also, the highly conserved helix η2 preceding α4 in 
AadA (which has no equivalent in KNTase, Figure 15) would clash with 
helix α6 in the C-terminal domain of KNTase when binding to the beta-sheet 
of the N-terminal domain. Therefore, AadA most likely functions as a mon-
omer.  

Candidate residues for catalysis and substrate binding   
In the Dali search with the entire AadA molecule, a lincosamide nucleotidyl-
transferase LinB from Enterococcus faecium (pdb 3jz0 (Morar et al. 2009)) 
also shows similarity to AadA with a Z-score of 6.7. Both KNTase and LinB 
share low sequence identity with AadA (14% and 9%), but they display 
similar folds to AadA although both are homodimers. Moreover, both the 
structures of KNTase and LinB have ligands bound. Therefore, comparisons 
between AadA and these two structures were performed. Careful domain-by-
domain superpositioning shows that the central β-sheet and helix α1 super-
pose well in all three structures when superposing the N-terminal domain; 
α8 and α11 also superpose well in the C-terminal domain. The nucleotide-
binding pocket is conserved in all three enzymes; however, AadA and LinB 
show little similarity in the other regions. Therefore structure-based se-
quence alignment was performed only between AadA and KNTase (Figure 
15). The majority of the secondary elements overlap between these two 
structures.  
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Figure 15. Structure-based sequence alignment. On the top and bottom of the se-
quences, the secondary structures of AadA and KNTase (PDB 1kny (Pedersen et al. 
1995)) are shown. Identical residues are in white on grey background and conserva-
tive substitutions are squared. The figure was produced using the EsPript Server 
(Gouet et al. 2003).  

 
The superpositioning of AadA and KNTase based on separate domains is 
shown in Figure 16A and B. Among the strictly conserved residues in AadA, 
Ser36, Ser46, Asp47, Asp49, Glu87, Thr89, Trp112, Asp182, Arg192 and 
Lys205 are surface exposed and point towards the inter-domain space, sug-
gesting that they are involved in substrate binding and/or catalysis (Figure 
16C). Of these, Ser36, Ser46, Asp47 and Asp49 have equivalent residues in 
KNTase and LinB, which coordinate with ATP phosphates (Figure 17). The-
se residues most likely have the same role in AadA. Glu87’s equivalent resi-
due Glu76 of KNTase is in close proximity to the substrate kanamycin with-
out clear role, but its equivalent residue in LinB, Glu89, has been proposed 
to be the catalytic residue; this has been confirmed by mutagenesis (Morar et 
al. 2009). Glu145 in KNTase has been proposed to be the catalytic residue 
(Pedersen et al. 1995), but without any equivalent in AadA. However, in the 
overlay based on the N-terminal domain, the carboxylic oxygens of Glu145 
in KNTase are within 5 Å of the ones of Glu87 in AadA. This suggests that 
Glu87 in AadA may have the same role as Glu89 in LinB and Glu145 in 
KNTase, being the catalytic residue. All the other conserved residues at the 
domain interface are without any equivalent residues in either KNTase or 
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LinB. Therefore these residues probably are responsible for substrate speci-
ficity. 
  

 
Figure 16. Superpositioning of AadA and KNTase based on the N-terminal domain 
(A) with an RMSD of 1.59 Å for 81 Cα atoms and the C-terminal domain (B) with 
an RMSD of 2.23 Å for 57 Cα atoms. (C) Close-up view of conserved surface-
exposed residues in AadA. ATP and kanamycin from KNTase are shown in light 
cyan and light blue when superimposed based on the N-terminal domain.  

 
Figure 17. Structure of the nucleotide binding site of LinB (A), KNTase (B) and 
AadA (C). (A), (B) and (C) are from the same view. Superpositions are based on the 
N-terminal domain. Mg2+ ions are in green spheres. 2Fo-Fc map for conserved resi-
dues in AadA is shown in C, countered at 1σ (0.23 electrons/Å3). Their equivalent 
residues in LinB and KNTase are shown in (A) and (B). 

The AadA structure is in a “closed” conformation compared to the KNTase. 
There are extensive inter-domain interactions in the AadA structure. Nota-
bly, Ser36 forms a hydrogen bond with Asp206, and Asp 47 and Asp49 form 
salt bridges with Lys205. Therefore, the ATP-binding site in our structure is 
blocked by inter-domain interactions. In other words, AadA probably needs 
to open up so as to accommodate ATP- and substrate- binding.  
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Paper IV: Alternative anticodon-loop structure to induce 
-1 frameshifting  
As introduced previously, normal tRNAs (tRNASer and tRNAThr) can cause   
-1 frameshifting at GCA alanine codon and CCA/CCG proline codons. A 
schematic view of possible codon-anticodon interactions between the 
frameshift tRNAs and the mRNAs is shown in Figure 18. As seen in this 
figure, the standard binding of tRNASer and tRNAThr would only allow one 
base pair to be formed. Therefore, a doublet-decoding model has been pro-
posed (see introduction). The main question we would like to answer in this 
study is if the doublet decoding at the A-site is true, and in which site the 
committed event of the -1 frameshifting happens. Initially, we aimed to 
combine biochemistry and crystallography to understand the mechanism of  
-1 frameshifting. Crystals of the 70S ribosome in complex with mRNA, P-
site tRNA and A-site tRNA/ASL were obtained and optimized, but they 
were not of sufficient quality to solve the structures. Binding affinity was 
measured for A-site tRNAs to mRNAs while the P-site was occupied. Only 
the ASL part of the A-site tRNA was used for measuring the binding affinity 
because the full tRNA gave high background noise in the filter binding assay 
(possibly due to non-specific binding of the other parts of the tRNA).  

Four mRNAs and six ASLs were used in our assay. The mRNAs differ 
only at the A-site codons. They are the frameshifting sites GCA alanine co-
don, CCA and CCG proline codons, and also GCG codon designed to test 
the effect of U33 in the ASLs (see below). In addition to cognate and 
frameshift-inducing ASLs, an ASLSer

U36C was also designed with U36 mutat-
ed to C; this was to test the effect of U36 (see below). Nine cognate or near-
cognate combinations were measured. The variants and the measured disso-
ciation constants are summarized in Tables 1 and 2. 

Table 1. Sequences of RNAs used in the nitrocellulose filter-binding assay. 
 
RNA Oligos Sequences  
ASLAla

1 CCUGCUUUGCACGCAGG 
ASLSer

3 CUCCCCUGCUAAGGGAG 
ASLSer

U36C CUCCCCUGCCAAGGGAG 
ASLPro

1 ACUGGUUUGGGACCAGU 
ASLPro

2 CUUCGUUCGGGACGAAG 
ASLThr

3 CACCCUUGGUAAGGGUG 
mRNA_GCA GGCAAGGAGGUAAAAAUGGCAAAA 
mRNA_CCA GGGAAGGAGGUAAAAAUGCCAAAA 
mRNA_CCG GGGAAGGAGGUAAAAAUGCCGAAA 
mRNA_GCG GGCAAGGAGGUAAAAAUGGCGAAA 
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Figure 18. Schematic view of possible codon-anticodon interactions. The first col-
umn shows standard cognate codon-anticodon interactions; the second column 
shows that only one base pair can be formed if the frameshift tRNA interacts with 
the mRNA in the standard way; the third column shows doublet base pairing. 

Table 2. Binding affinity of ASLs to various A-site codons. 
 
A-site ASL Anticodon mRNA Kd(µM) 
Ala1 UGC GCA 0.5 ± 0.04 
Ser3 GCU GCA 4 ± 0.1 
SerU36C 
Ala1 
Ser3 

GCC 
UGC 
GCU 

GCA 
GCG 
GCG 

154 
3 ± 0.8 
2 ± 0.2 

Pro1 UGG CCA 0.8 ± 0 
Thr3 GGU CCA 13.8 ± 2.1 
Pro2 CGG CCG 3.6 ± 0.4 
Thr3 GGU CCG --- 
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At the GCA alanine codon, cognate binding with ASLAla
1 gives a dissocia-

tion constant of 0.5 µM, in agreement with cognate binding affinity meas-
ured for ASLPhe

GAA (GAA is the anticodon) binding to its cognate codon 
(Ogle et al. 2002). ASLSer

3 displays 10-fold lower binding affinity to the 
same codon, yet it is still 50-fold tighter than the binding affinity measured 
for ASLLeu

GAG to a non-cognate UUC codon (~200 µM) (Ogle et al. 2002). 
The differences in binding affinity seem to indicate that the ASLSer

3 forms 
two base pairs with the mRNA. We also wanted to test in our system if the 
identity of position 36 was crucial for this -1 frameshifting event (Bruce et 
al. 1986). ASLSer

U36C, which carries a mutation U36C in ASLSer
3, was deter-

mined to have a Kd value in the same latitude as a non-cognate binding. This 
agrees with Bruce et al.’s observation. Also, this excludes the possibility of 
U36 being involved in base pairing. The U36C mutation would result in 
tighter binding if C base paired with the G before GCA alanine codon.  

At the CCA proline codon, the Kd for cognate binding was 0.8 µM, and 
the frameshift-inducing ASLThr

3 bound to the CCA codon with a Kd of 13.8 
µM. Interestingly, at the CCG proline codon, we observed a much lower 
cognate binding and no binding was detected for ASLThr

3. The third base of 
the A-site codon seems to affect the frameshifting event, and base pairing 
between U33 on the ASLs and the third base would be a simple explanation 
for this. If this is valid, a “shifted anticodon” model would be appropriate, 
where U33 forms the third base pair with the last base of the A-site codon. 
To test our hypothesis, the binding affinities of ASLAla

1 and ASLSer
3 to a 

GCG codon altered from the GCA alanine codon were measured. If U33 
participates in base pairing, altering the third base from A to G would result 
in a decrease in binding affinity of ASLSer

3 by a factor of 10 (Ogle et al. 
2002). However, no decrease in binding affinity was detected. Rather, 
ASLSer

3 bound to both codons with similar affinity.  
The above results strongly indicate that doublet decoding at the A-site is 

established in these cases of -1 frameshifting. The committed step for these 
frameshifting events happens at the A-site, although the real shift on the 
mRNA relative to the ribosome is probably established at the P-site after a 
two-base translocation. Our results clearly support the doublet-decoding 
model and shed light on the mechanism of the particular frameshift events 
induced by tRNASer and tRNAThr.  
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Concluding remarks 

The studies in this thesis provide insights for understanding of antibiotic 
resistance and reading-frame maintenance.  

Elucidation of the crystal structure of wild type S. aureus EF-G allowed 
us to map all known FA-resistant mutations to the structure, as well as ex-
plain the roles of the mutations. Structures of the FA-resistant mutant F88L, 
the FA-hypersensitive mutant M16I, and the fitness-compensated double 
mutant F88L/M16I made it possible to provide a structural explanation of 
the mechanism-of-fitness compensation, which involves loosening of a hy-
drophobic core in the catalytic domain.  

The structure of the aminoglycoside adenyltransferase – AadA is the first 
structure from the ANT (3”) enzyme class. Comparison of our structure with 
the KNTase structure from the same enzyme family with low sequence simi-
larity showed that AadA probably functions as a monomer, and candidates 
for catalytic residues and mutagenesis study were proposed. The ATP bind-
ing sites seem to be conserved in these two enzymes. However, the other 
conserved residues in AadA that are not present in KNTase seem to be re-
sponsible for substrate binding specificity.  

Measurements of binding affinities of various tRNAs to the ribosomal A-
site within different mRNA contexts support the doublet-decoding model for 
the -1 frameshifting events caused by normal tRNAs. Unlike most framshift-
ing events, which happen at the P-site (Atkins & Björk 2009), these cases of 
frameshifting seem to adopt a committed step at the A-site by doublet base 
pairing. Our experiments successfully demonstrated these frameshifting 
events in a small system with unmodified ASLs of the tRNAs. This provides 
evidence for the doublet-decoding model.  

To sum up, it is my hope that these studies have contributed their part to 
the overall picture of translation elongation process.  
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Future perspectives  

Some interesting points derived from each project will be further investigat-
ed.  

First of all, regarding the EF-G structures and FA-resistance, the mysteri-
ous density speculated to be a phosphate in the GTP-soaked crystals would 
be of great interest to be confirmed. If it is a free phosphate, the structure 
would represent a transitional state after GTP hydrolysis but before Pi re-
lease. Also, effects of the proposed crucial salt bridges on EF-G function 
could be tested by mutagenesis. 

Second, in the AadA structure, the conserved residues that we believe to 
be of functional importance in substrate specificity will be mutated and test-
ed for activity with different substrates. A rescreening for co-crystallization 
of AadA with the substrates and the cofactor will then be attempted to pro-
duce crystals of the complex. Furthermore, docking of the substrates using 
our structure and MD simulations will be carried out. The binding order and 
affinities of substrate and cofactor to AadA would also be interesting to be 
determined. We would also like to find out why this enzyme can catalyze the 
enzymatic reaction on substrates with so different shapes.  

Last but not least, simulations of the codon-anticodon interaction using 
our -1 frameshifting model will be implemented to predict the conformation 
of tRNAs in the unusual binding situations, which will help us to further 
understand the mechanism of the -1 frameshifting events. 
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Sammanfattning på svenska   

Proteinsyntes är en fundamental process i alla celler. Proteinsyntes utförs av 
stora molekylära maskiner som kallas ribosomer. En ribosom kan översätta 
genetiskt material till proteiner, via molekylen mRNA. Vid avläsningen av 
mRNA rekryteras enskilda aminosyror med hjälp av molekylen tRNA. 
Dessa länkas sedan ihop och veckas till ett funktionellt protein. Den här pro-
cessen kallas translation. 

Både prokaryota och eukaryota ribosomer utgörs av två subenheter, men 
storleken och strukturen på dessa två subenheten är olika. Även translations-
processen skiljer sig något mellan prokaryoter och eukaryoter. De här skill-
naderna gör det möjligt för antibakteriella läkemedel att särskilja bakteriella 
ribosomer från mänskliga och därmed endast inhibera den bakteriella prote-
insyntesen. Flera av de antibiotika som används idag, till exempel aminogly-
kosider, tetracykliner, cykliska peptider och makrolider, riktar sig mot bakte-
riella ribosomer och förhindar just translation. Dessa antibiotika används 
både för att bota infektioner och inom forskningen för att ta reda på mer om 
de olika stegen under proteinsyntesen. Ett växande problem är att bakterier 
utvecklar resistens mot antibiotika. Att förstå mekanismerna bakom utveckl-
ingen av resistens är en viktig aspekt för utveckling av nya läkemedel. 
Fastän ribosomen utför translationsprocessen med mycket hög precision 
händer det ibland att fel introduceras, till exempel mutationer och förskjut-
ningar i läsram. Translationen har studerats intensivt under de senaste de-
cennierna. Trots detta finns det dock fortfarande många frågor som är obe-
svarade. 

Denna avhandling fokuserar huvudsakligen på tre aspekter av trans-
lationscykeln. Den ribosomala elongeringsfaktorn EF-G är målet för läke-
medlet fusidinsyra. Punktmutationer på EF-G kan dock leda till resistens, 
vilket har studerats med biokemiska metoder. Till skillnad mot fusidinsy-
raresistens uppstår resistens mot s.k. aminoglykosider genom inaktivering av 
läkemedelsmolekylerna via enzymatisk modifiering. Denna modifiering 
utförs av proteinet aminoglykosidadenyltransferas, AadA. Den andra delen 
av den här avhandlingen beskriver den tredimensionella strukturen av AadA 
och dess aktivitet. Den tredje delen av avhandlingen fokuserar på en viss typ 
av förändringar i ribosomens läsram. Dessa kan bl.a. orsakas av tRNA-
molekyler genom en okänd mekanism. 

Dessa tre aspekter är oberoende av varandra, men är alla relaterade till fel 
som inträffar vid förlängningssteget under proteinsyntesen. Målet med det 



 55 

arbete som presenteras i denna avhandling är att ge insikter on detaljerna 
bakom antibiotikaresistens och de fel som kan uppstå under translationspro-
cessen. 

Med hjälp av kristallstrukturen av EF-G från bakterien Staphylococcus 
aureus kunde vi kartlägga alla kända mutationer som orsakar fusidinsy-
raresistens. Strukturer av den fusidinsyra-resistenta mutanten F88L, en 
fusidinsyra-överkänslig mutant M16I och en F88L/M16I dubbelmutant som 
kompenserar för F88L-mutantens lägre tillväxt, gav strukturella förklaringar 
till resistens och tillväxtkompensation.  

Den andra delen beskriver kristallstrukturen av aminoglykosidadenyl-
transferas, vilket är den första strukturen från enzymklassen ANT (3"). En 
jämförelse av AadA med det avlägset besläktade ANT (3”)-enzymet 
KNTase indikerar att AadA fungerar som en monomer. Både AadA och 
KNTase binder ATP och bindningsfickan är väldigt lika mellan dessa två 
enzymer. Ett antal aminosyror i närheten av ATP-fickan, vilka är konserve-
rade bland AadA-enzymer men inte bland KNTaser, är sannolikt ansvariga 
för skillnaden i substratspecificitet mellan de två proteinerna. 

Mätningar av bindningsaffiniteterna för tRNA till olika mRNA-kodon i 
ribosomens A-position tyder på att -1-skift i ribosomens läsram som orsakas 
av normala tRNA sker genom avkodning av två mRNA-baser i stället för det 
normala tre. Våra experiment i ett väldefinierat system med antikodon-
fragment av tRNA tyder på att det är speciella tRNA-strukturer i ribosomens 
A-position som får detta att ske.  

Sammanfattningsvis leder dessa studier till ny kunskap om några aspekter 
av den bakteriella proteinsyntesen och ökar förståelsen av mekanismer 
bakom antibiotikaresistens och förändringar i ribosomens läsram.   
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