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PREFACE

”Science is like a box of chocolate; you never 
know what you’re gonna get!” 1

-Forrest Gump 

I have chosen to put a lot of effort into writing this thesis. Not only because I 
had to, but because it has been very inspiring to leave the lab for some time 
and gain some perspective on the work performed there. A lot of new ideas 
pop-up2 when finally there is time to read the literature that has piled up, just 
waiting to be read. It is when you discover something new, or at least think
you have discovered something new, that all the efforts in the laboratory and 
by the computer pays off. My goal with this thesis is to share some of that joy 
in science. I hope that you will find this thesis fun to read, at least if you are 
interested in understanding more about bacterial protein synthesis or mac-
rolide antibiotics. The thesis is divided into three main parts: (i) Protein syn-
thesis in bacteria, (ii) macrolide antibiotics, and (iii) macrolide resistance 
mechanisms. Or in other words, the parts contain descriptions of the “target”, 
the “attacker” and the “counter-measures”. 

The content should be seen as my present view on these topics. In large it 
does correlate to the general view in the literature, but I present new ideas on 
some issues and in yet others I discuss an alternative interpretation to already 
published data. Some of the areas that I discuss are only remotely related to 
my work and it is very probable that I’ve missed some piece of information 
vital for the conclusions presented in the literature. However, I decided to 
present my view anyway and I hope that someone will tell me if I’m wrong. 
I’m looking forward to a fun dissertation. 

 Enjoy! 

Martin Lovmar 
Uppsala, 19 September 2005 

1 Forrest Gump actually said “Life is like a box of chocolate…”, but since this is life science and 
science is life, I don’t think it matters! 
2 The idea behind Study VI came for example while writing this thesis. 
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PROTEIN SYNTHESIS IN BACTERIA

All living cells are to a large extent made of proteins. The diverse functions of 
proteins are amazing; some are used as building blocks or transporters, others 
catalyze chemical reactions or regulate gene expression and yet others trans-
mit or receive chemical signals. Proteins are made from an assortment of 20 
amino acids with different chemical properties. The amino acids are assem-
bled into a long chain of amino acid residues by the protein synthesis machin-
ery. The chain is folded into a specific three dimensional structure in order for 
the protein to be active. 

Figure 1. Panel A. The central dogma of molecular biology. Genes are stored as DNA 
in the genome. DNA can replicate before cell division and genes can be transcribed 
into mRNA3. These RNA molecules can be translated into proteins by a macromolecu-
lar complex called the ribosome. There are also some viral enzymes that can replicate 
RNA or make RNA from DNA; however these enzymes are exceptions to the central 
dogma. DNA (or RNA) can form specific base pairs with a complementary DNA 
molecule according to the Watson-Crick base pairing rules. Stretches of DNA (or 
RNA) that are base paired folds into the renowned -helix structure. Panel B. The 
universal genetic code, i.e. the translation manual for translating nucleotide codons in 
the mRNA into the amino acid residues that make up the protein. 

3 RNA molecules that serve as templates for protein synthesis are called messenger mRNA (mes-
senger RNA). 
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The protein synthesis machinery is not only an anabolic enzyme system4, it 
also has to assemble the amino acids correctly according to the instructions 
encoded in the genome. The genomic DNA is a long stretch of nucleotides5

and the instructions for making all proteins are encoded in different regions of 
the genome called genes. However before a gene is translated into a protein 
by the protein synthesis machinery, polymerases that use Watson-Crick base 
pairing rules6 (Watson and Crick 1953) transcribe the gene into a messenger 
RNA (mRNA) (Figure 1A). Because RNA is made up of only four different 
nucleotides and there are 20 different amino acids used in proteins, the 
mRNA is read in triplets named codons. There are 43 (=64) different codons 
possible and they are translated into amino acids according to the genetic code 
(Figure 1B) (Crick et al. 1961), which (with a few exceptions) is universal 
among all living organisms. An additional group of important RNA molecules 
called transfer RNA (tRNA) act as the adaptor molecules, where each recog-
nizes, one or several codons on the mRNA, while the other end is specifically 
bound to one of the twenty amino acids. Although the tRNA molecules trans-
late the codons in the genetic code, high fidelity protein synthesis requires 
many additional components. 

THE RIBOSOME

The core of the protein synthesis machinery is the large macromolecular 
complex called the ribosome (Figure 2). The relative sedimentation rate7 of 
the bacterial ribosome is 70S and it has a mass of ~2.4 MDa8. The ribosome is 
composed of two large ribonucleoprotein9 complexes. The large subunit 
sediments at 50S and has a mass of ~1.5 MDa, while the smaller subunit 
sediments at 30S and has a mass of ~0.8 MDa. Both ribosomal subunits con-
tain about 60% ribosomal RNA (rRNA) by weight. The rRNA forms the 
structural and functional core on which the ribosomal proteins are assembled 
(Noller 1984, Moore P.B. and Steitz 2002).  

The phosphate groups in the backbone of the rRNA are negatively 
charged. The rather compact structure of rRNA is possible due to a combina-
tion of several factors (Laursen et al. 2005). Magnesium ions (Mg2+) form 
neutralizing bridges between two or more phosphate groups. The RNA-RNA 

4 An anabolic enzyme catalyzes the assembly of small molecules into macromolecules. 
5 DNA contains four types of nucleotides: Adenosine (A), Cytidine (C), Guanosine (G) and 
Thymidine (T). RNA contains the corresponding nucleotides with the exception that T is re-
placed by Uridine (U). 
6 The key to transmit genetic information: G base-pair with C, while A base-pair with T (or U). 
7 Sedimentation rate is expressed in Svedberg units (S) which corresponds to 10-13 seconds. It is 
estimated using ultracentrifugation by dividing the radial velocity (v) of the particle with the 
generated centrifugal field ( 2r). Hence, sedimentation rate becomes independent on centrifuga-
tion speed and depends on the mass and the shape of the particle and properties of the solution. 
8 Da=Dalton, a mass unit corresponding to the weight of a hydrogen atom (~1.66·10-27 kg). 
9 A macromolecule that consists of both RNA and protein. 
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Figure 2. Visualizations of the ribosome structure. Panel A. The two ribosome sub-
units with three tRNAs bound to the A, P and E sites respectively visualized with 
Cryo-EM. Figure adapted from (Frank 2003b). Panel B. X-ray structure of the 50S
subunit viewed from the subunit interface (Klein et al. 2004)(left) and a close-up of 
the peptidyl transferase center with a transition state analogue bound (right) (Nissen et 
al. 2000) Panel C. X-ray structure of the 30S subunit viewed from the subunit inter-
face and a close-up of the decoding center with an mRNA fragment (light purple) and 
an anticodon stem-loop fragment of the corresponding tRNA (purple) (Ogle et al.
2001). 
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interactions, like base pairing or A-minor motifs (Nissen et al. 2001), stabilize 
the structure and non-globular parts of ribosomal proteins penetrate the 
rRNA and fill gaps between the rRNA helices.  

Information about the ribosome structure is valuable as a framework for 
discussions about the protein synthesis machinery. The first visualizations of 
the ribosome were made using electron microscopy (Huxley and Zubay 1960, 
Lake 1976), but a revolution has occurred in the last few years with the 
atomic resolution X-ray crystal structures of the ribosome. Today, there are 
crystal structures of the whole 70S ribosome (Yusupov et al. 2001, Vila-
Sanjurjo et al. 2003), the 50S ribosomal subunit (Figure 2B) (Ban et al. 2000, 
Harms J. et al. 2001) and the 30S ribosomal subunit (Figure 2C) (Schluenzen
et al. 2000, Wimberly et al. 2000). Of particular interest for this thesis are the 
structures of ribosome complexes with bound antibiotics (Schlunzen et al.
2001, Hansen et al. 2002, Hansen et al. 2003, Schlunzen et al. 2003, Auer-
bach et al. 2004, Tu et al. 2005). It should be noted that the available struc-
tures are made with ribosomes originating from different organisms, but since 
the prokaryotic ribosomes are conserved they are often used to draw general 
conclusions. To make the discussion easier to follow Escherichia coli number-
ing will be used on the rRNA nucleotides throughout this thesis. 

In parallel to the work using X-ray, the cryo-electron microscopy (cryo-
EM) technique has been improved and it can now give a resolution of about 
7Å (Frank 2003a). The cryo-EM method does not give atomic resolution 
(Figure 2A), but it is a good complement to the X-ray structures since a wider 
variety of functional complexes can be analyzed. Hence, a glimpse of the dy-
namic events on the ribosome during translation is obtained. Further, it is 
often possible to construct a high-resolution model of a functional complex by 
fitting proteins or protein domains from atomic resolution crystal structures 
into the cryo-EM map (Frank 2003a). 

The structural studies in combination with functional studies have shown 
that there are three binding sites for transfer RNA (tRNA) on a 70S ribosome; 
the A site (aminoacyl-tRNA site), the P site (peptidyl-tRNA site) and the E 
site (exit site) (Figure 2A). The tRNA molecules act as a link between the two 
ribosomal subunits, which have different functions in the translation process. 
The 30S subunit contains the decoding center (DC) (Figure 2C), where the 
codon in the A site is matched with the anti-codon of the A-site bound tRNA. 
The 50S ribosomal subunit contains the peptidyl transferase center (PTC) 
(Figure 2B), which is the catalytic site where amino acids are added to the 
growing peptide. 

THE DECODING CENTER

The 30S subunit contains about 20 proteins and an RNA of approximately 
1500 nucleotides called 16S rRNA due to its sedimentation properties. The 
general shape of the 30S subunit has traditionally been divided into the upper 
third named the head, which is connected by the neck to the body with a 
shoulder and a platform (Figure 2A). The mRNA binds around the neck of 
the 30S subunit and this is also where the anticodons of the tRNAs interact 
with mRNA. The A site on the 30S subunit is called the decoding center, 
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because this is where the mRNA codon is matched to the tRNA anticodon. 
However, simple Watson-Crick base pairing of the nucleotide triplets does 
not give enough energetic selectivity to account for the ribosome accuracy 
(Ogle and Ramakrishnan 2005). Hence, the decoding center of the ribosome 
has to have a structure that supports binding of tRNAs forming Watson-Crick 
base pairs with the mRNA, while rejecting other tRNAs. The crystal structure 
of the 30S subunit in complex with a short mRNA mimic and an anti-codon 
stem loop shows how this is accomplished (Figure 2C). In comparison with 
the structure of the naked 30S subunit, the structure with mRNA and cog-
nate10 tRNA bound in the A site shows two nucleotides (A1492 and A1493) 
in helix 44 that flip out. Further, this comparison also shows that G530 
change conformation (from syn to anti) upon binding of mRNA and a cognate 
tRNA. The conformational changes of A1492 and A1493 make them interact 
with the minor groove of the first and second base pairs of the codon-
anticodon helix respectively, while the change in G530 makes it interact with 
both the second and third base-pair. The interactions with the minor groove 
of the first two base-pairs can only take place if they are true Watson-Crick 
base pairs, and thus this induced fit mechanism makes it possible to discrimi-
nate against mismatches. In contrast, the interactions with the third, or “wob-
ble”, position base pair seem to be more flexible and able to accommodate 
also other base-pairing geometries (Ogle et al. 2001).  

Although these structures give an idea of how the codon-anticodon inter-
action is monitored, the question of how the changes in the decoding center 
are transmitted to trigger GTP-hydrolysis and subsequent peptidyl transfer 
remains unanswered. It was recently proposed that the signal is transferred 
through the A-site tRNA and thus inducing an increase in the rate of both 
GTP-hydrolysis and the peptidyl transfer (Cochella and Green 2005a). How-
ever, the results presented by Cochella and Green are not consistent. The 
inconsistency is seen by comparing the kcat/KM values for GTP-hydrolysis and 
peptidyl transfer for the cognate reaction which should be the same11, while 
an examination of the published plots reveals at least a factor of seven in dif-
ference. The reason is most probably that the quality of the experiments is 
not suitable for a quantitative analysis12. Hence, the question of how the sig-
nal is transferred from the decoding center to the active sites on the 50S sub-
unit remains open.

THE PEPTIDYL TRANSFERASE CENTER

The 50S subunit consists of approximately 35 proteins and two RNAs named 
5S rRNA and 23S rRNA. The crystal structure of the 50S ribosomal subunit 
(Nissen et al. 2000) shows that the ribosome is a ribozyme, i.e. that the active 
site consists solely of RNA, since the closest protein residue is ~18 Å distal to 
the active site (Figure 2B). With the atomic resolution crystal structure of the 

10 The tRNA that is made to read that particular mRNA codon.  
11 At least with the assumption, done in the paper, that tRNA rejection can be neglected for the 
cognate case. 
12 In addition is the evaluation of the data based on a model (Figure 7) of the peptidyl transfer 
reaction that most probably is wrong (see discussion starting on page 28). 
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ribosome with a transition state analogue bound one might expect it to be 
easy to understand the catalysis mechanism. A model for the catalytic activity 
of the peptidyl transferase center was published back-to-back with the crystal 
structure (Muth et al. 2000). The idea was that an adenosine (A2451) in the 
peptidyl transferase center had a perturbed nearly neutral pKa, which would 
allow A2451 to act as a general acid base and catalyze the peptidyl transfer 
reaction. However, within a few months this model was proved to be incor-
rect by several different groups and methods (Thompson et al. 2001, Xiong et 
al. 2001, Parnell et al. 2002). Although a lot of efforts have been made to 
elucidate how the catalysis of the peptidyl transfer works it has remained an 
unsolved question (Trung et al. 2001, Katunin et al. 2002, Weinger et al.
2004, Okuda et al. 2005, Seila et al. 2005). A recent molecular dynamics 
study and free energy perturbation simulations show that a catalytic rate in-
crease by ~105 times can be gained from an entropic effect by rearrangement 
of the solvent molecules (Trobro and Åqvist 2005). The model fit all struc-
tural and biochemical data available, but if it holds the test of additional ex-
periments remains to be seen. 

THE NASCENT PEPTIDE EXIT TUNNEL

Based on cryo-electron microscopy data it was suggested already in the 1980’s 
that there is a tunnel spanning the large ribosomal subunit, and that this tun-
nel might be the exit path for the nascent peptide (Yonath et al. 1987). The 
crystal structure of the 50S subunit confirmed that there is a tunnel extending 
from the peptidyl transferase center and 100 Å through to the surface of the 
ribosome (Nissen et al. 2000). The inner walls of the tunnel consist mainly of 
23S rRNA, but also non-globular loops of the two ribosomal proteins L4 and 
L22 reach into the tunnel. The two proteins form a constriction in the tunnel 
at about one third of the way from the PTC to the surface (Figure 3A).

Figure 3. The ribosomal tunnel and the macrolide binding site. Panel A. A cartoon 
cross-section of the 50S subunit along the nascent peptide exit tunnel. The subunit is 
positioned such that the interface to the 30S subunit is to the right. Panel B. Shows 
the crystal structure of the section marked with a black dashed rectangle in panel A, 
with an erythromycin molecule bound (shown as dark sticks). 
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It was suggested that the tunnel should be inert to minimize interference with 
the nascent peptides and accordingly no large hydrophobic patches are ob-
served in the tunnel wall (Nissen et al. 2000). However, although the tunnel 
wall seems to be “designed” to avoid interactions with the growing peptide 
chains, an increasing number of exceptions have been found (Tenson and 
Ehrenberg 2002). For example, the expression of a tryptophan degrading 
enzyme is regulated by a tryptophan mediated stalling of the ribosome (Gong 
and Yanofsky 2002), and the secretory protein SecA is expressed if the ribo-
some stalls on an upstream gene in the same operon due to low secretion ca-
pacity (Nakatogawa et al. 2004). 

The nascent peptide exit tunnel also contains the binding site for the mac-
rolide class of antibiotics (Schlunzen et al. 2001, Hansen et al. 2002, Schlun-
zen et al. 2003, Tu et al. 2005). All macrolides bind between the L4/L22 
constriction and the PTC, with their lactone ring interacting with a small hy-
drophobic patch in the tunnel wall close to the tip of the L22 loop, and their 
sugar residues extending towards the PTC (Figure 3B). However, despite the 
many detailed structures of macrolides in complex with ribosomes, the mac-
rolide mechanism of action has remained a matter of discussion (Tu et al.
2005).

TRANSLATION FACTORS IN PROTEIN SYNTHESIS

Ribosome mediated protein synthesis is generally divided into four steps; ini-
tiation, elongation, termination and recycling (Figure 4). All steps require 
involvement of different translation factors. 

INITIATION

To translate the gene information into a particular protein or polypeptide it is 
crucial that the ribosome begins the translation on the correct codon in order 
to produce the correct chain of amino acid residues. The major start codon is 
AUG (Figure 1B), which is recognized by the initiator tRNA (fMet-
tRNAfMet)13. However, the prokaryotic ribosome can not directly find the start 
codon, but rather the 30S subunit first recognizes a Shine-Dalgarno (SD) 
sequence (Shine and Dalgarno 1974) on the mRNA by base-pairing with the 
anti-SD sequence in the 16S rRNA. Initiation will occur if the distance from 
the SD to a start codon is in the correct range (Chen et al. 1994). 

Three known protein factors aid the bacterial ribosome in the initiation 
process; initiation factor 1, 2 and 3 (IF1, IF2 and IF3, respectively). The estab-
lished view of the functions of these initiation factors (IFs) is based on a 
patchwork of studies made in different experimental systems with data of 
variable quality (Gualerzi and Pon 1990, Laursen et al. 2005). In this thesis 

13 This nomenclature for tRNAs will be used throughout this thesis. The amino acid bound to the 
tRNA is written first and the identity of the tRNA is written in superscript, e.g. fMet-tRNAfMet is 
initiator (fMet) tRNA charged with formylated methionine. 
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Figure 4. The roles of the translation factors in the major steps of ribosome mediated 
translation. “D” or “T” on the factors indicate GDP- or GTP-form respectively. Panel
A. Mechanism of initiation of protein synthesis. Panel B.One round in the elongation 
cycle; first peptidyl transfer and then translocation. The elongation cycle continues 
until a stop codon reaches the A site. Panel C. Mechanism of termination of translation 
and subsequent recycling of the ribosome. 
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three studies are presented (IVabc) where we are looking at the kinetics of 
tRNA association and 70S formation, using all combinations of IFs and both 
initiator and elongator tRNAs. This work reveal an intriguing kinetic interplay 
between the IFs, which accomplishes rapid (Study IVa) and accurate (Study 
IVb) initiation. Further, the importance of the essential but “mysterious”14 IF1 
is described in study IVc (Cummings and Hershey 1994). Our current model 
of the initiation process is briefly described below and illustrated in Figure 4A.

An mRNA binds to the 30S subunit through SD/anti-SD interaction and 
the distance between the SD-sequence and the start codon is important for 
selection of the initiator tRNA. Interestingly, this distance seems to be the 
only selection determinant for tRNA binding to 30S in the absence of IFs 
(Study IVb). In the presence of IFs the discrimination against elongator tRNA 
is much stronger. IF2 recognizes the formylated methionine, a unique amino 
acid only bound to initiator tRNA (fMet-tRNAfMet), and stabilizes the binding 
of initiator tRNA to the 30S subunit. The presence of IF1 amplifies the effect 
of IF2 by destabilizing binding of tRNA to the mRNA programmed 30S sub-
unit in the absence of IF2. The effect of IF3 on tRNA binding might seem 
counter active, because destabilizes the 30S initiator complex without dis-
criminating between initiator-tRNA and elongator-tRNA. The reason for this 
is found in the anti-association properties of IF3, it has to stay on the 30S
subunit until a tRNA has bound. Binding of a tRNA destabilizes the binding 
of IF3 to the 30S, and because of detailed balance15 it is inevitable that IF3 
also destabilizes the binding of tRNA. 

The next step in the initiation process is the association of the 50S subunit 
to the pre-initiation complex. 50S can only bind ribosomes free of IF3, which 
is a very important feature for the accuracy of initiation. This means that 70S
formation is a “competition” between binding of IF3 and 50S to the 30S sub-
unit. To be able to estimate the accuracy in initiation we had to calculate a 
subunit association rate, which depends on the free concentrations of both IF3 
and 50S. Also in this step IF2 recognizing the formylated methionine is the 
major discriminator, while IF1 and IF3 tune the stability of the tRNA binding 
to the 30S.

The trade-off between rate and accuracy in the initiation process can be 
tuned by the concentration of IF3. This has also been used to regulate the 
translation of IF3 encoding mRNA, which starts with a non-canonical16 AUU 
start codon and will therefore only be expressed when the IF3 concentration is 
low enough (Sacerdot et al. 1996). A low IF3 concentration could also allow 
erroneous formation of “naked” 70S ribosomes, i.e. ribosomes without fMet-
tRNAfMet. These 70S complexes are very stable in the absence of initiation 
factors, but they are inactive in protein synthesis. However, the presence of 
IF1 rapidly split these inactive ribosomes into subunits, which allows IF3 to 

14 “The mechanism of action of IF1 remains completely obscure.” (Gualerzi and Pon 1990) 
15 Detailed balance is a physical principle stating that there can not be any net flow in a system 
without energy dissipation, which in this particular case means that if tRNA binding to 30S
subunits destabilize IF3 already bound to the 30S, then IF3 in turn have to destabilize a tRNA 
bound to the 30S.
16 Other than the initiation codons described in the genetic code (Figure 1B).
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bind the 30S and prevent the 50S subunits from binding back until a proper 
pre-initiation complex has been formed (Study IVc). 

ELONGATION

Once an initiation complex has been formed the highly processive elongation 
cycle starts. It is during the elongation process that the actual decoding of the 
mRNA occurs. The ribosome manages this with the help of tRNAs, specifi-
cally charged with different amino acids, and elongation factors Tu, Ts and G 
(EF-Tu, EF-Ts and EF-G, respectively). The steps of an elongation cycle are 
briefly discussed below. In this section I will only briefly go through the steps 
of an elongation cycle, in an attempt to describe the roles of the different 
factors (Figure 4B). The kinetics and accuracy of translation is discussed in 
more detail starting on page 25. 

The elongation cycle starts with a peptidyl-tRNA bound in the ribosomal P 
site and a preformed ternary complex entering the A/T site. The ternary 
complex is the substrate for the ribosome and it is made up of an aminoacy-
lated tRNA, bound to EF-Tu and GTP. The T site on the 50S maximizes the 
GTPase activity of EF-Tu if the tRNA anti-codon fits with the mRNA codon 
in the A site on the 30S subunit. EF-Tu drastically changes its conformation 
when GTP is hydrolyzed into GDP+Pi and this leads to its rapid dissociation 
from the ribosome. The tRNA, which is now released from the T site, will 
accommodate into the peptidyl transferase center (PTC) (Valle et al. 2002) 
also named the A/A site. With the help of EF-Ts the GDP on EF-Tu is ex-
changed for GTP in the cytoplasm, and the EF-Tu:GTP can form a new ter-
nary complex by binding another aminoacylated tRNA. 

The peptidyl transferase center (PTC) is where the nascent peptide from 
the P-site tRNA is transferred to the amino acid on the A-site tRNA, and thus 
the peptide grows with one amino acid. Although, there have been many 
suggestions for how the PTC can promote the peptidyl transfer reaction, is 
the reaction mechanism, still not completely understood (see discussion on 
page 16). The result of the reaction is however that the nascent peptide has 
been transferred from the P-site tRNA to the amino acid of the A-site tRNA, 
and thus an additional amino acid has been added to the peptide chain. 

The peptidyl-tRNA in the A site has to be translocated to the P site to 
complete the elongation cycle. Translocation requires EF-G and GTP hydroly-
sis, but there has been a long lasting discussion about the mechanism of EF-G 
action and the role of GTP and GTP hydrolysis (Noller et al. 2002). In a re-
cent paper from our laboratory a new model that can explain most of the 
previous observations is presented (Zavialov et al. 2005a). One of the major 
findings is that EF-G most likely enters the ribosome bound to GDP, and not
bound to GTP which has been the general assumption (Fraser and Hershey 
2005). GDP is however swiftly exchanged to GTP when EF-G binds to the A 
site17. EF-G in the GTP form bound to the A site leads to a conformational 

17 It has been argued that this exchange would slow down the translocation reaction too much 
(Moore P. 2005). However, one solution to this dilemma could be that the nucleotide exchange 
occurs on the L7/L12 extensions (Diaconu et al. 2005), i.e. before it enters the A-site, and thus 
could the “preparations” for the translocation start already during the peptidyl… (next page) 
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change that “unlocks” the mRNA and allows the 30S subunit to rotate and the 
translocation to occur (Valle et al. 2003). The ribosome is now in a transition 
state, but the subsequent GTP hydrolysis rotates the 30S subunit back again 
and after dissociation of the hydrolyzed phosphate EF-G is back in the GDP 
conformation. EF-G in GDP conformation has very low affinity for post-
translocation ribosomes and dissociates rapidly (Zavialov et al. 2005a). The 
peptidyl-tRNA is now stably bound in the P site and the elongation cycle is 
completed. The protein synthesis machinery works very fast and one cycle, 
i.e. all events described above, is on average completed in ~50 ms in vivo
(Bremer and Dennis 1987). 

TERMINATION AND RIBOSOME RECYCLING

When the ribosome has a stop codon in the A site it is recognized by a class I 
release factor instead of by a tRNA. There are two class I release factors in 
bacteria: RF1, that recognizes UAG and UAA codons and RF2, that recog-
nizes AUG and UAA codons (Kisselev and Buckingham 2000). When any one 
of the class I release factors binds to the ribosomal A site it triggers hydrolysis 
of the peptidyl-tRNA in the A site and the peptide is released (Figure 4C).
Both genetic and biochemical observations indicate that the hydrolysis is de-
pendent on a universally conserved glycine-glycine-glutamine (GGQ) motif in 
the class I release factors (Zavialov et al. 2002). The accuracy of the recogni-
tion of stop codons by the class I release factors to prevent premature termi-
nation of protein synthesis has been extensively studied (Freistroffer et al.
2000). Two small motifs directly responsible for codon recognition have been 
identified (Ito et al. 2000); proline-alanine-threonine (PAT) in RF1, and ser-
ine-proline-phenylalanine (SPF) in RF2. In an apparent contradiction to these 
results came from the crystal structure of RF2, where the GGQ-motif was 
much too close to the SPF-motif to be able to interact with both the decoding 
center (DC) on the 30S subunit and the peptidyl transferase center (PTC) on 
the 50S subunit (Vestergaard et al. 2001). However, the dilemma was re-
solved by the cryo-EM structure of RF2 bound to the ribosome (Rawat et al.
2003). This structure shows an open conformation of RF2 on the ribosome, 
which allowes the GGQ-motif to reach the PTC at the same time as the SPF 
interacts with the DC. 

After the peptide is released, the class I release factor is removed from the 
ribosome by a class II release factor named RF3 (Kisselev and Buckingham 
2000). RF3 is a GTPase and, analogously to EF-G discussed above, it was 
shown that it is the GDP-form when not bound to the ribosome (Zavialov et 
al. 2001). The GDP dissociates rapidly when RF3 binds to a ribosome in 
complex with a class I release factor. The nucleotide free RF3 remains on the 
ribosome until the class I release factor has hydrolyzed the peptide. Once the 
peptide has been released, RF3 binds GTP and this promotes dissociation of 
the class I release factor from the ribosome (Zavialov et al. 2002). Finally, 

                                                                                                                            
(previous page) …transfer reaction. This could also explain why several L7/L12 extensions are 
required for rapid translation, since this allows several EF-G molecules to exchange their nucleo-
tides simultaneously. 
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hydrolysis of RF3 bound GTP causes RF3 to lose its affinity for the ribosome 
and it dissociate from the ribosome in GDP form (Figure 4C).

Before the ribosome is ready to initiate and begin another round of transla-
tion it has to be split into subunits. This is accomplished by the joint action of 
the ribosome recycling factor (RRF) and EF-G (Hirashima and Kaji 1973, 
Karimi et al. 1999). RRF seems to act like a wedge that splits the ribosome 
with the help of EF-G (Figure 4C). IF3 is required after ribosome splitting to 
prevent re-association of the subunits, until the 30S subunit has initiated on a 
new mRNA (Zavialov et al. 2005b) (compare also with the action of IF3 de-
scribed above and in Study IVabc). 

ACCURACY IN TRANSLATION

We have done work on the mechanism and the kinetics that determine trans-
lation accuracy on three different levels; (i) initiation of protein synthesis 
(Study IVa and Study IVb), (ii) the proof-reading mechanism of isoleucyl-
tRNA synthetase (Johansson M, Lovmar M and Ehrenberg M, unpublished 
results), and finally (iii) the peptidyl transfer reaction (Bouakaz E, Lovmar M 
and Ehrenberg M, manuscript in preparation). The accuracy in initiation of 
protein synthesis is briefly described on page 18 above and in more detail in 
(Study IVa and Study IVb), and I will therefore not discuss it further here. 

PROOF-READING BY ISOLEUCYL-TRNA SYNTHETASE *
A classic accuracy problem regards the aminoacylation of tRNAIle by isoleu-
cyl-tRNA synthetase (IRS), and how this enzyme can discriminate isoleucine 
from valine. These amino acids differ only by a methyl group and already in 
the 1950’s Linus Pauling was concerned with how accurately an optimally 
designed enzyme can exclude the single hydrogen of valine, while binding the 
methyl group of isoleucine. He concluded that an optimally designed site 
would only bind isoleucine 20 times better than valine, which suggested to 
him that not a single protein can be correctly translated (Pauling 1957). This 
apparent paradox was resolved by the proof-reading concept (Hopfield 1974, 
Ninio 1975). If the reaction is driven by another energy source18 the differ-
ence in binding energy can be used repeatedly to achieve the required accu-
racy (Ehrenberg and Blomberg 1980). Proof-reading can become more effi-
cient with many steps, but in the case of discriminating isoleucine from valine 
in IRS it has been argued that a single proof-reading step is enough, since a 
hydrolytic site can be made to fit valine while very efficiently excluding iso-
leucine (Fersht and Dingwall 1979).  

Already several years before the concept of proof-reading was proposed it 
was shown that the IRS hydrolyzed valine-adenylate rapidly in the presence of 
tRNAIle (Baldwin and Berg 1966) and that this occurred via an Val-tRNAIle

intermediate (Eldred and Schimmel 1972). A few years later, Alan Fersht and 
colleagues performed a thorough investigation of IRS and showed that an 

18 Most often hydrolysis of ATP or GTP. 
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isoleucyl adenylate was initially formed before transfer to the tRNAIle (Figure 
5) (Fersht and Kaethner 1976). In a second study, Fersht showed that IRS is a 
proof-reader, in agreement with previous data, but in the attempts to quantify 
the reaction only 0.8 % Val-tRNAIle could be detected at steady-state, which 
was much less than expected (Fersht 1977). The expected percentage was 
~12 % because the rate of amino acylation (k2) was estimated to 1.2 s-1 and 
the rate of hydrolysis (q2) to 10 s-1. To explain this discrepancy he proposed 
that hydrolysis might occur in a pre-transfer editing step (q1), i.e. the valine 
adenylate is transferred to tRNAIle (Figure 5). However, the experiments are 
technically very challenging and Fersht made it clear that there might be sev-
eral reasons for the discrepancy (Fersht 1977). In addition, there is a key ex-
periment missing in Fersht’s study; he never tested if the hydrolytic reaction 
was saturated at 10 s-1 by titrating with mischarged Val-tRNAIle.

Figure 5. The reaction scheme for proof-reading by isoleucyl-tRNA synthetase. The 
main question in our study (Johansson M, Lovmar M and Ehrenberg M, unpublished 
results) is whether a major pre-transfer editing step exist or not. 

During the last decades Alan Fersht’s suggestion of a major pre-editing step 
has become accepted as a fact. Today, most interpretations of experiments on 
IRS are based on the existence of pre-transfer editing. However, if the recent 
data are more critically studied they rather indicate that a pre-transfer editing 
step does not exist (Nureki et al. 1998, Bishop et al. 2002). We have there-
fore investigated the existence of a pre-transfer editing step. 

We have re-measured the kinetic constants in Figure 5 at 37 °C in the po-
lymix buffer. These numbers have been used to simulate how the level of 
Val-tRNAIle changes after addition of a saturating concentration19 of tRNAIle

to preformed valine-adenylate-IRS complexes under single turn-over condi-
tions. The simulations indicate that we should expect an initial burst if the 
valine is transferred to tRNAIle before hydrolysis, and no burst if the major 
step is pre-transfer editing. Our preliminary experiments show that there is an 
initial burst. This indicates that pre-transfer editing most probably does not 
exist, or at least that it is not the major path for tRNAIle dependent hydrolysis 
of valine-adenylate on IRS (Johansson M, Lovmar M and Ehrenberg M, un-
published results). 

19 Which allow us to neglect the tRNAIle binding step in Figure 5.
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ACCURACY IN PEPTIDYL TRANSFER *
During the last 40 years a lot of efforts have been made to understand the 
properties of tRNA selection on the ribosome (Ogle and Ramakrishnan 
2005). The important steps for selection of a ternary complex are summarized 
in the reaction scheme in Figure 6. First, a ternary complex binds to the A/T 
site, and if it is a cognate tRNA the probability for GTP hydrolysis is close to 
one, while it is substantially lower for non- or near-cognate tRNA. This selec-
tion prior to the GTP hydrolysis is termed initial selection. Second, EF-Tu 
dissociates from the ribosome when GTP is hydrolyzed, which “releases” the 
amino acylated tRNA inside the ribosome and the tRNA can now either go to 
the active site where the P-site peptide can be transferred to it, or the tRNA 
can be rejected from the ribosome. The probability for peptidyl transfer is 
much higher for a cognate tRNA and this additional selectivity is called proof-
reading. The overall accuracy A is then the initial selection I times the proof-
reading factor F.

Figure 6. The “classical” model describing the important steps for tRNA selection in 
the peptidyl transfer reaction. The GTP hydrolysis step separates the initial selection 
from the proof-reading. 

In terms of Michelis-Menten kinetics the normalized accuracy A is defined by 
the ration between the kcat/KM parameters for cognate and non-cognate sub-
strate (Fersht 1999); and the initial selection I is defined by the corresponding 
kcat/KM ratio for GTP hydrolysis. 

   and

cognate cognate
cat M cat MPeptTransf GTP hydr

non cognate non cognate
cat M cat MPeptTransf GTP hydr

k K k K
A I
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The proof-reading factor is the ratio between the overall accuracy and the 
initial selection (F=A/I), or equivalently, the number of GTPs that are hydro-
lyzed per non-cognate peptidyl transfer, divided by the number of GTPs that 
are hydrolyzed per cognate peptidyl transfer:  

non cognate cognate
cat M cat MGTP hydr GTP hydr

non cognate cognate
cat M cat MPeptTransf PeptTransf

k K k K
F

k K k K

In the present study have we measured these accuracy parameters for the 
peptidyl transfer reaction of cognate and near-cognate tRNA (Bouakaz E, 
Lovmar M and Ehrenberg M, manuscript in preparation). We use Phe-
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tRNAPhe  and Leu-tRNALeu2 on four different codons; UUU and UUC where 
Phe-tRNAPhe is cognate20, and CUU and CUC where Leu-tRNALeu2  is cog-
nate21. The accuracies A in the peptidyl transfer reaction varies between 105

and 106 depending on what codon we examine (Table 1). The difference is 
mainly due the more efficient exclusion of Phe-tRNAPhe from Leu-codons 
than Leu-tRNALeu2 from Phe-codons by the ribosome.  

To be able to compare our results with measurements available in the lit-
erature we also tested different modifications of the protocol for the UUU 
codon (Table 1). Increasing the Mg2+ concentration from 5 mM to 12 mM 
increased the kcat/KM parameters, but the relative increase in kcat/KM was larger 
for the near-cognate case and thus the accuracy factor became almost 20 
times lower. Lowering the phosphoenol pyruvate (PEP) concentration from 
10 mM to 0.5 mM also increased the kcat/KM values, but, interestingly, the 
accuracy was maintained in contrast to when Mg2+ is increased. Most of the 
previous work on accuracy was performed in poly(U) systems and to be able 
to compare data we also measured the accuracy on poly(U) programmed ri-
bosomes initiatedwith NAcPhe-tRNAPhe(footnote22). The kcat/KM parameter 
was the same for the cognate ternary complex, but more than an order of 
magnitude higher for the near-cognate. This gives an accuracy of 104 which is 
in concordance with previous data (Ruusala et al. 1982). 

Table 1. The accuracy parameters for the peptidyl transfer reactiona (Bouakaz E, 
Lovmar M and Ehrenberg M, manuscript in preparation). 

Codon Cognate kcat/KM

( M-1s-1)
Near-cognate kcat/KM

( M-1s-1)
Overall Ac-
curacy, A

Error 
frequency 

CUC 31 (Leu2) 1.0 10-4 (Phe) 3.1 105 3.2 10-6

CUU 33 (Leu2) 2.6 10-5 (Phe) 1.3 106 7.9 10-7

UUC 45 (Phe) 3.1 10-4 (Leu2) 1.5 105 6.9 10-6

UUU 38 (Phe) 1.6 10-4 (Leu2) 2.4 105 4.2 10-6

12mM Mg2+ 61 (Phe) 8.2 10-3 (Leu2) 7.4 103 1.3 10-4

0.5 mM PEP 140 (Phe) 3.7 10-4 (Leu2) 3.8 105 2.7 10-6

Poly(U) 23 (Phe) 2.4 10-3 (Leu2) 9.6 103 1.0 10-4

a  The experiments were performed at 37°C in polymix buffer23 (containing 5 mM Mg2+) and 10 
mM Phosphoenol pyruvate (PEP) if nothing else is stated. Heteropolymeric mRNA with fMet-
tRNAfMet as the donor were used except in the poly(U) experiments. 

To put our data in perspective we compared them with recent results from 
Witten (Germany) from a similar cell-free translation system (Gromadski and 
Rodnina 2004). They measured an accuracy parameter of 450 for discrimina-

20 tRNAPhe has a 5’-GAA anti-codon, but since the “wobble” base in the third position of the 
codon (that base pair with the first position in the anti-codon) allows exception to Watson-Crick 
base pairing rules it can recognize both UUC and UUU as cognate codons. 
21 tRNALeu2 has a 5’-GAG anti-codon, but it recognize both CUU and CUC as cognate codons. 
There are five different tRNA isoacceptors for leucine and the tRNA with 5’GAG anti-codon is 
called number two, hence it is written tRNALeu2.
22 A modified phenylalanine that is used to initiate protein synthesis on poly(U) programmed 
ribosomes. 
23 A buffer system that is optimized for rapid and accurate translation (Jelenc and Kurland 1979). 
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tion between Phe-tRNAPhe and purified24 Leu-tRNALeu2 on the CUC codon, 
which is almost three orders of magnitude lower than what we measure on 
the same codon (A=3.1 105). They used a Tris-buffer (pH 7.5) with 3.5 mM 
Mg2+ and claim that the Mg2+ concentration is the only determinant that sub-
stantially influences the accuracy or speed of peptidyl transfer (Gromadski 
and Rodnina 2004). A major difference between our and their experiments 
that has not been examined is the temperature; 37 °C in our work compared 
to 20 °C in theirs. Whether the temperature affects the accuracy remains to 
be tested, but the accuracy might very well be lower at the sub-optimal tem-
perature.

We have also separated the initial selection and the proof-reading factor for 
three of these codons (Table 2). It has been argued that it is impossible to 
measure the initial selection directly (Gromadski and Rodnina 2004), but we 
have done that by measuring the kcat/KM for GTP hydrolysis with the near-
cognate ternary complexes. Assuming that the rejection (q in Figure 6) is 
negligible for the cognate reaction25 allows us to directly estimate both the 
initial selection and the proof-reading factor. The initial selection is ~500 for 
both CUC and UUC codons, while it is ~730 for UUU codons. This suggests 
that the initial selection is independent of the identity of the misreading on 
the first codon, but dependent on whether or not there is Watson-Crick base 
pairing in the wobble position or not. The proof-reading factor is ~300 and 
~330 for the UUC and UUU codons, respectively, while it is ~620 for the 
CUC codon. This suggests that it is the identity of tRNA that influences the 
proof-reading factor, in contrast to the initial selection. The effects are not 
very large though, and this effect has to be confirmed on additional codons 
before any firm conclusions can be drawn. 

Table 2. The contributions from initial selection and proof-reading in the overall accu-
racy. (Bouakaz E, Lovmar M and Ehrenberg M, manuscript in preparation). 

Codon Near-cognate kcat/KM for 
GTP hydrolysis ( M-1s-1)

Initial selec-
tiona, I

Proof-reading 
factora, F

Overall 
Accuracy, 
A

CUC 6.2 10-2 (Phe) 500 620 3.1 105

UUC 9.2 10-2 (Leu2) 505 297 1.5 105

UUU 5.3 10-2 (Leu2) 730 329 2.4 105

a  The calculations of both I and F assume that kcat/KM for GTP hydrolysis is the same as the kcat/KM

for peptidyl transfer. This is only an approximation, but correct within experimental errors. 

In addition to the measurements of the kcat/KM parameter we also tried to 
estimate the kcat and KM parameters. These parameters can be estimated when 
the ribosome becomes saturated with respect to ternary complexes. We ti-
trated up with the ternary complex Phe-tRNAPhe on ribosome complexes 

24 They have used purified isoacceptor Leu-tRNALeu2 (Rodnina M, personal communication), which 
is important because only 10 % of all leucine tRNA is cognate for the CUC codon (Dong et al. 1996). 
Using a mix of leucine tRNAs would lead to a 10-fold over-estimation of the amount of cognate 
tRNA added in the experiment and subsequently a 10-fold under-estimation of the accuracy. 
25 This approximation is correct within experimental errors. 
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with a UUU codon in the A site and with the Leu-tRNALeu2 with CUC in the 
A site. We could not saturate the peptidyl transfer reaction due to limitations 
in the mixing time of the quench-flow apparatus (KinTek, RQF3). However, 
a rough estimate of the kcat and KM values could be made by hyperbolic fitting 
to a plot where the peptidyl transfer rates are plotted against the ternary 
complex concentration (data not shown). The kcat for the peptidyl transfer 
reaction was estimated to 240 s-1 for both codons and the KM was estimated 
to ~8 M for CUC codons and ~6 M for UUU codons. A similar saturation 
experiment was performed for the near-cognate case with Leu-tRNALeu2 on 
UUU. The rate of peptidyl transfer was proportional to the concentration of 
ternary complex at least up to 10 M ternary complex, i.e. the KM value in 
our system is >>10 M for the near-cognate case. This corresponds well with 
earlier experiments with Leu-tRNALeu2 on poly(U) programmed ribosomes, 
where the KM value was estimated to be >100 M (Bilgin et al. 1988). 

DISCUSSION ABOUT THE “WITTEN” MODEL FOR TRNA SELECTION *
A alternative view of the steps preceding the EF-Tu mediated peptidyl trans-
fer reaction emerged from a series of studies by the Witten group in the late 
1990’s (Figure 7), reviewed in (Rodnina et al. 2005). Additional intermediate 
steps were suggested based on observations using fluorescence stopped-flow 
techniques with a fluorescent tRNA (tRNAPhe (Prf16/17))26 and a fluorescent 
GTP analogue (mant-GTP). First, they discovered that there is an initial bind-
ing step preceding the codon recognition step (Rodnina et al. 1994). The ki-
netic properties of this initial binding step was characterized in the following 
study (Rodnina et al. 1996), where it was also shown that the initial binding 
occurs also on ribosomes with occupied A site. Hence, the conclusion was 
that initial binding site is distinct from the A site. In another study (Rodnina
et al. 1995), they observed a codon dependent intermediate upon addition of 
ternary complexes made with the fluorescent mant-GTP. This step has been 
called the GTPase activation step because it precedes the GTP hydrolysis and 
it can be freezed by kirromycin, an antibiotic that stimulates GTP hydrolysis 
but prevents dissociation of EF-Tu:GDP. The alternative model for EF-Tu 
mediated peptidyl transfer was completed when they observed that a rate 
limiting step preceded the peptidyl transfer reaction, and this was interpreted 
as the accommodation step (Figure 7) (Pape et al. 1998). The detailed model 
with estimated numbers on all the individual rate constants is very seductive 
and it has in recent years become generally accepted, e.g. (Cochella and 
Green 2005b, Ogle and Ramakrishnan 2005). 

However, the “Witten” model depicted in Figure 7 can not merely be seen 
as a more detailed description of the chain of events that leads to peptidyl 
transfer. The proposed codon independent initial binding step27 has radical  

26 The dihydrouracil at position 16 or 17 in tRNAPhe from brewer’s yeast is replaced by a fluores-
cent proflavin (Wintermeyer and Zachau 1979). 
27 It should be noted that an initial binding step has to exist before codon recognition, but the 
issue in this discussion concerns the case when this step is slow and strong enough to be measur-
able and of practical importance. 
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Figure 7. The “Witten” model for describing the binding of ternary complexes and the 
events preceding the peptidyl transfer reaction (Pape et al. 1998). This model has 
become generally accepted, but a closer examination of the implications of this model 
suggests a re-evaluation. 

implications for the rate and accuracy of the peptidyl transfer reaction. The 
relatively stable codon-independent initial binding step in the Witten model 
leads to very low KM values for the near- and non-cognate ternary complexes. 
The values reported in the most recent study from the Witten group 
(Gromadski and Rodnina 2004) is a KM value of 0.25 M for the near-cognate 
case and a KM value less than 0.6 M for the non-cognate ternary complexes28.
These KM values can be compared with the KM value of >>10 M that we 
estimate for near-cognate ternary complexes (Bouakaz E, Lovmar M and 
Ehrenberg M, manuscript in preparation), or the >100 M which has been 
estimated previously (Bilgin et al. 1988). The non- and near-cognate tRNAs 
behave like competitive inhibitors for the cognate reaction, and since their 
GTP hydrolysis is negligible the KM values will correspond to the inhibition 
constant KI.

Using the equation for competitive enzyme inhibition (Fersht 1999) and 
all the values from (Gromadski and Rodnina 2004) can it be estimated how 
much the non- and near-cognate ternary complexes influence the effective 
peptidyl transfer rate. The average KM value for non- and near-cognate ternary 
complexes is set to 0.5 M. The kcat for the peptidyl transfer reaction is 7 s-1

and the kcat/KM for the peptidyl transfer reaction29 is 100 M-1s-1. These num-
bers give a KM-value of 0.07 M for the cognate peptidyl transfer reaction. 
Assuming a cognate ternary complex concentration of 20 M and a total con-
centration of ternary complex of ~0.6 mM30 we get. 

28 If we assume that the GTPase activation (k3) for non-cognate ternary complexes is negligible, it 
allows us to estimate a maximal KM value for them. This occurs when k2<<k-2 because the KM can 
then be approximated with the dissociation constant for the codon independent initial binding 
step: KM < k-1/k1 = 80 s-1/140 M-1s-1  0.6 M.
29 Since it is the same as kcat/KM for the initial selection step. 
30 This estimate assume that most tRNA is present in the form of ternary complexes in E. coli
growing with a doubling time of 40 minutes, which have approximately 240000 tRNA molecules 
(Bremer and Dennis 1987) and a cell volume of 0.6·10-15 litres (Donachie and Robinson 1987). 
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Hence, the maximal peptidyl transfer rate is slowed down from ~7 s-1 to ~1.3 
s-1, due to competition with the non- and near-cognate tRNA. A factor of five 
might not seem very drastic, but it is a serious concern in terms of evolution-
ary fitness. One might imagine that there are some physical constraints that 
limit the KM value for the non- and near-cognate ternary complexes. However 
since our results show that a very high KM value can be combined with high 
rate and accuracy, there cannot be a general constraint of this type. The pro-
posed model, including a codon independent initial binding step is therefore 
in doubt. 

An alternative interpretation of the data leading to the proposal of the ini-
tial binding step is that the change in fluorescence reflects ternary complex 
binding to a fraction of the ribosomes that does not contain mRNA, rather 
than binding to a distinct codon independent initial binding site. Further, this 
would imply that all measurements made on binding to near-cognate ternary 
complexes in more recent studies, are in fact measurements of binding to non-
programmed ribosomes (Pape et al. 1999, Gromadski and Rodnina 2004). 
The reason that we do not see this artifact in our experiments is because we 
titrate with ternary complexes rather than ribosomes. Hence, even though we 
also have a fraction of non-programmed ribosomes, they will only influence 
the background level in our measurements.

INHIBITORS OF BACTERIAL PROTEIN SYNTHESIS

The protein synthesis machinery is the most common target for antibiotics 
due to several reasons; firstly, protein synthesis is one of the core features of 
cell growth, secondly, it is rather conserved throughout the bacterial kingdom, 
and thirdly, there are often several copies of the genes encoding the ribosomal 
RNA, which makes it harder for a microorganism to develop resistance. In 
addition, the protein synthesis machinery works differently in prokaryotes and 
eukaryotes, which is important for clinically useful antibiotics because it en-
ables a drug to kill or inhibit growth of bacteria without harming the patient. 

Although different antibiotics target the ribosome in different regions or 
steps of translation, it is an incorrect impression that they bind everywhere. In 
contrast, their binding sites reveal functional regions, and since they target 
different steps of translation they have also become vital biochemical tools for 
investigating the mechanism of ribosome mediated translation of mRNA into 
proteins (Vazquez 1979, Spahn and Prescott 1996). 
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MACROLIDE ANTIBIOTICS

Macrolides form a large group of broad-spectrum antibiotics. All types of 
macrolide antibiotics have a large 14-, 15- or 16-membered lactone ring with 
one or more sugar residues attached (Figure 8A). The macrolides are often 
grouped with lincosamide and streptogramin B antibiotics and referred to as 
“MLSB antibiotics”. The expression “MLSB-antibiotics” was coined because 
strains resistant to one of these antibiotics tend also to be resistant to the oth-
ers (Weisblum 1998). The MLSB antibiotics are structurally very heterogene-
ous (Figure 8), but they have overlapping binding sites close to the peptidyl 
transferase center (PTC) on the 50S ribosomal subunit. My work has focused 
on macrolides, but differences and similarities to the other MLSB-antibiotics
will also be discussed for comparison. 

Some macrolides are commonly used clinically as an alternative to penicil-
lin. They are mainly used to treat infections caused by gram-positive31 bacte-
ria, but they are also effective against a few gram-negative32 bacteria and my-
coplasma33. The mechanism of action of macrolide antibiotics has been long 
known in very general terms. They bind in the vicinity of the peptidyl trans-
ferase center (PTC) of the 50S ribosomal subunit and cause arrest of protein 
synthesis (Vazquez 1979) and subsequent drop-off of the peptidyl-tRNA 
(Menninger and Otto 1982). The inhibition of protein synthesis induces cell 
growth arrest at clinical concentrations, but it does not kill the bacteria. 
Therefore are macrolides described as bacteriostatic antibiotics34.

The crystal structures of 50S ribosomal subunits with macrolides bound 
(Schlunzen et al. 2001, Hansen et al. 2002, Schlunzen et al. 2003, Tu et al.
2005) have in recent years made it possible to understand the macrolide 
mechanism of action in more detail. These structures have provided a frame-
work both for interpreting previous biochemical and genetic data, but they 
also suggest further studies. 

31 Gram-positive bacteria retain the crystal violet stain in the Gram stain procedure. The reason 
why this is an important property of a bacterium is that it reflects the composition of its cell wall; 
the cell wall of Gram-positive bacteria is composed of a thick layer of peptidoglycan. 
32 Gram-negative bacteria do not retain the crystal violet stain in the Gram-stain procedure, 
because an outer membrane composed of lipopolysaccharide, lipoprotein and other macromole-
cules surrounds the peptidoglycan layer, which on the other hand is thinner in Gram-negative 
bacteria compared to Gram-positive. 
33 Mycoplasma is a genus of bacteria that do not contain any cell walls. They can therefore not be 
treated with penicillin or any other drugs that target the synthesis of the cell membrane.  
34 In contrast to bacteriocidal antibiotics that are able to kill the bacteria. 
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Figure 8. Chemical structures of the MLSB antibiotics relevant for this thesis. 

BIOSYNTHESIS OF MACROLIDES

Macrolides are rather complicated organic molecules with their large lactone 
ring and several stereoisomeric centers (Figure 8A). The naturally occurring 
macrolides are synthesized by the polyketide synthases (PKSs), which is a 
group of very large polymodular proteins (Cane et al. 1998). The PKSs func-
tion very much like an industrial assembly line in that the precursor can only 
initiate at a certain site and then move unidirectionally from one module to 
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the next until it reaches the termination site (Figure 9). While the primary 
metabolism of the ribosome or the nucleotide polymerases only performs the 
same reaction repeatedly, the PKSs utilize a new enzymatic module for every 
elongation step. This limits the size of the polyketides, but it also gives the 
opportunity to make further modifications at every step and therefore in-
creases the diversity of the small molecules that are produced. This has pro-
duced a great variety of structures with antibacterial activity, including the 
macrolides.

Figure 9. Deoxyerythronolide B synthase (DEBS) which produces the precursor of 
erythromycin is an example of modular polyketide synthases. Figure adapted from 
(Cane et al. 1998). 

HISTORY AND DEVELOPMENT

The first macrolide used in clinical practice was erythromycin (Figure 8A). 
Erythromycin A35, the active component of totally six components (A-F), was 
discovered in 1952 by fermentation of Streptomyces erythreus found in soil 
samples from the Philippines (McGuire et al. 1952). To overcome Staphylo-
coccus aureus isolates resistant to penicillin G was this compound introduced 
into clinical practice in 1953. The drawback of erythromycin is that it displays 
erratic pharmacokinetic behavior, because it is unstable in acidic environ-
ments and poorly absorbed by the oral route (Kirst and Sides 1989). Two 
other 14-membered macrolides, oleandomycin and megalomicin were subse-
quently introduced in the clinics, with marginal improvement in pharmakoki-
netics. However, soon resistance against these “first generation” drugs started 
to spread. The majority of the resistant strains were however susceptible to 
the second generation macrolides; the 16-membered macrolides, such as car-
bomycin, spiramycin and josamycin. The reason is that the 16-membered 
macrolides do not induce expression of the methylase that causes the MLSB

resistance (see page 53), but strains with constitutive expression of the methy-
lase emerged shortly after the introduction of these antibiotics in the clinics. 

The third generation macrolides are semi-synthetic erythromycin deriva-
tives, including roxithromycin, clarithromycin and azithromycin. They were 
prepared and introduced into clinical practice at the end of the 1980s and 
early 1990s. These compounds have a broader spectra and they exhibit good 
pharmacokinetic behavior after oral administration due to improved acid sta-

35 Erythromycin A is the same compound referred to as erythromycin in the rest of the text. 
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bility. However, their antibacterial activity is similar to erythromycin and they 
induce expression of the methylase and are therefore not active against the 
MLSB resistant strains.  

The heavy usage of macrolides has caused a rapid spread of bacterial resis-
tance within common pathogens involved in various infections. The increase 
of MLSB resistance required synthesis of new compounds that do not show 
cross-resistance. This search led to the development of the fourth generation 
macrolides; the ketolides. The ketolides contain a 14-membered lactone ring 
but instead of the cladinose sugar they have a keto-group in the C3 position 
(Figure 8A). The first ketolide was telithromycin and it reached the market 
late in 2001. The ketolide binding site overlaps with that of other macrolides, 
but they form additional contacts which improve their affinity. In addition, 
they have good pharmacokinetics and they do not induce expression of the 
methylase that causes MLSB resistance (Ackermann and Rodloff 2003). 

MACROLIDE BINDING

Macrolide binding can be viewed on the structural level of chemical interac-
tions, but also on the dynamical level of kinetic properties. Both levels of de-
scription are necessary to draw mechanistic conclusions. 

BINDING SITE INTERACTIONS

The location of the macrolide binding site on the large ribosomal subunit was 
initially mapped to the vicinity of the PTC using a combination of biochemi-
cal and genetic methods (Vazquez 1979, Moazed and Noller 1987, Vester 
and Garrett 1987). In addition it was shown in vivo that ribosomes were only 
sensitive to erythromycin in an initial stage of translation, while elongating 
ribosomes are refractory to the drug (Andersson and Kurland 1987). With the 
atomic resolution structures of macrolides bound to the ribosomal 50S sub-
unit it has been possible to better interpret the previous data; both for the 
mechanism of action and the chemical details of macrolide binding (Auerbach
et al. 2004, Tu et al. 2005). The macrolides bind, as expected from biochemi-
cal and genetic data, in the nascent peptide exit tunnel close to the PTC. The 
binding site is located between PTC and the L4/L22 constriction of the tunnel 
(Figure 10C-F).

The structures are published by research groups that use ribosomes from 
two different organisms. The groups from Yale university headed by Peter 
Moore and Tom Steitz have used the archaea Haloarcula marismortui (Hma) 
(Hansen et al. 2002, Hansen et al. 2003, Tu et al. 2005) and the groups at the 
Max-Planck- and Weizmann institutes headed by Ada Yonath have used the 
eubacterium Deinococcus radiodurans (Dra) (Schlunzen et al. 2001, Berisio
et al. 2003, Harms J.M. et al. 2004). Although the macrolide binding sites are 
roughly similar in the structures from both organisms there is one important 
difference between the organisms; the Hma has a G in position 2058 while 
the Dra has an A in the same position. This difference is of particular interest, 
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Figure 10. Macrolides binding to ribosomes visualized by X-ray crystallography36.
Comparisons between the structures made with ribosomes from a G2058A mutated 
Haloarcula marismortui (Hma) and Deinococcus radiodurans (Dra) and erythromycin 
(Panel A) or telithromycin (Panel B). The ribosomes were aligned on A2058. Panel C-
F. Structures of erythromycin (Panel C), azithromycin (Panel D), telithromycin (Panel 
E) and carbomycin A (panel F). The L4/L22 constriction is to the left and the A2451 
in the peptidyl transferase center is seen in magenta to the right. A2058 is seen behind 
the lactone ring colored orange. 

because it is not unique for these organisms but rather represents a domain 
difference between the domains of archaea and eukaryotes, on one hand, and 
bacteria on the other. The G in position 2058 makes archaea and eukaryotic 
ribosomes resistant to many macrolides, which in turn allows macrolides to 
inhibit growth of pathogenic bacteria, without harming human cells. The 
importance of A2058 for macrolide binding is further emphasized by one of 
the most common resistance mechanisms against MLSB-antibiotics that in-

36 The coordinates used to make the figure have the following PDB entries: 1YI2 (Panel A, Hma 
and Panel C), 1JZY (Panel A, Dra), 1YIJ (Panel B, Hma and Panel E), 1P9X (Panel B, Dra), 
1YHQ (Panel D) and 1K8A (Panel F). 
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volve methylation of A2058 and will be discussed in more detail on page 53 
(Vester and Douthwaite 2001). 

In a recent study on G2058A mutated ribosomes from Hma, the authors 
raise doubts about the details of macrolide binding in the Dra structures (Tu
et al. 2005). The G2058A mutant of Hma ribosomes binds erythromycin very 
efficiently (Kd < 1 M compared to Kd > 3 mM for wild type Hma ribosomes), 
but the interactions with the tunnel wall still differ substantially from the 
structure of erythromycin bound to the Dra ribosomes (Schlunzen et al.
2001) (Figure 10A). An even larger difference is seen for the C11 side chain 
in telithromycin which extends in completely opposite directions in the Hma 
structure compared to the Dra structure (Figure 10B). The binding of the 
lactone ring, which is the major common structural feature of macrolide anti-
biotics (Figure 8A), differs substantially in the different Dra structures 
(Auerbach et al. 2004), while the structures of 14- 15- and 16-membered 
lactone rings of different macrolides bound the Hma ribosomes are more simi-
larly oriented (Hansen et al. 2002, Tu et al. 2005). It is interesting to note 
that the macrolide structures from the Hma ribosomal complexes correspond 
much better to crystal structures of the macrolides free in solution, which 
indicates that they represent a lower energy state than the macrolide confor-
mations in the Dra structures. In addition, the resolution of the Hma struc-
tures is higher which simplifies the structure building. Taken together, I be-
lieve that the Hma structures are more reliable, and I will therefore use them 
when I discuss the chemical interactions of the macrolides with the nascent 
peptide exit tunnel. 

There are two papers from the Yale groups presenting structures of Hma 
ribosomes in complex with different macrolides. In the first study they used 
wild-type Hma ribosomes, but using high concentrations of macrolides (1-10 
mM) they were still able to determine structures of complexes with tylosin, 
carbomycin A, spiramycin and azithromycin (Hansen et al. 2002). However, 
to solve the structure of the complex with the 14-membered lactone ring 
macrolide erythromycin and the ketolide telithromycin it was necessary to use 
the G2058A mutant (Tu et al. 2005). Although the G2058A mutation 
greatly increases the affinity for macrolides it only slightly changes the binding 
position and the conformation of bound macrolides (Tu et al. 2005). In con-
trast to what was previously proposed from the Dra structures (Auerbach et 
al. 2004), all structures of macrolides bound to the Hma ribosomes show a 
similar position and orientation of their lactone ring. The lactone ring lays flat 
against the wall of the tunnel, with a hydrophobic side facing a hydrophobic 
pocket in the tunnel wall (made up of A2058, A2059 and G 2611), and a 
hydrophilic side facing the interior of the tunnel. The hydrophobic interac-
tions between the lactone ring and the tunnel wall is disrupted by addition of 
a hydrophilic group in this region, which is the case with the N2 of G2058 in 
wild-type Hma (Tu et al. 2005). Apart from the hydrophobic interaction 
between the lactone ring and the tunnel wall, the sugar residues also interact 
with the tunnel wall in a way that is different for different types of macrolides 
(Hansen et al. 2002, Tu et al. 2005). 



 37

Erythromycin has two sugar residues; a cladinose in the C3 position and a 
desosamine in the C5 position. Both sugars point toward the PTC (Figure 
10C) and the 2’OH of the desosamine forms a single hydrogen bond with N1 
of A2058 (Figure 10A)(Tu et al. 2005). The dependence on the hydrophobic 
interactions and the single hydrogen bond makes erythromycin binding very 
sensitive to modifications or mutations in A2058. The 15-membered mac-
rolide azithromycin, which is an erythromycin derivate, show almost identical 
interactions with the tunnel as erythromycin (Figure 10E)(Tu et al. 2005). 
The ketolide telithromycin has similar interactions with the tunnel as eryth-
romycin. However, in addition it also has an extension that can make a stack-
ing interaction with the base of U2609 and an additional hydrogen bond to 
the 2’OH of U2609 (Figure 10F).

The crystal structures of the 16-membered macrolides to wild-type Hma 
ribosomes show that their lactone ring is bound in the same conformation and 
with the same hydrophobic interactions as for all the other macrolides (Figure 
10D)(Hansen et al. 2002). The mycaminose sugar in the C5 position forms a 
hydrogen bond with G2058 (in wild-type Hma ribosomes) in the same way as 
the desosamine of the 14-membered macrolides forms a hydrogen bond with 
A2058 (in the G2058A mutants). The 16-membered lactone rings have an 
acetaldehyde group at the C6 position (Figure 8A) that appears to form a 
reversible covalent bond with N6 of A2062. The two sugars (and the isobu-
tyrate group in carbomycin A and josamycin) that extends from the C5 posi-
tion buries a large surface area from the solvent in the tunnel. It was proposed 
that the interactions of the C5 side chain are the major contributors to the 
binding free energy of the 16-membered macrolides. At least, it is probably 
this interaction that make it possible to bind the 16-membered macrolides to 
the wild-type Hma ribosomes, despite of the unfavorable G2058 nucleotide 
(Hansen et al. 2002). 

BINDING KINETICS

Biochemical parameters are either equilibrium constants or rate constants. 
The most common parameter measured when examining drug binding is the 
equilibrium constant. However, I will argue that at least in the case of mac-
rolide binding it is necessary to measure the rate constants to be able to ra-
tionalize their mechanism of action. The reason is that macrolides do not act 
as competitive inhibitors, but instead they are “kinetic inhibitors”37 which is a 
type of non-competitive inhibitors that are previously not described in any 
biochemistry text book (Study VI). 

In Study I, we investigated the binding kinetics of erythromycin that con-
tains a 14-membered lactone ring and josamycin that contains a 16-membered 
lactone ring. Erythromycin allows formation of peptides between 6-8 amino 
acids before inhibition, while josamycin only allows peptides with 2-3 amino 
acids before inhibition (Study II). Ribosomes containing josamycin can not 
synthesize the tri-peptide (fMet-Phe-Ser), while ribosomes containing eryth-

37 We call them “kinetic inhibitors”, because I have not found them described with any other 
name.
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romycin produce this tri-peptide without problem. Using the inability to syn-
thesize this tri-peptide as a probe for josamycin containing ribosomes, we 
developed a new38 method to measure the binding kinetics of both erythro-
mycin and josamycin (Study I). 

First, the association rate constant for josamycin was estimated to 0.0325 
M-1s-1 by measuring the rate of protein synthesis inhibition at different con-

centrations of josamycin (Figure 11A). In a competition experiment (Figure 
11B) we could estimate the ratio between the association rate constants for 
erythromycin and josamycin39 to 30.8. The association rate constant for eryth-
romycin could then be calculated to 1.00 M-1s-1 from this ratio and the 
josamycin association rate constant. The dissociation rate constants were esti-
mated using chase experiments where the dissociation rate constant for josa-
mycin was measured to 0.18·10-3 s-1 by chasing with an excess of erythro- 

Figure 11. The data used to estimate the binding kinetics for josamycin and erythro-
mycin. The content of the different panels is discussed in the text and equations used 
to fit the data is described in study I. 

38 We discovered later that a similar method has already been employed by a group from Patras 
University in Greece. The work from this group will be discussed later in this section. 
39 To estimate this ratio we used mixtures with high concentrations of josamycin and erythromy-
cin in different ratios. The fraction of ribosomes that are unable to rapidly form the tri-peptide 
gives us the probability that josamycin binds before erythromycin. When the inverse of this 
probability is plotted versus the ration between the erythromycin and josamycin concentrations a 
straight line was obtained. The slope of this line is equal to the ratio between the association rate 
constants (See Experimental Procedures in Study I for equations). 
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mycin (Figure 11C) and the dissociation rate constant for erythromycin was 
measured to 10.8·10-3 s-1 by chasing with an excess of josamycin (Figure
11D). The results from our measurements of the binding kinetics are summa-
rized in Table 3.

Table 3. Josamycin and erythromycin ribosome binding kinetics (Study I) 

 Josamycin Erythromycin 

ka ( M-1s-1) 0.0325 ± 0.0007 1.00 ± 0.04 
kd (s-1) 0.18·10-3 ± 0.02·10-3 10.8·10-3 ± 0.7·10-3

KD (nM) 5.5 ± 0.5 10.8 ± 0.3 

DISCUSSION ABOUT THE MECHANISM OF MACROLIDE BINDING

An interesting discussion started when we tried to publish study I. Two refe-
rees were very positive, but the third had strong doubts about our simple 
binding kinetics scheme (R is ribosomes and M is macrolides): 

a

d

k

k
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He claimed that josamycin and erythromycin had to be considered as “slow-
binding slowly reversible” inhibitors according to the definition in (Morrison 
and Walsh 1988), because the association rate constants were lower than 106

M-1s-1 and the ratio between ka/kd is much greater than 1. At first we did not 
understand what he meant, but after reading the paper by Morrison and 
Walsh it was clear that the referee had completely misunderstood that paper. 
The referee meant that a slow-binding inhibitor had to bind according to a 
two-step mechanism. However, although Morrison and Walsh say that most 
slow-binding inhibitors bind according to a two-step mechanism, they also say 
that there might be exceptions. Further, the ratio ka/kd that the referee 
claimed to indicate whether an inhibitor is slow-binding or not has no mean-
ing40, the ratio that Morrison and Walsh referred to was k2/k-2, i.e. the equilib-
rium constant for the isomerization reaction which only exists in a two-step 
binding mechanism: 

1 2

1 2

*
k k

k k
R M RM RM  (2) 

To convince the third referee we titrated up with macrolides to see if we 
could saturate the binding rate, but we got a perfect linear dependence to the 
concentration of the macrolide (Figure 11A, insert). However, because of 
technical limitations with the method we used we could not completely rule 
out a weak initial binding step. This is the reason why we treated the mac-
rolide binding as a two-step mechanism throughout study I, although we 
could only detect a single step. The meaning of the association rate constant 
(ka) presented in Table 3 would in a two-step model be: ka = k2·(k1/k-1).

Further, the referee encouraged us to take a look on papers from a group at 
the University of Patras in Greece, about the binding kinetics of macrolides 

40 Because this ratio is not unitless, which means that it can have any value. 
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(Dinos et al. 1993, Dinos and Kalpaxis 2000, Dinos et al. 2001, Dinos et al.
2003). They have used a similar method to ours, but they used the puromycin 
reaction41 to probe for binding of 16-membered macrolides instead of our tri-
peptide formation assay. With this method they studied the kinetics of tylosin 
and erythromycin, concluding that both tylosin and erythromycin bind 
through a two-step mechanism (Dinos and Kalpaxis 2000). Their model for a 
competition assay is therefore (R is ribosomes, T is tylosin and E is erythro-
mycin):
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However, the interpretation of the data is in this paper based on a simplifica-
tion of the scheme where the formation of RE* is neglected, which is correct 
as time approaches zero. This simplification makes it possible to get a simple 
analytical expression for how the amount of ribosomes active in the puromy-
cin reaction, i.e. ribosomes not in the RT* state, changes with time. However, 
this simplification is not valid for the time points they have taken in combina-
tion with the rate constants they present (Figure 12). The peculiar thing is 
however that their experimental data seem to fit perfectly with the straight  

Figure 12. Comparison between an evaluation of the complete model in scheme 3 
(dashed lines) and the approximation (thick full lines) using the parameter values 
presented in (Dinos and Kalpaxis 2000). This figure corresponds to figure 55A in that 
paper. For more details see the supplementary material to Study I. 

41 Puromycin is an antibiotic that can act as an acceptor in the peptidyl transfer reaction. 
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lines of the simplified model and thus deviate from what one would expect 
from the model they propose in scheme 3 (Figure 12 and supplement to 
Study I). So why is the macrolide binding kinetics so slow? Can this tell us 
something about the mechanism of macrolide binding? I think so. 

The crystal structures indicate that macrolides are much too big to enter 
through the 23S rRNA lining the ribosomal tunnel wall (Tu et al. 2005). This 
implies that macrolides have to enter their ribosomal binding site either 
through the peptide exit tunnel or through the peptidyl transferase center 
(PTC). To assess whether the macrolide can bind through the PTC (and the 
subunit interface), I made an experiment were I compared the macrolide 
dissociation rate from 50S subunits with the dissociation rate from 70S ri-
bosomes. I could not detect any difference and, in addition, the dissociation 
rate constants from these naked ribosomes were very similar to the dissocia-
tion rate constants from initiation complexes (data not shown). Although, this 
experiment is not conclusive, it supports the idea that macrolides only bind 
through the peptide exit tunnel. In addition, the fact that mutations in the 
ribosomal proteins L4 and L22, which constitute a constraint in the tunnel, 
can give resistance to macrolides (page 52) further supports the idea that they 
only bind through the tunnel. 

However, if macrolides only bind through the tunnel it gives a funny twist 
to the discussion we had with the referee regarding the binding kinetics in 
study I. Binding through the tunnel implies that it should be possible to satu-
rate the rate of binding, and thus correspond to a two-step mechanism. Satu-
ration occurs when the macrolide concentration is high enough to keep the 
outer part of the tunnel filled with macrolide molecules, so that the rate-
limiting step is the macrolide molecule passing through the L4/L22 constric-
tion and finding its binding site. This saturating concentration is however very 
high because of rather free diffusion in the outer part of the tunnel and it is 
definitely above 1 M for erythromycin and above 50 M for josamycin 
(Study I). 

MECHANISM OF ACTION

From the crystal structures it became clear that macrolides bind in the nascent 
peptide exit tunnel of the large ribosomal subunit. The model that emerged 
was that macrolides sterically block the nascent peptide exit tunnel and 
thereby inhibit protein synthesis. However, there were some complications to 
this that we have addressed both in study I and II. 

BLOCKING THE NASCENT PEPTIDE EXIT TUNNEL

We performed a study in our cell-free translation system to determine at what 
step protein synthesis is inhibited for a set of different MLSB-antibiotics
(Study II). Using two different heteropolymeric mRNAs, we measured the 
length of the peptides that had dropped-off (or were still on the ribosome) 
after 1 min incubation at 37 °C. We could see a clear correlation between the 
peptide lengths and the space available between the macrolide and the pepti-
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dyl transferase center (PTC). In contrast to what had been proposed earlier 
(Dinos and Kalpaxis 2000, Poulsen et al. 2000), we saw peptidyl transfer also 
for the 16-membered macrolides that we studied (josamycin and spiramycin). 
With valine as the second amino-acid only dipeptides were formed before 
drop-off, but with glycine as the second amino acid we could also detect some 
formation of tripeptides. Crystal structure studies of macrolides bound to 
ribosomes (Schlunzen et al. 2001, Hansen et al. 2002, Schlunzen et al. 2003) 
became available during the progress of this work, and by comparing our data 
with these we could suggest a common mode of action for all MLSB-
antibiotics. We suggested that the macrolide sterically blocks the nascent pep-
tide exit tunnel and depending on the space available between the macrolide 
and the PTC drop-off occurs at different peptide lengths.  

However, there is at least one problem with this simple model, as pointed 
out in a recent paper (Tu et al. 2005). In addition to the drop-off products we 
noticed considerable amounts of read-through into full-length product for all 
tested MLSB-antiobiotics except the 16-membered macrolides (Study II). In 
order to understand the difference between the 16-membered macrolides and 
the other MLSB-antibiotics we decided to look in more detail on the kinetics 
of the 16-membered macrolide josamycin and compare with the 14-
membered macrolide erythromycin (Study I).

First, the inhibition of the peptidyl transfer reaction by the 16-membered 
macrolides was examined. The suggested direct inhibition of the peptidyl 
transfer reaction was based on studies using the puromycin reaction (Dinos 
and Kalpaxis 2000, Poulsen et al. 2000), however already in study II we saw 
that the peptidyl transfer reaction was not completely inhibited by the pres-
ence of josamycin. In fact, we could see a difference depending on the size of 
the second amino acid because even tripeptides were formed if the second 
amino acid was glycine, while only dipeptides were formed with valine as the 
second amino acid. If the inhibition depends on the size of the amino acids it 
also explains why josamycin completely inhibit the puromycin reaction, be-
cause both the donor substrate (N-Acetyl-Phe) and the acceptor substrate 
(puromycin) of that reaction are larger than the substrates in our translation 
system. To examine how the kinetics of peptidyl transfer depends on the size 
of the peptide we examined the synthesis of two different peptides: fMet-
Phe-Ser and fMet-Val-Ser. Neither of these tripeptides could be synthesized 
in the presence of josamycin, but the rate of dipeptide formation differed 
considerably. While fMet-Val was formed with a rate of 13.5 s-1 (61 s-1 with-
out josamycin), fMet-Phe was only formed with a rate of 0.059 s-1 (54 s-1

without josamycin). From this, we conclude that the inhibition of protein 
synthesis by 16-membered macrolides is strongly size dependent (Study I). 

To understand the difference between the 14- and the 16-membered mac-
rolides in their ability to inhibit protein synthesis one has to compare their 
dissociation rates, with the rates of peptidyl-tRNA drop-off. As described 
above, we measured the ribosomal binding kinetics for josamycin and eryth-
romycin (Table 3). The dissociation rate constants differ by a factor of 60, and 
the average time (kd-1) that erythromycin is bound to the ribosome is 1.5 
minutes while it is 1.5 hours for josamycin. We also measured the rate of 
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peptidyl-tRNA drop-off in the presence of josamycin or erythromycin; the 
rates were 0.011 s-1 and 0.0087 s-1 respectively. If we assume that the protein 
synthesis is completely blocked by both macrolides and that read-through into 
full-length products42 occurs when the macrolide dissociates before peptidyl-
tRNA drops off, then these numbers predict ~1% read-through for josamycin 
and approximately ~50% read-through for erythromycin. This corresponds 
well with what we measured when we titrated to saturation with these mac-
rolides (Figure 13).

Figure 13. Inhibition of synthesis of a dodecapeptide by josamycin and erythromycin 
respectively. For more details see study I. 

These results support the idea that all macrolides inhibit protein synthesis by 
sterically blocking the nascent peptide exit tunnel, and that the difference in 
read-through is due to the different dissociation rate constants of for different 
macrolides. The reason is that macrolides do not prevent the substrates from 
binding to the active site as “normal” competitive enzyme inhibitors, but in-
stead they inhibit the product from leaving the enzyme (Study VI). Hence, an 
aminoacylated tRNA can be waiting in the A site without having to compete 
with the macrolide, i.e. as long as the peptidyl-tRNA is still bound to the 
ribosome the next peptidyl transfer can occur directly when the macrolide 
dissociates from its binding site. When the peptidyl transfer occurs and the 
peptide is free to “stretch out” in the tunnel it prevents the macrolide from 
binding back and protein synthesis can continue to full-length product. The 

42 If you get read-through it always lead to full-length product because the nascent peptide pre-
vents erythromycin from re-binding (Andersson and Kurland 1987). 
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only case when a macrolide can prevent the resumption of the protein synthe-
sis and the formation of full-length product is if the peptidyl-tRNA drops off. 

In a recent paper (Tu et al. 2005) it was pointed out that an eight amino 
acid peptide (the longest peptide we measure in drop-off products for eryth-
romycin in study II) would already have passed a bound erythromycin mole-
cule. They also model this peptide into their crystal structure showing that 
there is enough space left in the tunnel for the peptide to pass a bound eryth-
romycin molecule. However, the peptide they have modeled into the struc-
ture is extended, a conformation that seems very unlikely in this case. An-
other, more probable hypothesis could be that when the growing peptide first 
reaches the macrolide it is “redirected” into the relatively large space between 
the PTC and the macrolide (Figure 14B). However, protein synthesis contin-
ues and this space will be more and more crowded until the protein synthesis 
finally stops (Figure 14C). The ribosome is then stalled in this state until ei-
ther the translation is aborted by peptidyl-tRNA drop-off (Figure 14D), or 
the macrolide dissociates and protein synthesis is resumed (Figure 14E).

Figure 14. A cartoon of the model for erythromycin mediated peptide inhibition. Panel
A. Cross-section of the large ribosomal subunit along the nascent peptide exit tunnel, 
with a black square indicating the section shown in panels B-E. Panel B. There are a lot 
of space for a short peptide between erythromycin and the PTC. Panel B. There are a 
lot of space for a short peptide between erythromycin and the PTC. Panel C. But 
finally this space is filled and the protein synthesis is stalled. Panel D. Protein synthesis 
is aborted if peptidyl-tRNA drops off. Panel E. Protein synthesis is resumed if eryth-
romycin dissociates. 

PEPTIDYL-tRNA DROP-OFF

From the discussion above it is clear that the peptidyl-tRNA drop-off is very 
important for the mechanism of action of macrolides, because it is the reason 
that macrolides can block formation of full-length products. The importance 
of peptidyl-tRNA drop-off for the macrolide mechanism of action has previ-
ously been proposed by John Menninger and colleagues (Menninger and Otto 
1982), although they did not believe that macrolides block protein synthesis. 
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Instead, they suggested that macrolides make the ribosome less processive and 
that the drop-event could occur with equal probability at any step of protein 
synthesis. However, in study II we see that peptidyl-tRNA only drops off at 
specific peptide lengths, which is not compatible with Menninger’s model.  

At least two questions about the macrolide induced peptidyl-tRNA drop-
off remained unanswered after study II: (i) Do macrolides actively induce the 
peptidyl-tRNA drop-off or is it merely an indirect effect of the stalling of 
protein synthesis? (ii) At which step in the elongation cycle does peptidyl-
tRNA drop-off occur? These questions were addressed in study I, were we 
examined the details of the peptidyl-tRNA drop-off caused by josamycin.  

We measured the dissociation rate constants for two different dipeptidyl-
tRNAs (fMet-Phe-tRNAPhe and fMet-Val-tRNAVal)43; both from the A- and P 
sites, i.e. in the absence or presence of elongation factor G (EF-G). The disso-
ciation rates from the A site in the absence of josamycin are 0.040 s-1 for 
fMet-Phe-tRNAPhe and 0.0080 s-1 for fMet-Val-tRNAVal, respectively. Both 
peptidyl-tRNAs are more stable in the P site and the dissociation rate con-
stants in the absence of josamycin are 0.0032 s-1 for fMet-Phe-tRNAPhe and 
0.0011 s-1 for fMet-Val-tRNAVal, respectively. If josamycin was pre-bound to 
the ribosomes the dissociation rate constants for fMet-Phe-tRNAPhe were 0.26 
s-1 and 0.0091 s-1 from A- and P site, respectively, and the corresponding dis-
sociation rate constants for fMet-Val-tRNAVal were 0.086 s-1 and 0.011 s-1,
respectively. These results resolve the first question above; the presence of 
josamycin increases the rate constants for peptidyl-tRNA drop-off, i.e. josa-
mycin destabilizes the peptidyl-tRNA binding and it is not just an indirect 
effect (Study I).  

Regarding the second question it was suggested that the peptidyl-tRNA 
drop-off occurred during “an attempted act of translocation” (Menninger and 
Otto 1982, Gaynor and Mankin 2003). However, in experiments where 
josamycin binds to the ribosome after peptidyl transfer and translocation (if 
EF-G is present), the dissociation rates for the peptidyl-tRNA are very similar 
to the dissociation rate constants measured with pre-bound josamycin (Study 
I). This comparison shows that peptidyl-tRNA drop-off primarily occurs from 
either A site or P site and neither during translocation nor peptidyl transfer.

Macrolide induced peptidyl-tRNA drop-off is a problem for the bacteria at 
least in two different ways: (i) peptidyl-tRNA drop-off cause aborted protein 
synthesis and, (ii) an increase in peptidyl-tRNA drop-off will deplete the 
pools of tRNA if the peptidyl-tRNA hydrolase (Pth) capacity is not high 
enough to rescue the tRNA. The relative effect of these mechanisms is hard 
to assess, but it has been shown that a strain with a temperature sensitive Pth 
becomes hypersensitive to erythromycin at its non-permissive temperature 
(Menninger and Otto 1982). In contrast, experiments using cells with de-
creased Pth levels did not make them more sensitive to erythromycin, but 
they became more sensitive to josamycin (Tenson T, unpublished data). Fur-
ther, a slight Pth over-expression made the cells acquire a low-level resistance 
to both josamycin and erythromycin (Tenson T, unpublished data). How to 

43 We only look at dipeptides because josamycin block further protein synthesis. 
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interpret these results is not obvious, but the macrolides seem to work 
through a combination of direct inhibition of protein synthesis and depletion 
of the tRNA-pools. 

INHIBITION OF 50S SUBUNIT ASSEMBLY

In addition to the inhibition of protein synthesis it has been suggested that 
MLSB antibiotics specifically inhibit formation of 50S subunits and that this is 
an equally important target for macrolide toxicity (Champney 2003). How-
ever, the pieces of evidences supporting this hypothesis are all indirect and 
hard to interpret. The main argument for a specific effect on 50S subunit 
formation is that the amount of 50S subunits decreases more than the amount 
of 30S subunits upon treatment with macrolide antibiotics, which is not the 
case for some other tested antibiotics.  

However, an alternative model that could explain the observed phenome-
non is that it is merely a secondary effect due to inhibition of protein synthe-
sis, which disturbs the balance between ribosomal proteins and rRNA. This 
disturbance leads to formation of inactive subunits, missing some important 
ribosomal proteins. These inactive ribosomes are subsequently degraded and 
the observed difference between the amount of 30S and 50S subunits in mac-
rolide treated cells, might therefore be an effect of different rates of degrada-
tion of these erroneous subunits. In this model the different effects caused by 
different antibiotics are due to the level and specificity of translation inhibi-
tion they induce. To complicate the interpretation even further macrolides 
also affect the stringent response, which drastically alter the synthesis of both 
rRNA and ribosomal proteins (Gourse et al. 1996, Evers et al. 2001). 

In conclusion, since it is possible to give alternative explanations to the ob-
servations, it will require more direct evidence to conclude that macrolide 
antibiotics have a specific effect on the formation of 50S subunits.  

NON-COMPETITIVE AND KINETIC INHIBITORS

Macrolides do not prevent ternary complexes from binding to the ribosomal A 
site and thus they can be described as non-competitive inhibitors (Fersht 
1999). However, the text-book description of non-competitive inhibitors does 
not fit our observations, e.g. (Stryer 1995, Fersht 1999, Cornish-Bowden 
2004). In Study VI we have therefore re-examined the general description of 
non-competitive inhibitors. The simplest general reaction scheme for non-
competitive inhibitors is shown below. There is an enzyme E, which binds a 
substrate S, and catalyzes its transformation into the product P. The inhibitor 
I, can bind the enzyme independently of whether or not it is in complex with 
substrate:  
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The biochemistry text-books state that enzyme inhibitors can be classified by 
examining their influence on the Michaelis-Menten parameters. An inhibitor 
that influences the apparent kcat, but leaves the KM value unaltered, is identi-
fied as non-competitive (see equation below). It is in this description assumed 
that the system is equilibrated with respect to substrate at steady state, in 
contrast to the steady state description of competitive44 inhibitors where no 
such assumption needs to be made.  

0       where: ,  and 
i
cat i c II

I M cat
M I I

E S k k Kq q
v K K k

S K k k K I
However, this assumption necessarily implies inefficient enzymes, because it 
means that kc<<(kI·[I]+q). In contrast, many important enzymes (including 
ribosomes) are driven far from equilibrium, for example by coupling their 
enzymatic activity to hydrolysis of ATP or GTP. Hence, the equilibrium re-
quirement limits the usefulness of the equation above, and one must consider 
more general cases. 

If we still assume that the inhibitor binding is equilibrated at steady-state, 
but the substrate binding is not, it leads to the following expression for how 
the rate depends on the concentration of inhibitor and substrate. 

0       where: ,  and 
i i
cat i icat c II

I M cati
M I I

E S k k q k Kq
v K K k

S K k k K I
The difference compared to a substrate equilibrated system is that the appar-
ent KM value also depends on the inhibitor concentration. To illustrate this we 
have simulated the effect of a non-competitive inhibitor on the apparent 
Michaelis-Menten parameters using the equation above (Figure 15A and 
Figure 15B). Despite that both Figure 15A and Figure 15B are simulated us-
ing the same parameters, i.e. corresponding to the same non-competitive in-
hibitor on the same enzyme, they look very different. Hence, if we were to 
use the text-book classification on this inhibitor it would be considered a non-
competitive inhibitor at high inhibitor concentration (Figure 15A), an un-
competitive45 inhibitor at a low inhibitor concentration (Figure 15A) and a 
mixed inhibition46 if the inhibitor concentration spans both the upper and 
lower range. In relation to this, it is interesting to note that very few enzymes 
have been characterized as non-competitive inhibitors, while enzymes charac-
terized as mixed inhibitors are very common in the literature (Cornish-
Bowden 2004). 

In conclusion, a non-competitive inhibitor can be mistaken for an uncom-
petitive or a mixed inhibitor depending on the inhibitor concentration range 
used in the experiment. The text-book description is valid for competitive 

44 Competitive inhibition indicates that the inhibitor can only bind the enzyme in the E state, i.e.
(KI)ES = .
45 Uncompetitive inhibition indicates that the inhibitor can only bind the enzyme in the ES state, 
i.e. (KI)E = .
46 Mixed inhibition indicates that the dissociation constant for inhibitor binding changes upon 
substrate binding, i.e. (KI)E  (KI)ES.
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Figure 15. Simulations of a non-competitive inhibitor. The parameter values used 
were: k=30·106 M-1s-1, q=1 s-1, kc=103 s-1 and KI=10-8 M. Concentrations of substrate 
and inhibitor are given in respective figures. Each panel contains an Eadie-Hofstee plot 
(left) and a Lineweaver-Burke plot (right) showing the same data with the rates nor-
malized to the enzyme concentration. Panel A. Shows the effect of 20-50 M equili-
brated non-competitive inhibitor without the assumption that the substrate binding is 
equilibrated. Panel B. Shows the same as in panel A, but with an inhibitor concentra-
tion between 0.5-2 M. Panel C. shows the effect of a slow-binding non-competitive 
inhibitor, a kinetic inhibitor. The binding rate constants for the inhibitor were: kI=106

M-1s-1, qI=0.01 s-1, which give the same KI as in the other simulations above.
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inhibitors, but if the experiments suggest another mechanism it will require a 
more thorough kinetic investigation of the kinetics of the system to determine 
the inhibition mechanism. 

However, to describe the inhibition of macrolide antibiotics we have to 
take it one step further, because they are slow-binding, non-competitive in-
hibitors. Since they are slow-binding inhibitors we can not assume that the 
inhibitor binding is equilibrated either, and thus we have to use a modified 
version of the complete kinetic scheme above. We will call this type of inhibi-
tors “kinetic inhibitors” and in study VI we have examined their properties in 
more detail. The relation between the concentrations (of both inhibitor and 
substrate) and the rate of the enzyme can be solved analytically, but the ex-
pression is too messy to be informative. To better understand the properties 
of these kinetic inhibitors we have used the analytical steady-state expression 
to simulate the behavior using the same parameter values as for the equili-
brated inhibitors (Figure 15C).

The obvious difference is that kinetic inhibitors do not give linear Eadie-
Hofstee or Lineweaver-Burke plots, which means that the enzyme no longer 
follows Michaelis-Menten kinetics. The reason is that most of the enzymes 
become trapped in the EIS-state until the inhibitor dissociates; a reaction that 
is independent on the substrate concentration. However, with higher sub-
strate concentration the rate will depend less on the inhibitor dissociation rate 
and more on the substrate concentration, because the enzyme will make more 
cycles before it is trapped by an inhibitor and thus the steady state concentra-
tion of free enzymes becomes higher. Since kinetic inhibitors can be much 
less concentration dependent than other types of inhibitors, they have very 
interesting pharmaceutical properties. 
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MACROLIDE RESISTANCE MECHANISMS

In general, antibiotic resistance mechanisms are divided into three categories; 
(i) enzymatic destruction or modification of the antibiotic, (ii) efflux pumps 
that keep the intracellular antibiotic concentration low, and (iii) replacement 
or modification of the antibiotic target (Walsh 2003). There are examples of 
all three types of resistance mechanisms against macrolides and, in addition, 
there is a fourth type of resistance mechanism against macrolides; the peptide 
mediated resistance. 

ANTIBIOTIC MODIFICATION

Three different forms of macrolide resistance mechanisms through enzymatic 
modifications of the macrolide have been described; (i) esteratic lactone ring 
cleavage, (ii) phosphorylation, and (iii) glycosylation (Weisblum 1998). How-
ever, resistance through enzymatic modification is very rare in clinical isolates 
and subsequently it has not been a major issue. The reason for the wider 
spread of efflux mechanisms and target modifications is not known, but this 
section will be limited to a single neat example of how modifying enzymes 
can be used by bacteria.  

The oleandomycin-producing Streptomyces antibioticus has developed a 
self-protection strategy based on enzymatic inactivation and re-activation of 
the drug (Quiros et al. 1998). After oleandomycin has been synthesized an 
additional glucosyl group is added by a specific glucosyltransferase encoded in 
the oleandomycin gene cluster. This modification inactivates oleandomycin 
because it prevents it from binding to the 50S ribosomal subunit. However, 
the inactivation does not only protect the producer, but the glycosylated 
oleandomycin is also inactive against neighboring bacteria after export 
through the membrane via specific ATP-driven efflux pumps. The problem of 
activating the drug is elegantly solved by S. Antibioticus, which in parallel to 
the glycosylated oleandomycin also excretes a glycosidase that removes the 
glucosyl group and re-activates the drug (Quiros et al. 1998). 

ANTIBIOTIC EFFLUX

Efflux transporters causing resistance to macrolides is a major issue in the 
clinics. There are at least four different types of efflux transporters (or efflux 
pumps) described (Weisblum 1998): (i) M-type, (ii) MS-type, (iii) “actino-
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mycete-type” and (iv) “multi-drug-resistance (MDR)-type”. The different 
types of efflux pumps give different degree of resistance and it is mainly the 
M- and MS-type that are of clinical interest. 

MACROLIDE SPECIFIC PUMPS

The M-type pumps are driven by proton motive force and they are expressed 
from mef-genes. In North America the mef-genes are the most prevalent resis-
tance mechanism against macrolides in Streptococcus pneumoniae (Tait-
Kamradt et al. 2000)47. The gene products from the mef-genes are called M-
type pumps because they only give resistance to 14- and 15-membered mac-
rolides (Sutcliffe et al. 1996). Subsequently, the MS-type pumps give resis-
tance to streptogramin B in addition to the 14- and 15-membered macrolides. 
These pumps are expressed from msr-genes and their efflux is ATP-driven, in 
contrast to the M-type pumps. The expression of at least one of the msr-genes
(msrA) appears to be regulated by a translational attenuation mechanism 
similar to the erm-genes (see page 53) (Ross et al. 1990). The actinomycete-
type pumps are ATP driven and produced by different macrolide producing 
Streptomycetes as a self-protection mechanism (Weisblum 1998). 

MULTI-DRUG RESISTANCE PUMPS

The MDR-type pumps are driven by proton motive force and most of them 
belong to the major facilitator family48. These pumps are responsible for the 
intrinsic resistance against macrolides in gram-negative bacteria (Nikaido 
1998), and they might be an important factor for peptide-mediated erythro-
mycin resistance (Study V). In addition to macrolides, the MDR-pumps give 
low level resistance to structurally and chemically very diverse antimicrobial 
compounds. For example, the MdfA in E. coli have been shown to transport 
ethidium bromide, tetraphenylphosphonium, rhodamine, daunomycin, ben-
zalkonium, rifampicin, tetracycline, puromycin, chloramphenicol, fluroqui-
nolones, certain aminoglycosides and macrolides (Edgar and Bibi 1997).  

TARGET SITE MODIFICATION

Target site modifications are the most common type of resistance to mac-
rolides. The modifications can be divided into three major types: (i) mutations 
in ribosomal proteins L4 or L22, (ii) post-transcriptional modification of the 
23S rRNA, and (iii) mutations in the 23S rRNA. The post-transcriptional 
modification is the most wide spread macrolide resistance mechanism of all, 
but also mutations in the ribosomal proteins or RNA are clinically relevant.  

47 In Europe however, is the erm-methylases responsible for the majority of the macrolide resis-
tance in Streptococcus pneumoniae.
48 The major facilitators (MF) are a large family of membrane translocases, which includes well-
known members like the arabinose/H+ symporter of E. coli, the glucose facilitator of eukaryotes, 
and the bacterial tetracycline/H+ antiporters. MF translocases have a transmembrane structure 
composed of 12 -helices and use proton motive force as a source of energy (Lewis 1994). 
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MUTATIONS IN RIBOSOMAL PROTEINS *
The first reports of ribosomal structural changes in erythromycin-resistant 
mutants of E. coli described ribosomal protein alterations (Wittmann et al.
1973). The reason why these mutations were found first is most probably that 
the main focus at this time was on the ribosomal proteins while the ribosomal 
RNA was merely considered an inert scaffold (Weisblum 1995). The mutants 
were found in proteins L4 and L22, two proteins that are not in direct contact 
with bound erythromycin, but they make up the constriction in the peptide 
exit tunnel downstream of the ribosomal binding site. The mutation in the L4 
protein drastically decreases the affinity for erythromycin to the ribosome, 
which explains the observed resistance (Wittmann et al. 1973). The single 
amino acid substitution (Lys63Glu) in L4 (Chittum and Champney 1994) 
causes a narrowing of the L4/L22 constriction as seen by cryo-EM (Gabashvili
et al. 2001). However, if this narrowing of the tunnel is the reason for the loss 
of erythromycin affinity caused by the L4 mutant, it indicates that macrolides 
only can bind through the nascent peptide exit tunnel, and that has big con-
sequences for understanding the mechanism of macrolide action (see page 
41). The L22 mutant is more puzzling, since macrolides were shown to bind 
well to ribosomes with the L22 mutation, in contrast to the L4 mutant 
(Wittmann et al. 1973).

The mutation in L22 is a three amino acid residue deletion (Met82, Lys83 
and Arg84) (Chittum and Champney 1994) that causes an apparent widening 
of the L4/L22 constriction in cryo-EM (Gabashvili et al. 2001). Atomic reso-
lution crystal structures showed that the deletion is located in the  hairpin 
that constitutes the L22 part of the L4/L22 constriction, and the widening is 
due to relocation and higher flexibility of that hairpin (Tu et al. 2005). In the 
cryo-EM paper it was suggested that the widening of the tunnel allows the 
nascent peptide to pass the bound erythromycin (Gabashvili et al. 2001). 
However, this idea was later questioned because the macrolides bind entirely 
upstream of the L4/L22 constriction and it is hard to see how a widening of 
the tunnel downstream of the macrolide binding site makes it easier for the 
nascent peptide to pass the macrolides (Tu et al. 2005). Instead, they propose 
that the mechanism of action erythromycin is more complex than just sterical 
hindrance and that therefore the resistance caused by the L22 mutant is also 
more complex (Tu et al. 2005).

An alternative mechanism for the L22 resistance mutation can be found in 
the dynamics of erythromycin binding. As discussed above and in study I is it 
the dissociation rate constant that is important for macrolide mediated inhibi-
tion of protein synthesis, and not the equilibrium binding constant. Hence, 
the mechanism of the L22 resistance mutation might be that the widening of 
the L4/L22 constriction increases the rate of macrolide binding, both the 
association and dissociation rate constants. These changes do not influence the 
equilibrium binding constant very much if both rate constants change to the 
same extent, but it will have a major effect on the rate and probability of 
read-through by the synthesis machinery. For example, if both the association 
and dissociation rate constant change with a factor of 10 due to the mutation, 
the probability of erythromycin read-through will change from ~50 % to more 
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than 90 % (using the values from study I). Further, if the erythromycin disso-
ciation rate constant is higher the ribosomes will be stalled for shorter times, 
which of course also influence the overall protein synthesis rate and allows it 
to stay relatively high, also in the presence of saturating concentrations of 
erythromycin. A funny twist to the story would be if also the L4 mutants 
keep their equilibrium binding constant, albeit with much smaller rate con-
stants. The reason for the reports that the mutation prevents binding could be 
that the association rate was too slow to be reached with the used erythromy-
cin concentration during the 15 minutes incubation (Wittmann et al. 1973)49.
If this is true it means that both faster and slower binding kinetics render re-
sistance to erythromycin and hence there exists an optimum in the binding 
rates for efficient inhibition of protein synthesis (Study VI). 

POST-TRANSCRIPTIONAL MODIFICATIONS IN THE 23S RIBOSOMAL RNA *
This resistance was observed in bacterial pathogens already in the 1950’s, 
shortly after the introduction of erythromycin in the clinics. The resistance 
was first observed in Staphylococcus aureus and because it showed cross resis-
tance to lincosamide and streptogramin B type antibiotics, it was termed the 
MLSB resistance phenotype (Vester and Douthwaite 2001). Several years 
later it was discovered that the resistant strains had an altered methylation in 
the 23S rRNA (Lai and Weisblum 1971) and that it was a post-transcriptional 
methylation of A2058 by the erythromycin ribosome methylation (Erm) en-
zyme that caused the resistance (Skinner et al. 1983). The Erm mediated 
resistance is today the most widely spread resistance mechanism among mac-
rolide resistant pathogens (Walsh 2003). The Erm enzymes catalyze the trans-
fer of methyl groups from S-adenosyl-methionines onto the N6 of adenines; 
forming a mono- or dimethylated adenine. The Erm enzymes are homologous 
between organisms and approximately 30 members of the erm gene family 
have been isolated and characterized50. (Weisblum 1995). Although some of 
the erm genes are constitutively active most of them are regulated. The ex-
pression of these genes is regulated through attenuation, either on the transla-
tional level as in the ermC case, or on the transcriptional level as in the ermK
case (Weisblum 1998). 

The most thoroughly studied example of translational attenuation is that of 
the ermC, which is based on changes in the secondary structure of a 141 nt 
leader sequence in the gene. The native state is shown in Figure 16A, where 
segment 2 is associated with segment 1, while segment 4 is associated with 
segment 3. This conformation decreases the expression of ErmC because both 
the ribosome binding site and the first two codons of the open reading frame 
(ORF) are sequestered by the mRNA secondary structure. The induced state 
(Figure 16B) occurs when a ribosome with erythromycin bound initiate trans-
lation of the short ORF in the leader of ermC. The ribosome melts the 1:2 
hairpin and instead a 2:3 hairpin is formed, which in turn frees the ribosome 

49 Measurement of the rate constants for both L4 and L22 mutant ribosomes will be done as soon 
as this thesis is written… 
50 This number is from 1995, but the point is that they are very common! 
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binding site and the initiation codon for synthesis of ErmC (Mayford and 
Weisblum 1990). The role of erythromycin in this mechanism is to stall the 
ribosome at the correct step in of the leader ORF to stabilize the induced 
state long enough to ensure efficient translation initiation. The precise loca-
tion and sequence of the leader ORF is critical for efficient induction 
(Mayford and Weisblum 1990). It is easy to see why the location of the ORF 
is important to allow a stalled ribosome to efficiently melt the 1:2 hairpin 
without interfering with the formation of the 2:3 hairpin, but it is much 
harder to understand why the amino acid sequence is important. However, 
the work presented in this thesis might give some clues.

Erythromycin allows formation of 6-8 amino acid long peptides before fur-
ther synthesis is inhibited and the peptidyl tRNA drops off (study II). This 
coincides well with the fact that it is the nature of amino acid 6, 7 and 8 in 
the leader peptide that is important for the inducibility of ErmC (Mayford 
and Weisblum 1989b). These three amino acids, -Ile-Phe-Val-, corresponds 
very well with the consensus sequence of the resistance peptide (Tenson et al.
1997) examined in study III and described in the next section. Further, the 
data from study II indicates that the erm leader allows higher read-through 
compared to the MS2 peptide. Hence, one might imagine that this peptide 
sequence reduces the risk for peptidyl-tRNA drop-off by interacting with 
erythromycin or the tunnel wall (as suggested in study III). A reduced risk in 
drop-off could be important for expression of ErmC because a 70S ribosome 
that has lost its peptidyl-tRNA slide along the mRNA until it interacts with 
the S-D sequence and prevents initiation by another ribosome. Assuming that 
the leader peptide does not influence the dissociation rate for erythromycin, 
this would give an average stalling of 1.5 minutes, which would leave plenty 
of time for initiation. After erythromycin has left, the protein synthesis can be 
resumed and the ribosome continues translating the leader peptide until nor-
mal termination at the stop codon. In this way it melts the 2:3 hairpin, allow-
ing the 3:4 hairpin to be reformed and thereby the synthesis of ErmC is de-
creased again, until another ribosome with erythromycin initiates on the 
leader (Figure 16).

MUTATIONS IN 23S RIBOSOMAL RNA
In the mid 1980’s it was shown by genetical engineering that mutations in 
domain V of the 23S rRNA can render resistance against macrolides 
(Sigmund et al. 1984). However, it was not until a decade later that reports of 
clinical isolates with point mutations in the ribosomal rRNA of different 
pathogens began to appear (Vester and Douthwaite 2001). All these muta-
tions are in nucleotides that constitute the binding site for the lactone ring, 
which indicates that the lactone ring interactions are very important for bind-
ing of most macrolides. The described erythromycin resistance mutations are 
C2611A/U/G, G2057A, A2058G/C/U and A2059G/C as indicated in Figure 
17 (Weisblum 1995, Vester and Douthwaite 2001). There have also been 
reports of resistance mutations in nucleotides that are not in direct contact 
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Figure 16. The 5’-end of the ermC transcript, adapted from (Mayford and Weisblum 
1989a). Panel A. Secondary structure of the “inactive” form of the ermC transcript. 
Expression of the methylase is inhibited because segment 3 base pairs with segment 4 
containing the initiation codon and SD2. Panel B. Secondary structure of the “active” 
form. A ribosome that initiates on the leader peptide melts hairpin 1-2, which allows a 
new hairpin 2-3 to be formed. Hence, segment 4 is free and initiation can occur on 
SD2. This is regulated by erythromycin because the ribosome has to be stalled in the 
state shown in panel B to stay “active”, because if it continues it will melt the 2-3 hair-
pin and the transcripts becomes “inactive”.  

Figure 17. Secondary structure of the peptidyl transferase center in domain V (left) 
and hairpin 35 in domain II (right) of the 23S rRNA. Figure adapted from (Vester and 
Douthwaite 2001). 
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with the macrolides, e.g. U754A, which gives low-level resistance (Xiong et 
al. 1999), and C2452U, which gives resistance to the 16-membered macrolide 
carbomycin in an archaea that already was resistant to erythromycin through 
G2058 (Aagaard et al. 1994). Another interesting mutation is G2032A/U/C 
which gives resistance to clindamycin and chloramphenicol, but makes the 
ribosome hyper-sensitive to erythromycin. However, G2032A in combination 
with G2057A gives resistance against macrolides (Douthwaite 1992). 

Macrolide resistance mutations have been found mainly in organisms con-
taining a small number of gene copies of the 23S rRNA, e.g. Helicobacter 
pylori which has two copies, Streptomyces ambofaciens which has four cop-
ies, or species of Mycoplasma and Mycobacteria with a single copy of the 
rRNA encoding gene. Low gene copy number leads to higher impact of a 
mutation in a single allele, and if the penetrance is high enough to at least give 
a low-level resistance, further internal recombination might replace sensitive 
alleles with the resistant until it is highly resistant. However, in many bacteria 
there are several copies of the genes encoding the ribosomal RNA, e.g. Es-
cherichia coli which has seven copies and Bacillus subtilis which has eleven 
copies. The high gene copy number makes it more difficult to acquire resis-
tance via mutations, and this might be a reason for the importance of the 
post-transcriptional mutation strategy. 

PEPTIDE MEDIATED MACROLIDE RESISTANCE

In 1996 it was discovered that expression of an open reading frame (ORF) 
buried in the Escherichia coli 23S rRNA made cells resistant to erythromycin 
(Tenson et al. 1996). It was a coincidental discovery, because the experimen-
tal setup was originally designed to look for fragments of rRNA that bind 
antibiotics (Tenson and Mankin 2001). Escherichia coli cells expressing ran-
dom fragments of an rrnB operon where screened for erythromycin resistant 
clones. All erythromycin resistant clones contained region 1233-1348 in 23S
rRNA, but subsequent deletion analysis showed that expression of a 34 nu-
cleotides long rRNA (1235-1268) was sufficient to make cells resistant to 
erythromycin. The resemblance of this 34 nucleotide rRNA fragment to an 
mRNA is striking; it contains a Shine-Dalgarno, an initiator codon (GUG) and 
a termination codon (UAA). Further analysis revealed that expression of this 
mini-gene is both required and sufficient to make cells resistant to low levels 
of erythromycin. It was proposed that the synthesis of the mini-gene was re-
sponsible for the resistance and not the peptide product it encoded, because 
addition of high concentrations of externally synthesized peptides did not 
induce resistance (Tenson et al. 1996).

MINI-GENE LIBRARY STUDIES

The properties required for a mini-gene to give resistance to erythromycin 
were further investigated by expression of two different libraries of mini-genes 
with randomized sequences (Tenson et al. 1997). The libraries are plasmid 
borne and transformed such that each bacterial clone expresses a single pep-
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tide. A library containing a 21-codon long randomized ORF was used to 
probe the size dependence of the mini-gene for rendering erythromycin resis-
tance. Because there are three termination codons among the 64 possible 
codons, and since (61/64)20 0.38, only one in three peptides can be expected 
to be full length. Among non-selected clones the distribution was very broad 
and no particular length seemed to be preferred. In contrast, the clones that 
were selected for resistance against erythromycin all expressed peptides with 
lengths between 4 and 6 amino acids.  

To determine the consensus sequence they constructed a new library con-
sisting of randomized 5-codon mini-genes. The resulting consensus sequence 
for peptide mediated resistance is M-(L)-LL/I-(F)-V, where the second position 
often contain a bulky and hydrophobic amino acid, the third position has a 
very strong preference for Leu or Ile, the fourth position often contains hy-
drophobic amino acids and the fifth position had a preference for valine. In a 
recent study have similar types of mini-gene library screenings been done for a 
set of different macrolide antibiotics (Vimberg et al. 2004). They were able to 
select resistance peptides against all tested macrolides, albeit with different 
consensus sequences. However, they were not able to select a resistance pep-
tide against the tested lincosamide (clindamycin) and streptgramin B (quini-
pristin). This indicates that there is a fundamental difference in the way that 
these antibiotics interact with the ribosome in comparison to macrolides 
(Vimberg et al. 2004). 

THE “BOTTLE-BRUSH” MECHANISM

The “bottle-brush” mechanism was proposed by Alexander Mankin and col-
leagues as responsible for the peptide mediated macrolide resistance (Tripathi
et al. 1998). Their idea was that expression of the resistance peptides actively 
cleans the ribosome through direct interaction between the macrolide and the 
resistant peptide. There was no direct evidence for this model, but the fact 
that resistance peptides giving resistance to different macrolides also had dif-
ferent consensus sequences, indicated that there was a direct interaction be-
tween the macrolide and the peptide (Tripathi et al. 1998, Vimberg et al.
2004).

In study III we have tested this hypothesis and clarified the mechanism of 
peptide mediated resistance to macrolides. We examined the erythromycin 
dissociation rate by chasing with an excess of josamycin (see page 37). The 
complete cell-free translation system, including termination factors and ribo-
some recycling factor, was used to synthesize a resistance peptide (fMRLFV) 
or a control peptide (fMNAIK). Because penta-peptides can be easily synthe-
sized when erythromycin is bound (Study II), the peptide synthesis continues 
until erythromycin has dissociated and further peptide synthesis is blocked by 
josamycin. The dissociation rate constant for erythromycin could be estimated 
to ~0.01 s-1 when the control peptide was expressed, which correlates very 
well to the measurement in study I. In contrast, the erythromycin dissociation 
rate was more than three times faster when the resistance peptide was synthe-
sized. However, the major finding in this experiment was that the resistance 
peptide expels the erythromycin every time it is expressed. This tells us that 



58

the resistance peptide actively “cleans” the ribosomal tunnel from erythromy-
cin, but how much the dissociation is accelerated by the resistance peptide 
and at what step the dissociation occurs remained unanswered.  

To answer these questions we had to set up another experimental system; 
we used [14C]-labeled erythromycin and filtered the ribosomes through nitro-
cellulose filters (study III). This method allowed us to follow the dissociation 
of [14C]-erythromycin from the ribosome, but since we used [3H]-fMet-
tRNAfMet in the initiation we could in parallel also follow the rate of peptidyl-
tRNA drop-off (or peptide hydrolysis in the presence of release factors). The 
rate constant increased gradually with the length of the peptide and the com-
plete resistance peptide increased the erythromycin dissociation rate by a 
factor of six. An additional doubling of the erythromycin dissociation rate 
constant occurred when any of the class I release factors (RF1 or RF2) was 
added. The release factor mediated hydrolysis of the resistance peptidyl-tRNA 
was slower than the erythromycin dissociation rate, which indicates that hy-
drolysis does not occur until the ribosome is free from erythromycin. How-
ever, it is important to note that although the synthesis of resistance peptide 
increases the erythromycin dissociation rate constants, these constants are still 
much smaller than the unhindered rate of peptide synthesis. Hence, the vast 
majority of the erythromycin molecules will dissociate during the termination 
step. The increase in the erythromycin dissociation rate constant caused by 
the non-terminated resistance peptides should rather be considered as an es-
timate of their level of interference with erythromycin binding. In contrast, 
the same series of experiments performed with the control peptide (fMNAIK) 
show that peptide synthesis and release are independent of whether erythro-
mycin is bound or not, likewise erythromycin dissociation is independent of 
whether the peptide is synthesized or not (Study III). One appealing theory is 
that the resistance peptide folds into a structure that prevents it from leaving 
the ribosome through the peptidyl transferase center and is instead forced to 
leave through the tunnel. This could explain why erythromycin always disso-
ciates when the resistance peptide is expressed. In contrast the control pep-
tide does most probably leave through the peptidyl transferase center after 
hydrolysis, because it can leave independently of erythromycin. 

The erythromycin resistance peptide requires, apart from a specific se-
quence, also a specific length (Tenson et al. 1997). To test if this requirement 
also can be explained on the level of erythromycin/ribosome interactions we 
made two additional mRNAs, encoding fMRLFVA and fMRLFVAN respec-
tively. The addition of one or two extra sense codons before the stop codon 
completely abolishes the effect of the resistance peptide51 (Study III). Our 
interpretation is that the resistance peptide loses its interaction with erythro-
mycin at this critical length, and after that it behaves like any other peptide 
(Figure 18). To further narrow down the event at this critical peptide length 

51 Except for a tiny fraction of the erythromycin that dissociates fast, but this happens before the 
hexapeptide is formed and the critical length is passed. 
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we used the antibiotic puromycin52, which simultaneously releases the pep-
tide from the ribosome and adds another amino acid to it. The erythromycin 
dissociation rate if the resistance peptide is transferred to puromycin is the 
same as for the non-terminated resistance peptide. We therefore propose that 
the puromycin bound peptide can keep the interactions with erythromycin 
although an additional amino acid is added because the peptide is no longer 
bound to a tRNA that forces it into a certain position.  

Figure 18. A model for the peptide mediated erythromycin resistance on the ribosomal 
level.

OTHER MECHANISMS OF PEPTIDE MEDIATED RESISTANCE? *
A similar “bottle-brush” mechanism was suggested for resistance peptides to 
all groups of macrolide antibiotics; the consensus sequences are just adapted 
the different drugs (Vimberg et al. 2004). However, at least for josamycin we 
most probably have to look for a different mechanism to explain the resis-
tance. There are at least two major features that suggest that the “bottle-
brush” mechanism is not responsible for the josamycin resistance; (i) the 
length of the selected resistance peptides (4-5 amino acids) compared to the 
length that can be synthesized before drop-off (2-3 amino acids), and (ii) the 
very low dissociation rate constant for josamycin.  

To understand the mechanism better we examined the length dependence 
of the josamycin resistance peptides. Peptides with phenylalanine as the sec-
ond amino acid but with different lengths (between 2-10 amino acids) were 
expressed in E. coli in the presence or absence of josamycin. All peptides gave 
rise to the same level of josamycin resistance53 (Tenson T, unpublished re-
sults), which is in direct contrast to the strict length dependence of the eryth-
romycin resistance peptide. The only important feature of the josamycin resis-

52 Puromycin is an antibiotic that acts as an acceptor in the peptidyl-transfer reaction. It mimics 
an aminoacylated 3’-adenosine of a tRNA, but when the nascent peptide is transferred to puro-
mycin there is nothing to hold it to the ribosome and the peptide synthesis is aborted. 
53 The reason that only tetra- and pentapeptides were reported from the screening in (Vimberg et 
al. 2004), was that the random library they used encoded four random codons after the AUG 
initiation codon, i.e. the library mainly contained pentapeptides. 
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tance peptide is that it has to have a phenylalanine (or tyrosine) as the second 
amino acid (Vimberg et al. 2004). It would have been surprising if the iden-
tity of later amino acids would be important since josamycin does not allow 
formation of longer peptides than two (or three) amino acid residues (Study 
II). However, the main question remains; how can cells become resistant to 
josamycin by increasing the fraction of ORFs encoding phenylalanine (or tyro-
sine) as the second amino acid? 

The next set of experiments was similar to the chase experiments de-
scribed above (and in Study III) with recycling ribosomes, but josamycin was 
chased with erythromycin instead of vice versa. The average time that josa-
mycin stays on the ribosome is ~1.5 hours (Study I) and a really strong effect 
on the dissociation rate constant is therefore required for a bottle-brush 
mechanism to be relevant. However, we could not detect any significant dif-
ference in the josamycin dissociation rate by expressing the resistance peptide 
(fMFLV) compared to the control peptide (fMVSN), but interestingly, we 
observed an eight-fold decrease in the rate of dipeptidyl-tRNA drop-off for 
the resistance peptide. This might very well be the key to explain the mecha-
nism of peptide mediated resistance against josamycin. The estimated rate of 
dipeptidyl-tRNA “production” is ~0.008 s-1 for fMFLV, while it is ~0.06 s-1

for fMVSN. The reason for this difference can at least partly be understood 
from the rates of peptidyl transfer and drop-off measured in Study I. The fMF 
is formed with a rate of 0.06 s-1 while fMV is formed with 14 s-1. However, 
these rates can not be rate limiting for dipeptidyl-tRNA “production” and thus 
we have to consider the drop-off rates also. These rates do not directly explain 
the observed difference, but if the fMF-peptidyl tRNA mainly drops off from 
the P site (0.009 s-1), while the fMV-peptidyl tRNA mainly drops off from 
the A site (0.09 s-1) it could explain the observed difference in dipeptidyl-
tRNA “production”. Whether this is what happens is however not known and 
an alternative explanation might be that the complete system, including RF2, 
RF3, RRF and additional ternary complexes54 behaves differently than the 
simplified system used in Study I.  

The obvious explanation to how an eight-fold difference in the rates of 
peptidyl-tRNA “production” can give resistance against josamycin is that ac-
cumulation of peptidyl-tRNA is toxic to the cells (Heurgue-Hamard et al.
2000). There are also some unpublished results that indicates that depletion 
of tRNA pools contributes to the josamycin toxicity, i.e. suppression of pepti-
dyl-tRNA hydrolase (Pth) expression make cells hyper-sensitive to josamycin, 
while a slight over-expression of Pth lead to low-level resistance (Tenson T, 
unpublished results). However, another explanation is that the difference in 
production rate will also “quarantine” the “josamycin infected” ribosomes, 
because they will accumulate on the resistance peptide ORFs. This “quaran-
tine” effect leads to a higher probability that it is a josamycin-free ribosome 
that initiate on a protein mRNA and thus the resistance peptide allows the 

54 The entrance of the next ternary complex into the A-site might destabilize the fMV-peptidyl 
tRNA further, and it should therefore be noted that the drop-off experiments in Study I was 
made without serine ternary complex.  
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effective protein production to continue at the same rate but with a higher 
fraction of “josamycin infected” ribosomes. 

PEPTIDE MEDIATED RESISTANCE ON THE CELLULAR LEVEL

The model for peptide mediated resistance against erythromycin described 
above has been presented at a few meetings and every time it has been ques-
tioned whether the “bottle-brush” really is capable of giving resistance. The 
level of resistance that the “quarantine” mechanism can give against josamycin 
is even harder to foresee intuitively. We have in Study V constructed a model 
to examine these questions by simulating the effect of expression of the resis-
tance peptides in the context of an E. coli cell. The model is based on the 
biochemical parameters estimated in Study I and Study III, and in addition it 
contains representations of cell growth, membrane permeability and drug 
efflux pumps. A thorough discussion about the requirements and the limita-
tions of resistance against both josamycin and erythromycin is presented in 
Study V, but the most important results are summarized here. 

The “bottle-brush” mechanism can give resistance that responds to differ-
ent expression levels and erythromycin concentrations in a similar way as 
measured in cell-cultures (Study III). In addition, using the same model but 
exchanging the parameter values to those measured for josamycin (see above) 
also leads to resistance. This indicates that the most important parameters for 
understanding the mechanism of peptide mediated resistance are included in 
the model. It is therefore interesting to note that the tRNA levels are not con-
sidered and thus it suggests that depletion of the tRNA pools might be less 
important for the mechanism of macrolides than the direct inhibition of pro-
tein synthesis. 
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EPILOGUE

In November 2003 I attended the 4th International Conference in Systems 
Biology in St Louis. A few months earlier I had submitted an abstract with the 
title “Peptide mediated macrolide resistance”, which was very enthusiastically 
written with the hope that all pieces would fall into place in time for the con-
ference. Since this was a conference about systems biology our point was that 
we could use biochemically measured data in a simple model to simulate the 
behavior observed in cell culture measurements. This was true, but only 
qualitatively and I hoped to get more quantitative data until it was time for 
the conference. However, due to technical problems I did not get any more 
data. Moreover, to my great surprise I was elected to give an oral presentation 
at the conference.  

I was the last speaker of the whole conference55 and the speaker before me 
was Chris McKay (NASA, Ames Research Center) who was talking about 
their multi billion dollar project to find life on Mars. Imagine Chris showing 
all their fancy equipment, describing their field work in extreme environ-
ments such as Siberian Glaciers, the Atacama Desert and the Antarctic. Dur-
ing his 45 minutes he also described why they do not believe that they will 
find living organisms on Mars, but they do think it might be possible to find 
“corpses” and he discussed fundamental questions such as what are the prop-
erties of an alternative chemistry of life. Imagine now my presentation; I had 
10 minutes, some biochemical data, some in vivo data and a very simplified 
qualitative model. I can tell you that it takes more to excite a broad audience. 
The only thing I had in common with Chris was that we both presented un-
finished projects. However, while NASA is still searching for life on Mars, 
have I finally finished my projects on peptide mediated macrolide resistance 
(see Study III and Study V). I got you this time, Chris! 

55 I still don’t understand the organizers thoughts when they scheduled a ten minutes talk from a 
student to close the conference. 
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SUMMARY IN SWEDISH – SVENSK SAMMANFATTNING

MAKROLIDANTIBIOTIKA I BAKTERIELL PROTEINSYNTES

Makrolider är det gemensamma namnet på en stor grupp antibiotika som 
används flitigt i sjukvården. De förhindrar tillväxt av bakterier genom att 
stoppa bakteriernas tillverkning av nya proteiner. I denna avhandling presente-
ras nya rön om hur detta går till, och som dessutom förklarar mekanismen 
bakom ett antal vanliga resistensmekanismer56. Slutsatsen är att makrolider 
blockerar proteinsyntesen (bakteriens proteintillverkning) genom en meka-
nism som inte tidigare är beskriven, men som troligen också kan generaliseras 
och även vara viktig för att förstå mekanismer för andra läkemedel. 

BAKTERIELL PROTEINSYNTES

För att förstå hur makroliderna fungerar så måste vi först veta hur det går till 
när bakterier tillverkar proteiner såväl snabbt som med hög noggrannhet. Pro-
teiner består av långa kedjor av aminosyror som är ihopsatta enligt beskriv-
ningen i våra gener. Översättningen av den genetiska koden, i form av 
mRNA57, till proteiner görs i stora molekylkomplex som kallas ribosomer 
(Figur 1). Då ”RNA-språket” endast innehåller fyra bokstäver (eller nukleoti-
der) medan ”proteinspråket” har 20 bokstäver (olika aminosyror) så översätts 
”ord”, bestående av tre nukleotider, till en viss aminosyra med hjälp av adap-
termolekyler som kallas tRNA (Figur 1A). Översättningen görs enligt den 
universella genetiska koden vilken är samma för alla levande organismer. Det 
är det som gör det möjligt att flytta en gen och dess egenskaper från en orga-
nism till en annan. I avhandlingen presenteras nya data om hur denna över-
sättning utförs i bakterier och utifrån dessa ifrågasätts den allmänt accepterade 
modellen.

Dessutom presenteras tre studier om det första steget (initieringen) av bak-
teriell proteinsyntes (Figur 1B). Hur proteinsyntesen initieras skiljer sig - i 
motsats till den genetiska koden - kraftigt mellan bakterier och andra organis-
mer. I bakterier finns tre faktorer som är viktiga för snabb och korrekt initie-
ring. Genom att studera effekten på hastighet och noggrannhet i 

56 Mekanismer som gör att bakterierna blir motståndskraftiga mot antibiotika. 
57 mRNA är en avskrift av en gen, och det innehåller beskrivningen för att tillverka ett visst prote-
in.
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Figur 1. Bakteriell proteinsyntes. Panel A. En lista över viktiga begrepp för att förstå 
proteinsyntesen. Panel B. De olika stegen i tillverkningen av ett protein. Först, binder 
den lilla delen av ribosomen till ett mRNA och ett speciellt tRNA, och tillsammans 
utgör de ett för-initieringskomplex (1), sedan bildas ett aktivt initieringskomplex ge-
nom att den stora delen av ribosomen ansluter (2). Därefter sker själva översättningen; 
tre nukleotider i mRNAt översätts till en viss aminosyra med hjälp av adaptermoleky-
len tRNA (3). Den påbörjade peptiden flyttas över till den nya aminosyran i PTC och 
därmed växer peptiden med en aminosyra i taget (4). Den nybildade peptiden lämnar 
ribosomen genom en tunnel stora delen av ribosomen. När hela proteinet är färdigt (5) 
så släpps det loss från ribosomen som i sin tur delar på sig för att kunna översätta ett 
nytt mRNA (6). 

formering av både för-initieringskomplex, och slutgiltigt aktivt initierings-
komplex, med alla möjliga kombinationer av initieringsfaktorer har vi kunnat 
förklara deras funktion. Initieringsfaktor 1 (IF1) är nödvänding för bakterier-
nas överlevnad, men trots det har dess roll inte tidigare kunnat beskrivas. Vi 
visar att IF1 är viktigt för att ribosomen skall initiera på rätt plats och med rätt 
aminosyra. Dessutom är IF1 viktig för att kunna reparera ribosomer som trots 
allt har initierat felaktigt. Initieringsfaktor 2 (IF2) är ytterst viktig för hastighe-
ten i initieringen, den känner igen den speciella aminosyra som används för 
initiering och accelererar bildandet av aktiva initieringskomplex med flera 
storleksordningar. Initieringsfaktor 3 (IF3) förhindrar att felaktigt initierings-
komplex bildas innan för-initieringskomplexet är klart. Innan det färdiga initi-
eringskomplexet kan bildas så krävs det nämligen att IF3 har lämnat för-
initieringskomplexet. En intressant effekt av det är att man genom att öka 
koncentrationen av IF3 kan öka noggrannheten i initieringen, dock på bekost-
nad av hastigheten. 

MAKROLIDANTIBIOTIKA

Alla makrolider binder till ribosomen i en tunnel som går från området där 
aminosyrorna adderas till den växande aminosyrakedjan (PTC), och till ytan 
där det nybildade proteinet kan lämna ribosomen (Figur 2A). Den smalaste 
delen av denna tunnel utgörs av två ribosomala proteiner, L4 och L22, och 
bindingsstället för makrolider ligger mellan dessa proteiner och PTC. Även 
om bindningsstället är det samma för alla makrolider så är de olika stora, och 
fyller därmed upp mer eller mindre av utrymmet i tunneln. Vi har visat att 
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längden på de aminosyrakedjor som bildas innan proteinsyntesen blockeras 
beror på hur mycket utrymme som finns i tunneln innan den växande amino-
syrakedjan har fyllt upp hela utrymmet. Vi tolkar det så att makrolider funge-
rar enligt en mekanism som innebär att de rent fysiskt täpper till tunneln och 
blockerar proteinsyntesen och därmed får den påbörjade proteinkedjan att 
ramla av ribosomen. Det som bekymrade oss i den studien var att vi för vissa 
makrolider såg att det bildades ganska mycket kompletta proteiner trots att 
ribosomerna hade makrolider bundna. Det fanns dock vissa makrolider som 
fullständigt blockerade proteinsyntesen. 

I en annan studie karakteriserade bindningen för representanter av två ty-
per av makrolidantibiotika; erythromycin och josmaycin. De binder båda un-
gefär lika starkt till ribosomen, men erythromycin binder och släpper riboso-
men mycket snabbare än josamycin. Detta tror vi kan förklara varför josamy-
cin blockerar proteinsyntesen fullständigt, medan erythromycin tillåter att en 
del kompletta proteiner bildas. Vår modell visar att proteinsyntesen stannar 
när hela utrymmet mellan makroliden och PTC är fullt (Figur 2C). I detta 
skede kan två olika saker hända; Om den påbörjade peptiden ramlar av först 
(Figur 2D) får ribosomen börja om igen, men om makroliden ramlar av ribo-
somen innan peptiden, så kan proteinsyntesen återupptas. I det andra fallet 
växer peptiden vidare genom tunneln och förhindrar att makroliden binder 
tillbaks igen och därmed kommer ett komplett protein att produceras (Figur
2E). Sannolikheten att erythromycin ramlar av före peptiden är mycket större 
än för josamycin, eftersom erythromycin släpper från ribosomen ca 60 gånger 
snabbare än josamycin. 

Figur 2. Makrolidfunktionen. Panel A. Genomskärning av den stora ribosomdelen. 
Snittet är gjort längs med tunneln; utsidan av ribosomen är till vänster i bilden. Den 
svarta pricken visar makrolidernas bindingsställe och den svarta rektangeln indikerar 
området som är förstorat i panelerna B-E. Panel B. Trots att peptiden stöter på makro-
liden så fortsätter proteinsyntesen. Panel C. Till slut finns det dock inget utrymme kvar 
och proteinsyntesen stannar. Panel D. Om peptiden ramlar av innan makroliden så 
måste ribosomen börja om. Panle E. Om däremot makroliden ramlar av först så åter-
upptas proteinsyntesen och tillverkar ett komplett protein. 



 67

Detta resultat indikerar alltså att det inte spelar någon roll hur stark bindingen 
till ribosomen är, utan att det viktiga för effektiviten i att blockera proteinsyn-
tesen är att antibiotikamolekylen släpper långsamt. Vi har generaliserat denna 
teori och undersökt hur icke-kompetitiva hämmare58 beskrivs i litteraturen. 
Det visar sig att den starkt förenklade bild ges av effekten av icke-kompetitiva 
inhibitorer inte täcker makrolidfallet. Vid närmare betraktande så bygger det 
på en förenkling som nästan inte är giltig för något enzym59. Det är mycket 
troligt att mekanismerna för en mängd viktiga enzyminhämmare har blivit 
felaktigt bestämda på grund av detta. 

MEKANISMER FÖR MAKROLIDRESISTENS

Det finns en mängd olika händelser som gör att bakterier blir resistenta mot 
makrolider. Det finns enzymer som bryter ner eller förändrar makroliden, det 
finns pumpar som ser till att hålla koncentrationen av makrolid låg inne i bak-
terien, och slutligen finns det mutationer eller modifikationer på bakteriens 
ribosom som påverkar makrolidbindningen. Ett antal hittills oförklarade me-
kanismer för makrolidresistens kan förklaras genom vår modell för funktionen 
av makrolider. Det finns till exempel en mutation i det ribosomala  proteinet 
L22 som utgör en del av det smalaste partiet i tunneln (Figur 2A). Mutationen 
gör L22 mer flexibelt men påverkar inte hur starkt makroliden binder till 
ribosomen. Det har tidigare varit förbryllande hur detta kan ge resistens, men 
med tillämpning av vår modell för hur makrolider fungerar så kan man lättare 
förstå mekanismen. Den ökade flexibiliteten i L22 gör troligen att hastigheten 
varmed makroliden släpper ribosomen ökar och därmed blir sannolikheten för 
att makroliden släpper först och att proteinsyntesen kan återupptas mycket 
högre.

Det har tidigare påvisats att om man låter bakterierna översätta en stor 
mängd av en kort peptid med en speciell följd av aminosyror, så kan det ge 
resistens mot erythromycin. Vi har undersökt hur detta går till och kommit 
fram till att när man översätter peptiden så släpper erythromycinmolekylen 
snabbare från ribosomen. Peptiden fungerar alltså som en flaskborste som 
rensar tunneln från erythromycin. Vi har simulerat vilken grad av resistens 
som denna flaskborstmekanism ger med våra uppmätta hastigheter. Resultatet 
av simuleringen stämmer väldigt väl överens med resultat i mätningar gjorda i 
bakteriekulturer. 

Sammanfattningsvis ger våra nya rön viktiga insikter i hur proteinsyntesen 
fungerar och hur den hämmas av makrolider. Dessa nya rön förklarar hur ett 
antal resistensmekanismer fungerar och leder till en viktig insikt vid framtag-
ning och undersökning av enzymhämmare. 

58 Hämmare som inte tävlar om samma bindningsställe som substratet i reaktionen. Till exempel 
så är makrolider icke-kompetitiva hämmare eftersom de inte tävlar med aminosyrorna som binder 
i PTC. 
59 Proteiner som katalyserar vissa kemiska reaktioner. Till exempel så är ribosomen ett slags en-
zym som katalyserar bindningen av nya aminosyror till den växande peptidkedjan. 
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