




 

The Road Not Taken  

- Robert Frost 

 

Two roads diverged in a yellow wood,  

And sorry I could not travel both  

And be one traveler, long I stood  

And looked down one as far as I could  

To where it bent in the undergrowth;  

 

Then took the other, as just as fair,  

And having perhaps the better claim,  

Because it was grassy and wanted wear;  

Though as for that the passing there  

Had worn them really about the same,  

 

And both that morning equally lay  

In leaves no step had trodden black.  

Oh, I kept the first for another day!  

Yet knowing how way leads on to way,  

I doubted if I should ever come back.  

 

I shall be telling this with a sigh  

Somewhere ages and ages hence:  

Two roads diverged in a wood, and I—  

I took the one less traveled by,  

And that has made all the difference.  
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Preface 

The Magnificence of the Machine 
Of all the molecules present in the living organism, proteins are the most 
abundant and arguably the most fundamental. Often referred to as the bio-
logical workhorses of the cell, proteins form the cornerstone of the most 
elementary cellular processes such as enzyme catalysis, structural support 
and immune defence, to name but a few. As such, efficient and orderly pro-
duction of proteins is vital for cell fitness and survival. This fact is reflected 
in the recognition that an expanding catalogue of human diseases is caused 
by modifications of various components that function in protein synthesis. 
For example, mutated variants of mammalian ribosomal protein S19 are the 
cause of approximately 25% of cases of the rare erythropoietic disorder 
Diamond-Blackfan anaemia (DBA) (Scheper et al. 2007). 

In every living organism, conversion of the genetic code into functional 
proteins is performed on the ribosome. This dynamic, macromolecular ma-
chine acts as a translator, producing biologically active protein molecules 
from a nucleic acid message. Despite the enormity of its task, the ribosome 
manages to manufacture proteins at a high rate and with few errors. In Es-

cherichia coli (E.coli), ribosomes account for up to 50% of the dry mass of 
the cell (Nierhaus 2006) and during rapid cell division ribosome production 
consumes up to 40% of the cell’s total energy (Nierhaus 1991). Indeed, con-
sidering the enormous energy expense, the process has evolved to become 
highly efficient and tightly regulated. The highly significant nature of the 
task of the ribosome is reflected in the sophistication of its structure, where 
the modern ribosome constitutes one of the most complex cellular machines. 
Despite substantial and continual progress in understanding the mechanism 
of protein synthesis, many aspects of this elaborate process remain to be 
elucidated. 

The work presented in this thesis is an attempt to resolve ribosomal com-
plexity to some degree by means of studies designed to reveal the signifi-
cance and distinct functional roles of certain ribosomal proteins (r-proteins) 
in translation. R-proteins were either completely removed or replaced with 
orthologous counterparts and the associated phenotypes were examined us-
ing in vivo and in vitro techniques. In addition, compensatory evolution ex-
periments were performed which serve to expand our knowledge and appre-
ciation of the highly co-operative nature of the translation apparatus.  
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Background 

The ribosome is a ribozyme but what about the 
proteins? 
At approximately 2.4 MDa in mass and over 200 Å in width, ribosomes are 
one of the largest molecular particles in the bacterial cell (Williamson 2009). 
They are composed of ribosomal RNA (rRNA) and ribosomal proteins (r-
proteins), with rRNA constituting approximately two thirds of the total mass. 
Not only is rRNA predominant in terms of structural composition but it also 
forms the core of ribosomal function.  

Initially, questions surrounding the catalytic activity of the ribosome were 
posed from a purely proteocentric perspective, befitting the widely held be-
lief at that time that all enzymes were protein in nature. This viewpoint 
started to lose integrity when experiments by Noller indicated that 50S 
subunits from Thermus aquaticus retained peptidyl transferase activity when 
stripped of almost all of their ribosomal proteins (Noller et al. 1992). The 
idea that proteins could be responsible for ribosomal enzymatic activity was 
completely crushed upon visualization of the first high-resolution crystal 
structure of the large ribosomal subunit (Nissen et al. 2000). The structure 
explicitly showed that the peptidyl transferase centre was completely devoid 
of protein. This finding firmly established that the ribosome was indeed a 
ribozyme and secured a starring role for RNA in translation. While RNA 
assumed centre stage, the r-proteins largely evaded intense scrutiny and were 
ascribed a more general architectural role in stabilizing the rRNA to main-
tain the overall morphology of the ribosome (Moore & Steitz 2002). In spite 
of this generalization, certain proteins are known to enrich the ribosome 
beyond architectural support such as S12 of the small subunit and its role in 
mRNA decoding. However, with an impressive array of 54 individual pro-
teins, a comprehensive understanding of their distinct functional roles and 
their overall contribution to the spectacular process of translation is an area 
where research is scarce.  



 14

The necessary tools for understanding the ribosome and 
translation 
A complete understanding of how the ribosome works relies on well-
developed genetic, biochemical and structural techniques. In the past, struc-
tural elucidation of the ribosome at the atomic level proved difficult due to 
general problems with crystallographic techniques combined with the in-
credible size of the ribosome. During this period of struggle, the properties 
of neutron scattering and electron microscopy were exploited in an effort to 
tease out the structural mysteries (Capel et al. 1987; Frank et al. 1995). Al-
though informative, such studies failed to capture high-resolution images. 
Beginning in the year 2000, crystallographic images of the ribosomal 
subunits from Thermus thermophilus (Wimberly et al. 2000) and Haloarcula 

marismortui (Ban et al. 2000) at the atomic level appeared and today we 
have detailed images of the full ribosome with ligands bound (Carter et al. 
2001; Yusupova et al. 2001; Selmer et al. 2006; Jin et al. 2010). These 
landmarks in ribosome research have complimented the increasingly sophis-
ticated genetic and biochemical tools in dissecting the mechanism of transla-
tion as well as providing many new detailed descriptions of ribosomal dy-
namics. 

The nuts and bolts of the translation machinery 
Translation refers to the process in which the genetic code, contained in nu-
cleic acid, is converted into its corresponding sequence of amino acids and is 
performed by the ribosome. The procedure relies on the availability of tem-
plate that is supplied in the form of mRNA in addition to amino acid sub-
strates that are delivered to the ribosome bound to tRNA molecules. In order 
to translate efficiently, the ribosome is assisted by a number of protein fac-
tors although all steps of the translation cycle can be performed in the ab-
sence of such factors. Thus the ribosome can be regarded as the central com-
ponent of translation and takes responsibility for orchestrating the entire 
process.  
 
Bacterial ribosomes 
In all cells the ribosome is composed of two subunits of unequal size. The 
prokaryotic ribosome consists of the small 30S subunit and the larger 50S 
subunit that together constitute the 70S ribosome. Both subunits exist in the 
cell cytoplasm as free, separated molecules when inactive but associate upon 
the initiation of translation. The small subunit is composed of one strand of 
16S rRNA (1,542 nt) and 21 r-proteins, while the large subunit contains two 
strands of rRNA, the 23S (2,904 nt) and 5S (120 nt) rRNAs and an addi-
tional 33 r-proteins (Noller 1996). The two subunits differ widely in their 
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overall shape. The 50S subunit is a more compact, consolidated structure 
consisting of a rounded, hemispherical base with three protuberances desig-
nated the L1 stalk, the central protuberance (CP) and the L7/L12 stalk (Fig-
ure 1B). The six secondary structures of the 23S rRNA are tightly inter-
twined forming a dense structure. The 30S on the other hand is not only 
smaller, but morphologically it is also less compact. Unlike the 50S subunit, 
the three-dimensional structure is easily correlated to its secondary structure 
domains. It is organized into a head region, which is separated from the body 
of the subunit by a narrow neck and below the head, the platform and shoul-
der domains are found (Figure 1A). 

The subunits not only possess unique structures but they also contribute 
unique functions to protein synthesis. The 30S subunit is allocated the major 
tasks of initial mRNA binding and decoding, whilst the 50S catalyzes pep-
tide bond formation. Upon the commencement of translation, the two 
subunits associate via interactions along their interface sides and cooperate 
during all subsequent phases to efficiently and faithfully transform the RNA 
message into a functional polypeptide.  

 
Figure 1: Tertiary structures of the bacterial 30S (A) and 50S (B) subunits viewed 
from the subunit interface. Ribosomal RNA is depicted as green ribbons and r-
proteins as orange ribbons. Abbreviations are as follows: CP, central protuberance; 
PTC, peptidyl-transferase centre. The image was created in PyMol 
(www.pymol.org) using the coordinates of the X-ray crystal structure of the T. ther-

mophilus 70S ribosome (PDB ID 2J00 and 2J01) (Selmer et al. 2006). 
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Messenger RNA (mRNA) 

The information that dictates the sequence of amino acids in a protein is 
presented to the ribosome in the form of an mRNA molecule. The nucleotide 
bases are read sequentially by the ribosome in combinations of three (known 
as codons), with each codon specifying a particular amino acid. Due to the 
degeneracy of the genetic code, more than one codon can specify the same 
amino acid. In addition the start and stop of the mRNA coding sequence 
must be defined to set the correct reading frame on the mRNA and thereby 
support the fidelity of gene expression. The codon AUG (encoding me-
thionine) indicates the translation start site for most eubacterial genes and is 
a perfect match for the anticodon CAU of the initiator tRNA, fMet-tRNAfMet. 
Translation initiation has also been observed on GUG and UUG at frequen-
cies of 5% and 1% respectively in E. coli (Schneider et al. 1986). The infC 
gene, encoding initiation factor IF3, is unusual in its use of AUU as the start 
codon (La Teana et al. 1993). Three alternative stop signals, (UAA, UAG 
and UGA), are specifically recognized by release factors to terminate trans-
lation of the message. 

The existence of an mRNA channel on the 30S subunit was first proposed 
by Frank (Frank et al. 1995) and later demonstrated by X-ray crystallogra-
phy (Yusupova et al. 2001). This channel allows the mRNA to wrap around 
the neck of the 30S subunit, entering between the head and shoulder and 
exiting on the opposite side of the subunit through the opening between the 
head and platform. To solve the problem of mRNA secondary structure, 
which would hinder passage of the mRNA through the narrow channel, the 
ribosome possesses helicase activity to unwind stable helices in the incom-
ing mRNA during elongation. Analysis of this activity in vitro revealed that 
proteins S3, S4 and S5 that enclose the mRNA at its entry point are required 
for the melting of stable secondary structures (Takyar et al. 2005). 

The small and large ribosomal subunits assemble on the mRNA at a site 
known as the translation initiation region (TIR). Exact positioning of the 
mRNA on the 30S subunit is critical to ensure selection of the correct start 
codon during initiation. In prokaryotes, this is primarily achieved by com-
plementary base-pairing of a short stretch of purine rich nucleotides on the 
mRNA that precedes the start codon, known as the Shine-Dalgarno (SD) 
sequence, to the anti-SD sequence (aSD) located in the 3’ tail of 16S rRNA 
(Shine & Dalgarno 1974). Other mRNA sequence elements that influence 
formation of the 30S initiation complex (IC) include the type of start codon, 
the distance between the SD motif and the start codon, the nucleotide com-
position as well as secondary structure of the TIR region (Simonetti et al. 
2009). Not all mRNAs carry a strong SD sequence and it has been suggested 
that initial recognition and tethering of such mRNAs to the 30S occurs via 
interactions between a region upstream of the SD sequence and the solvent-
exposed S1 protein (Sengupta et al. 2001).  
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Considering that all mRNAs are structured to some degree, this creates a 
dilemma for the firm attachment of the 30S subunit due to possible occlusion 
of the SD sequence. Cryo-electron microscopy (cryo-EM) images suggest 
that recognition of these structured mRNAs occurs in three stages: first tran-
sient docking of the mRNA on the platform, followed by unfolding of sec-
ondary structures before final accommodation in the mRNA channel (Marzi 
et al. 2007). Stalling of initiation in this manner is promoted by ligands that 
stabilize the structured form of the mRNA and it is suggested that this trans-
lational mechanism may be prevalent in the control of gene expression 
(Marzi et al. 2007). The involvement of mRNA parameters, other than the 
classical SD-aSD interaction, in determining the efficiency of translation 
initiation is also a feature of the “stand-by model”. This model posits that the 
attachment of the 30S subunit to the mRNA occurs in two stages: initially 
rapid non-specific binding on a single stranded site before shifting into the 
correct position and inducing productive, stable binding via the SD-aSD and 
codon-anticodon interactions (de Smit & van Duin 2003). This mRNA un-
folding and adaptation process has also been monitored by fluorescence 
resonance energy transfer (FRET) which has shown that stable binding and 
final adjustment of the mRNA relies on the SD sequence and start codon, 
initiator tRNA and IF2 in complex with GTP (Studer & Joseph 2006). 

Transfer RNA (tRNA) 

In 1955 Crick proposed the requirement for "adaptor" molecules to link 
amino acids to their corresponding mRNA codons. These were later identi-
fied as soluble RNAs and in time adopted the term transfer RNAs (tRNA) 
(Woese 2001). These small molecules are pivotal in protein synthesis as they 
provide the link connecting the worlds of nucleic acid and protein and are 
thus responsible for ensuring correct interpretation of the genetic code as 
amino acids. 

In prokaryotes, tRNAs normally contain approximately 75 nucleotides 
and adopt the classical cloverleaf structure due to base pairing between the 
5’ and 3’ termini and at three other sites creating three “leaves” or loops 
(Figure 2B). The middle loop (blue) is known as the anticodon stem loop 
(ASL) and as the name implies, contains the anticodon (grey) that forms 
Watson-Crick base pairs with the mRNA codon, thus determining the speci-
ficity of each tRNA molecule. The amino-acyl stem (violet) is situated oppo-
site the ASL and contains the universally conserved CCA sequence (yellow), 
which serves as the attachment site for the specific amino acid residue.  

All tRNAs adopt a so-called L-shape three dimensional structure (Figure 
2A), which separates the anticodon and amino-acyl acceptor by approxi-
mately 75 Å and was one of the first indications that decoding and peptidyl 
transfer occurred at distant sites on the ribosome, consistent with the parti-
tioning of these two processes on the 30S and 50S subunit respectively 
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(Liljas 2004). This shape also endows the tRNA with a high degree of flexi-
bility that is required for conformational rearrangements during the transla-
tion cycle (Korostelev & Noller 2007). 

 

 
 

Figure 2: Structure and domains of tRNA. (A) Crystallographic three-dimensional 
structure of tRNAPhe from yeast. (B) Schematic illustration of cloverleaf secondary 
structure. Image created by Yikrazuul (own work) [CC-BY-SA-3.0 
(www.creativecommons.org/licenses/by-sa/3.0)], via Wikimedia Commons.  

The overall fidelity of translation is highly dependent on the correct 
charging of tRNAs with their corresponding amino acids. This is a two-step 
reaction involving ATP and is catalyzed by a group of enzymes known as 
amino-acyl tRNA synthetases (AARSs) (Ibba & Soll 2000). These enzymes 
must specifically recognize both the amino acid and the correct tRNA with 
high accuracy since errors in charging will not be detected in subsequent 
steps of translation. To ensure accurate discrimination of the correct tRNA 
and amino acid from a large cellular pool of competing substrates, these 
enzymes make use of a series of contacts with the amino acid and tRNA at 
the active site and some AARSs complement the accuracy of selection using 
proofreading and editing mechanisms (Ibba & Soll 2000). 

Upon binding to the ribosome, the charged tRNA molecules span the in-
tersubunit face positioning the acceptor stem in the 50S subunit and the anti-
codon stem in the 30S subunit. All tRNAs, with the exception of the initiator 
tRNA, enter the ribosome via the A-site where decoding occurs. The tRNA 
will either be accommodated or rejected based on complementarity of the 
codon-anticodon interaction. The P-site holds the peptidyl-tRNA which car-
ries the growing nascent chain of amino acids and the E-site is the exit site 
for the deacylated tRNA. All tRNAs (excluding the initiator tRNA), pass 

(A) (B)
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sequentially from the A-site, through the P-site and are subsequently ejected 
from the ribosome at the E-site. 

Translation factors 

During translation the ribosome is assisted by a number of protein factors 
that accelerate various steps of the process. These include initiation factors 
(IFs), of which there are three in eubacteria, known as IF1, IF2, and IF3. 
Upon completion of initiation complex (IC) formation, the ribosome pro-
gresses to the elongation phase which involves elongation factors (EFs) EF-
Tu, EF-Ts, EF-G, EF-P and EF-4. Termination of the elongation phase is 
modulated by release factors (RF1, 2 and 3), followed by ribosome recycling 
involving RRF (ribosome recycling factor), EF-G and IF3. 

Several of these factors are GTPases and act as molecular switches to in-
terconvert from active (GTP-bound) to inactive (GDP-bound) conforma-
tions, which in turn modulates their affinity for substrates and their activity 
during translation (Rodnina et al. 2000). To translate rapidly and progres-
sively, the bacterial ribosome requires four G-proteins IF2, EF-Tu, EF-G and 
RF3. EF-4 is also a G-protein, but experiments indicate that this factor is 
only required during environmental stress conditions (Pech et al. 2011). All 
of these factors are highly conserved among bacteria with the exception of 
RF3 which is absent in some species (Sprinzl et al. 2000). The intrinsic 
GTPase activity of these factors is low but is stimulated upon interaction 
with the ribosome (Rodnina et al. 2000). 

The ribosome at work 
The rapid and accurate conversion of an mRNA into a polypeptide chain 
places high demands on the ribosome. Efficient translation requires both 
local and global conformational rearrangements of the ribosome, its sub-
strates and co-factors. In addition to biochemical approaches, aimed at un-
derstanding the mechanistic details of each translational step, cryo-EM, X-
ray crystallography and FRET studies have been integral in describing the 
nature of the structural dynamics of the ribosome at work.  
 
Translation can be conceptually subdivided into four major phases and these 
are illustrated in Figure 3. Each major step is propelled forward via a number 
of sub-steps, the details of which are outlined below. 
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Figure 3: Schematic overview of the four phases of translation: initiation, elonga-
tion, termination and ribosome recycling. 

Initiation 

The initiation phase of protein synthesis has been described as the most 
complex, most regulated and most divergent phase in translation among the 
different kingdoms of life (Marintchev & Wagner 2004; Laursen et al. 2005; 
Simonetti et al. 2009). Due to the coupling of transcription and translation, 
ribosomes can initiate before mRNA transcription is complete on the nascent 
mRNA. In the overall scheme of translation, initiation is rate-limiting with 
reported rates of 0.3 per second, in contrast to the rapid incorporation of up 
to twenty amino acids per second during elongation in E. coli (Kennell & 
Riezman 1977).  
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This multi-phase step incorporates assembly of the components needed 
for synthesis of a new peptide and is intimately coupled to subunit dissocia-
tion following the previous translation cycle. After subunit splitting, the 30S 
is rapidly bound by IF3, which stimulates dissociation of the uncharged 
tRNA and mRNA and prevents premature association of the 50S subunit to 
an empty 30S (Karimi et al. 1999; Peske et al. 2005). Initiation contributes 
heavily to the fidelity of translation by defining the mRNA reading frame 
and selecting the initiator tRNA from a large pool of competing tRNA spe-
cies. Formation of the translationally active 70S initiation complex (IC) is 
kinetically and selectively tuned via the interplay of three initiation factors 
IF1, IF2 and IF3 (Antoun et al. 2006a; Antoun et al. 2006b).  

The GTPase IF2 is the principal factor involved in selection and binding 
of the initiator tRNA to the 30S subunit. In all organisms, the initiator tRNA 
is charged with methionine and in almost all bacteria, as well as eukaryotic 
organelles such as the mitochondria and chloroplast, this methionine is 
formylated (fMet-tRNAfMet). The formyl moiety, along with other distinctive 
structural features, differentiates the initiator tRNA from elongator Met-
tRNAMet and facilitates its recognition by IF2 (Varshney et al. 1993). Two 
possible pathways have been proposed for the recruitment of fMet-tRNAfMet 
to the 30S subunit. Experiments by Wu et al. suggest that initiator tRNA is 
escorted to the 30S subunit in a ternary complex with IF2 and GTP (Wu & 
RajBhandary 1997). However recent data demonstrate that IF2 complexed 
with GTP binds the 30S subunit first and promotes the subsequent binding of 
fMet-tRNAfMet to the 30S P-site (Milon et al. 2010). Although IF2 is the 
major determinant of initiator tRNA binding, both IF1 and IF3 modulate this 
event. In the presence of all three IFs, the rate and accuracy of fMet-
tRNAfMet association to 30S subunits in vitro is maximized (Antoun et al. 
2006a; Antoun et al. 2006b). The effect of IF3 alone is interesting as the 
factor increases the rate of dissociation of initiator tRNA more than its asso-
ciation rate resulting in an overall loss in the affinity of the tRNA for the 30S 
subunit which is amplified in the presence of IF1 (Antoun et al. 2006b). IF1 
has also been shown to stimulate the affinity-enhancing effect of IF2 on ini-
tiator tRNA binding (Antoun et al. 2006b). Rather than direct interactions 
with initiator tRNA, structural studies suggest that IF1 and IF3 play indirect 
roles in tRNA binding via conformational changes of the 30S IC (Carter et 

al. 2001; Dallas & Noller 2001).  
Progression to the elongation phase of translation requires association of 

the 50S subunit to form an elongation competent 70S IC. IF2•GTP and the 
initiator tRNA have been allocated a role during this step in stimulating re-
cruitment of the large subunit (Antoun et al. 2003). Due to its anti-
association properties, release of IF3 from the 30S IC is required for 50S 
docking (Dallas & Noller 2001; Antoun et al. 2006b). Association of the 
large subunit prompts the hydrolysis of GTP causing release of IF2•GDP 
and Pi. A brief outline of eubacterial initiation is shown in Figure 3. 
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Elongation 

The outcome of each cycle of elongation is an extension of the nascent poly-
peptide chain by one amino acid. The end of the initiation phase is heralded 
upon formation of the 70S IC that contains an initiator tRNA at the P-site, 
while the A-site is vacant exposing the next mRNA codon for interaction 
with the incoming aa-tRNA (amino-acyl tRNA). Selection and accommoda-
tion of the correct (cognate) aa-tRNA is rapidly followed by peptidyl transfer 
which leaves the P-site tRNA deacylated and the A-site tRNA attached to 
the nascent polypeptide. Concerted movement of the tRNAs from the A- and 
P-sites to the P- and E-sites is termed translocation and occurs in two steps. 
This results in movement of the mRNA by exactly one codon and exposure 
of the ensuing codon at the A-site while the deacylated tRNA is ejected from 
the E-site. This cyclic process is iterated for each sense codon until a stop 
codon is admitted to the A-site and signals the end of elongation. As the 
polypeptide grows, it is conducted through a polypeptide exit tunnel that 
opens at the PTC and travels through the centre of the 50S subunit where it 
exits at the other side after a distance of  80Å (Steitz 2008). It has been 
estimated that the tunnel can hold up to 30-50 amino acid residues and that it 
may be involved in initial folding of the polypeptide (Gilbert et al. 2004). 
The main events that occur during elongation are illustrated in Figure 3. 

Decoding at the A-site 

With the exception of initiation, all incoming aa-tRNAs enter the ribosome 
via the A-site and so it is at this site that the ribosome must distinguish the 
correct aa-tRNA (cognate tRNA) from a large pool of competing substrates. 
This process of discrimination is termed decoding and is crucial for the 
maintenance of high fidelity. However, the ribosome faces a tough challenge 
in consideration of the sheer number of different aa-tRNAs in the cell (41 
different tRNA anticodons exist in E. coli and even more in most eukaryo-
tes) (Wilson & Nierhaus 2003). As many as five or six different aa-tRNAs 
possess an anticodon similar to the cognate tRNA (termed near-cognate), 
while the remaining tRNAs possess a dissimilar anticodon (termed non-
cognate). To circumvent these potential obstacles the ribosome has evolved 
an intricate decoding system to ensure a high level of accuracy. 

In the cell, most aa-tRNAs exist bound to EF-Tu•GTP. Elongation begins 
by binding of an aa-tRNA to the A-site as a ternary complex with EF-
Tu•GTP. Selectivity of the aa-tRNA is ultimately based on complementary 
base pairing between the mRNA codon and the aa-tRNA anticodon. How-
ever, binding energy differences between cognate and near-cognate aa-
tRNAs are too small to account for the observed high-level accuracy in vivo 
(misreading error rates estimated at 10-3 to 10-4 per codon (Kramer & 
Farabaugh 2007)). To account for the high level of accuracy, both biochemi-
cal and structural approaches have yielded data to describe how aa-tRNA 
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discrimination proceeds following delivery of the ternary complex at the A-
site. 

Recognition of the cognate aa-tRNA 

Initial binding of the ternary complex is rapid and results in the formation of 
a kinetically labile intermediate. This is followed by a codon recognition 
step wherein non-cognate tRNAs are likely to be rejected due to their lower 
affinity for the mRNA codon and thus dissociate before stimulating the hy-
drolysis of GTP on EF-Tu. Those cognate and near-cognate complexes that 
manage to proceed are screened again by means of a proofreading strategy 
after the irreversible hydrolysis of GTP (Rodnina & Wintermeyer 2001). 
This discriminatory mechanism promotes initial rejection based on the affin-
ity of aa-tRNA for the codon without requiring the expenditure of GTP. 
However, if this fails the ribosome is afforded a second, more costly oppor-
tunity to reject the aa-tRNA based on an induced fit mechanism. Kinetic 
proofreading essentially enhances aa-tRNA selectivity as the overall accu-
racy is the product of the accuracies of two separate selection steps. 

From a structural perspective, base pairing at the A site is geometrically 
screened by means of conformational rearrangements that occur upon cog-
nate aa-tRNA binding. These rearrangements involve universally conserved 
bases A1492 and A1493 located within helix 44 (h44) and G530 from the 
shoulder domain (Ogle et al. 2003). Together these three bases monitor the 
shape of the codon-anticodon helix and stabilize Watson-Crick base pairs in 
the first and second positions upon cognate tRNA binding. Along with G530 
r-protein S12 plays a small role in recognition by coordinating a magnesium 
ion at the interface of bases at the third position. However, the third or 
“wobble” position is not stringently monitored in agreement with the obser-
vation that non-Watson-Crick base pairs are accepted here (Ogle et al. 
2003). Due to the distorted conformation of a near-cognate codon-anticodon 
helix, the interactions described above are not induced prompting efficient 
rejection of the aa-tRNA. In addition to these local conformational rear-
rangements, the cognate reaction is accompanied by global changes in the 
architecture of the 30S subunit. Of particular functional interest, is the 
movement of the shoulder and head domains relative to the rest of the body 
resulting in a “closed” conformation (Ogle et al. 2002).  

The induced conformational changes that occur upon the cognate reaction 
lead to the rapid hydrolysis of GTP on EF-Tu and it is released from the 
ribosome as EF-Tu•GDP and Pi. The amino-acyl end of the tRNA is liber-
ated to swing into position at the A-site of the 50S subunit (accommodation) 
for immediate peptidyl-transfer. This chain of events is disrupted if mis-
matches occur in the codon-anticodon complex and the tRNA dissociates 
with high probability. Regeneration of EF-Tu•GTP in the cell is accom-
plished by the action of EF-Ts, that acts as a guanine nucleotide exchange 
factor (GEF) to replace GDP with GTP, thereby recycling EF-Tu in its GTP 
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form for successive rounds of ternary complex formation (Rodnina et al. 
2000).  

Peptidyl transfer 

The peptidyl transferase reaction is the core enzymatic activity of the large 
50S subunit and the residues involved belong to domain V of the 23S rRNA, 
an area almost completely devoid of protein. One of the last surviving pro-
tein candidates, considered to play a potential role in catalysis, was r-protein 
L27. The 70S crystal structure by Selmer et al. captured the tail of L27 in the 
vicinity of the PTC in close proximity to the P-site tRNA (Selmer et al. 
2006). However, rather than a direct role in peptidyl-transfer it seems more 
likely that this protein contributes mildly to catalysis via stabilization of the 
amino-acyl end of the P-site tRNA. This is supported by a study in which 
peptidyl-transferase activity was reduced using versions of L27 truncated at 
the N-terminus (Maguire et al. 2005) but its role is not essential as a strain 
lacking the protein is viable (Wower et al. 1998). Furthermore, the lack of 
universal conservation of L27 supports the idea that this protein does not 
form part of an evolutionary conserved mechanism.  

The ribosome catalyzes protein synthesis by providing an environment 
that favours optimal alignment and positioning of the substrates (A- and P-
site tRNAs) for spontaneous product formation. Prior to accommodation of 
the A-site tRNA, the rRNA of the PTC shields the carbonyl-carbon of the P-
site tRNA to prevent a nucleophilic attack by water molecules. Accommoda-
tion of the A-site tRNA induces a conformational change that re-orients the 
rRNA surrounding the P-site tRNA to expose the carbonyl-carbon that is 
subsequently attacked by the -amino group of the A-site tRNA (Steitz 
2008). Thus the catalytic ability of the ribosome is the result of correct orien-
tation of its substrates, an event that accelerates the peptidyl-transferase reac-
tion. The product is a pre-translocation complex consisting of a new peptidyl 
tRNA, extended by one amino acid in the A-site and a deacylated tRNA in 
the P-site. 

The highly conserved protein factor EF-P is an essential translation factor 
in bacteria and is present in the cell at about 0.1 to 0.2 copies per ribosome 
(Aoki et al. 1997). This factor was first detected based on its ability to en-
hance peptide bond formation between fMet-tRNAfMet and puromycin. Thus 
it was proposed that EF-P had an analogous function to eukaryotic eIF-5a in 
promoting synthesis of the first peptide bond. This was supported by the 
results of chemical footprinting studies that mapped its binding site to do-
main V of the 23S rRNA, in proximity of the PTC (Aoki et al. 2008). Inter-
estingly, the tertiary structure of EF-P mimics the “L-shape” of tRNAs 
(Hanawa-Suetsugu et al. 2004), although in the X-ray crystal structure of 
EF-P bound to the 70S ribosome from T. thermophilus, the protein does not 
bind to a canonical tRNA-binding site. It is rather positioned between the P- 
and E-sites, spanning both ribosomal subunits and interacting with the L1 
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stalk and the backbone of the P-site tRNA (Blaha et al. 2009). Rather than 
inducing any conformational changes in the tRNA or PTC, the crystal struc-
ture suggests an indirect role for EF-P in stimulating peptide bond formation 
by stabilizing the orientation of the P-site tRNA for rapid peptidyl-transfer. 

Translocation 

Following peptidyl transfer, the ribosome is configured in a pre-translocation 
state with the new peptidyl tRNA in the A-site and a deacylated tRNA in the 
P-site. For the progressive addition of amino acids to the nascent chain, the 
tRNAs and mRNA must be re-positioned by a distance of exactly one codon. 
This synchronous movement, termed translocation, is required for presenta-
tion of the next codon at the A-site for further rounds of decoding and pepti-
dyl transfer. This occurs in a stepwise manner and is catalyzed by the hy-
drolysis of GTP on EF-G. 

Hybrid states model 

The two-step or hybrid model of translocation is now widely accepted and 
refers to the uncoupling of tRNA movement on the small and large subunits. 
Experimental evidence for the formation of tRNA hybrid states was first 
demonstrated by chemical probing studies designed to track the pathway of 
tRNA movement after peptidyl transfer (Moazed & Noller 1989). This 
landmark paper showed that A- and P-site tRNAs move spontaneously after 
peptide bond formation with respect to the 50S subunit. In other words, the 
relative positions of each tRNA differ with respect to each subunit. The A-
site tRNA occupies the A/P hybrid state (anticodon stem remains at the A-
site on the 30S with the amino-acyl stem positioned at the P-site on the 50S). 
Likewise the P-site tRNA occupies the P/E hybrid state (anticodon stem 
remains at the P-site on the 30S with the amino-acyl stem positioned at the 
E-site on the 50S). This sampling of intermediate tRNA binding sites on the 
ribosome has since been visualized by cryo-EM (Agirrezabala et al. 2008) 
and is accompanied by a ratcheting of the small subunit relative to the large 
subunit. Single molecule fluorescence resonance energy transfer (smFRET) 
experiments utilizing fluorescently labeled A- and P-site tRNAs have estab-
lished that in the absence of EF-G, the tRNAs fluctuate between the classical 
and hybrid states (Blanchard et al. 2004) and upon EF-G binding the hybrid 
configuration is stabilized (Spiegel et al. 2007).  

In the second step the tRNAs move with respect to the 30S subunit to oc-
cupy classical E/E and P/P states which is coupled to the movement of 
mRNA by one codon. This configuration represents the post-translocation 
complex and requires the hydrolysis of GTP on EF-G. This protein binds the 
70S ribosome at the intersubunit space on the A-site side and according to 
the Wintermeyer group it binds initially in its GTP form (Wilden et al. 
2006). This is followed by rapid hydrolysis of GTP where the released en-
ergy acts as a motor to “unlock” the ribosome and drive formation of the 
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post-translocated state (Rodnina et al. 1997). Subsequent Pi release results in 
further conformational changes prompting dissociation of EF-G•GDP from 
the ribosome. 

The numerous events that occur during translocation immediately invites 
the expectation that the ribosome itself undergoes dynamic rearrangements. 
Indeed the process requires many large-scale re-organizations that have been 
illuminated by techniques such as cryo-EM and smFRET. One particularly 
striking alteration is known as ratcheting and involves a rotation of the small 
subunit relative to the large subunit (Frank & Agrawal 2000) as well as 
swiveling of the head of the small subunit towards the E-site (Ratje et al. 
2010). These rearrangements are accompanied by movement of the L1 stalk 
on the 50S subunit towards the E-site. The specific details of the dynamics 
of L1 stalk movement and its coupling to tRNA translocation and subunit 
rotation is currently an unresolved matter. However, this region of the ribo-
some, which consists of helices 76-78 of the 23S rRNA and r-protein L1, 
appears to play an active role in formation of the hybrid state, tRNA translo-
cation and release of deacylated tRNAs from the E-site (Trabuco et al. 
2010). A recent publication by Fischer et al. takes advantage of time re-
solved cryo-EM to demonstrate that a surfeit of ribosomal configurations are 
sampled during translocation implying that the array of rearrangements is 
larger than formerly anticipated (Fischer et al. 2010). 

Termination 

In eubacteria arrest of the elongation phase is signaled upon exposure of one 
of three stop codons (UAA, UAG or UGA) at the ribosomal A-site. As op-
posed to sense codons, which are recognized by tRNAs, release factor pro-
teins that have overlapping specificity recognize these codons. The class I 
release factor RF1 responds to the stop codons UAA and UAG, while RF2 
responds to UAA and UGA (Kisselev & Buckingham 2000). The scenario in 
eukaryotes and archaea differs as a single release factor recognizes all three 
stop codons. The class II release factor RF3 is a GTPase and replenishes the 
cellular pool of free RF1 and RF2 by stimulating the dissociation of RF1/2 
from the ribosome after release of the completed polypeptide (Zavialov et al. 
2001). RF1 and RF2 are highly conserved among eubacteria whereas some 
species lack RF3 (Sprinzl et al. 2000). 

Until recently, the detailed mechanism of stop codon recognition and 
polypeptide release has been poorly understood. The molecular basis of stop 
codon discrimination by RF1 and RF2 was deciphered by Ito et al., where 
tripeptide motifs in domain 2 of each factor were shown to be responsible for 
direct recognition of the codons exposed at the A-site (Ito et al. 2000). By 
means of amino acid substitution studies, the authors showed that the tripep-
tide Pro-X-Thr of RF1 and Ser-Pro-Phe of RF2 were analogous to the anti-
codon triplet of tRNAs in determining specificity of the release factor. The 
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authors could show that exchange of these motifs between RF1 and RF2 also 
exchanged their stop codon specificity. Recent crystal structures provide 
some support for this model although they also reveal that these motifs alone 
are only partially responsible for determining specificity (Korostelev et al. 
2008a; Laurberg et al. 2008; Weixlbaumer et al. 2008).  

Class I RFs have dual activity in recognizing the stop codon and trigger-
ing release of the newly synthesized protein from the P-site tRNA. In both 
prokaryotes and eukaryotes, domain 3 of RF1 and RF2 contains a conserved 
Gly-Gly-Gln (GGQ) motif that is positioned at the PTC in all three high-
resolution crystal structures of the post-termination complex (Korostelev et 

al. 2008a; Laurberg et al. 2008; Weixlbaumer et al. 2008). The Gln residue 
of this motif is methylated by the methyltransferase PrmC in E.coli and the 
crystal structure demonstrates that RF1 adopts a compact structure when 
complexed with this enzyme (Graille et al. 2005). In contrast the release 
factors must adopt an extended conformation on the ribosome to enable si-
multaneous interactions at the 30S A-site and PTC of the 50S subunit. The 
structures predict that docking of the GGQ motif at the PTC induces a con-
formational rearrangement of the 23S rRNA to expose the ester bond that 
tethers the peptide to the P-site tRNA for a nucleophilic attack by a water 
molecule. Furthermore, the methylated Gln residue which stimulates the 
efficiency of termination, is proposed to coordinate the water molecule for 
the hydrolytic reaction as predicted by molecular-dynamics simulations 
(Trobro & Aqvist 2007). Stop codon recognition and hydrolysis are strictly 
coupled which raises questions regarding how the two events are coordi-
nated. Although this question has no clear answer, Noller suggests that spe-
cific conformational rearrangements in the rRNA upon stop codon recogni-
tion directs and stabilizes the positioning of the GGQ motif in the PTC for 
hydrolysis to occur (Korostelev et al. 2008a). 

Following release of the newly synthesized polypeptide, RF3 recycles the 
class I RFs by catalyzing their dissociation from the post-termination com-
plex. The mechanism governing this reaction has been dissected biochemi-
cally. According to experiments performed by Zavialov et al., RF3 initially 
binds to the ribosome after peptide release in its GDP form. Exchange of 
GDP for GTP on RF3 occurs on the ribosome and in this new conformation, 
dissociation of the class I RFs is stimulated. This is followed by GTP hy-
drolysis on RF3 and release of the factor (Zavialov et al. 2001). In its GTP-
bound state, RF3 was also shown to induce ratcheting of the ribosome pro-
viding a structural basis for the rapid release of RF1/2 from the ribosome 
(Gao et al. 2007).  
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Ribosome recycling 

At the end of the termination phase, the 70S ribosome is still bound to the 
mRNA template and carries a deacylated tRNA in the P-site. During the last 
phase, these ligands are removed and the 70S is split to allow the subunits to 
participate in further rounds of translation. This event requires the interplay 
of three translation factors: ribosome recycling factor (RRF), EF-G and IF3. 

The sequence of events that leads to disassembly of post-termination 
complexes has been examined biochemically by Karimi et al. By means of 
ribosome sedimentation analysis, it was shown that post-termination 70S 
complexes require RRF and EF-G in its GTP state for dissociation into 
subunits. Furthermore, the release of deacylated tRNA was prevented if GTP 
was replaced by a non-cleavable analogue implying that GTP hydrolysis is 
required for splitting. The authors propose that RRF inhibits the release of 
EF-G•GDP, which has low affinity for the ribosome, to channel the energy 
of the conformational change in EF-G into ribosome splitting. The product 
of this event is a free 50S and a 30S subunit bound to mRNA with a deacy-
lated tRNA in the partial P-site. This 30S complex is the substrate for IF3 
that binds and ejects the tRNA. The authors propose that this IF3-bound 30S 
subunit slides along the mRNA to allow either re-initiation or mRNA release 
(Karimi et al. 1999). 

The structural similarities between RRF and tRNA advocated the idea 
that EF-G promoted translocation of RRF from the A-site to the P-site dur-
ing recycling and this action promoted tRNA ejection (Hirokawa et al. 
2002). However a recent publication by Peske et al., re-examined this hy-
pothesis and found that the position of mRNA relative to the ribosome was 
unchanged during recycling providing direct evidence that a translocation-
like event does not occur (Peske et al. 2005). Using a FRET assay, their 
experiments validated the conclusions of Karimi et al., and showed that RRF 
and EF-G•GTP were necessary and sufficient for 70S splitting. Since 
subunit dissociation was ten times faster than tRNA release, the data sug-
gested that splitting occurs first and tRNA ejection follows as a second step, 
in agreement with the sequence of events proposed previously (Karimi et al. 
1999). 

Structural studies of RRF bound to the ribosome have yielded contradic-
tory interpretations of its role in subunit dissociation. Cryo-EM images sug-
gest that RRF could be capable of disrupting the intersubunit bridges B2a 
and B3 (Gao et al. 2005), while a high-resolution crystal structure predicts 
that such changes in intersubunit contact upon RRF binding appear unlikely 
(Weixlbaumer et al. 2007). 
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Ribosome biogenesis and assembly 

The complexity of the ribosome is adequately reflected in the elaborate cas-
cade of overlapping events that ultimately lead to construction of the mac-
romolecular particle. Ribosome biogenesis entails synthesis, folding, proc-
essing and assembly of 3 large strands of rRNA as well as the addition of 
more than 50 proteins. The large number of components not only makes the 
process inherently complicated but it also demands a highly organized sys-
tem of synthesis and assembly. Considering the fact that cell fitness and 
optimal growth are tightly coupled to efficient protein synthesis, the produc-
tion of functional ribosomes is of crucial importance (Bremer 1996).  

With the identification of a growing number of processing enzymes and 
auxiliary factors as well as significant advancements in the techniques used 
to monitor assembly in vitro, the biogenesis field has been enjoying a long-
awaited boost over the past few years. What has emerged is the realisation 
that rather than a series of discrete, ordered steps, biogenesis consists of a 
network of pathways that occur sequentially and in parallel to secure coordi-
nated construction of the subunits (Talkington et al. 2005; Adilakshmi et al. 
2008; Mulder et al. 2010).  

Although the in vitro studies have yielded a wealth of important informa-
tion, how biogenesis proceeds in vivo persists as one of the daunting prob-
lems in the field. Two key issues are exclusive to the in vivo process: (1) the 
existence of a large number of ancillary assembly factors and (2) the likely 
co-transcriptional coupling of assembly in the cell. However a recent study 
reports the identification of an ensemble of heterogeneous 30S and 50S as-
sembly intermediates in vivo (Sykes et al. 2010) implying that multiple par-
allel assembly trajectories also exist during cellular assembly. Although an 
exact scheme of assembly events has yet to be established, the apparent simi-
larities of intermediate states in vivo and in vitro implies that the experi-
mental approaches are moving in the right direction. 

rRNA synthesis  

In both prokaryotes and eukaryotes, rRNA represents the major product of 
all cellular transcription even though the rRNA operons (rrn) encompass 
only 0.5% of the E. coli genome (Bremer 1996). Considering that r-protein 
synthesis is regulated by the availability of free rRNA in the cell, the tran-
scription of rRNA is rate-limiting for the biogenesis of ribosomes (Paul et al. 
2004). In E. coli and S. typhimurium, there are seven rrn operons designated 
rrnA, rrnB, rrnC, rrnD, rrnE, rrnG and rrnH. Initially, the rRNAs are tran-
scribed as a precursor primary transcript containing a single copy of 16S, 
23S and 5S rRNA as well as tRNAs, the identity of which depends on the 
particular operon. The operons contain two strong promoters, P1 and P2, 
which are separated by  120 bp. The P1 promoter is the most active during 
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moderate and fast growth (Paul et al. 2004) whereas P2 appears to be used 
during periods of slow growth (Kaczanowska & Ryden-Aulin 2007).  

The rate of rRNA synthesis is tailored to the nutritional conditions of the 
cell to allow fastest growth when nutrients are plentiful and curtail metabolic 
effort and energy costs during starvation. The number of ribosomes in a 
rapidly dividing E. coli cell has been estimated to reach as many as 70,000 
and during slower growth this number can drop approximately 10-fold 
(Bremer 1996). Thus, several mechanisms are in place to control rRNA syn-
thesis and cellular ribosome content to ensure that most of those synthesized 
are engaged in translation and are required for growth. Briefly, these include 
the stringent response that is induced during amino acid starvation and medi-
ated by up-regulation of the alarmones ppGpp and its precursor pppGpp. The 
physiological effects of these molecules are complex and lead to alterations 
in the gene expression profile of cells. Although the exact mechanism of 
(p)ppGpp mediated regulation of ribosome synthesis is unresolved, it has 
been proposed that these two molecules are negative regulators of transcrip-
tion from the P1 promoter and thus reduce the wasteful synthesis of rRNA 
when the cell is starved for charged tRNA molecules (Gourse et al. 1996). 
Ribosome production increases with the square of the growth rate to meet 
changing demands for protein synthesis (Bremer 1996), a phenomenon 
known as growth-rate dependent control. Whether this mechanism is medi-
ated by ppGpp or nucleoside triphosphate (NTP) concentration is currently a 
topic of debate in the literature (Nomura 1999). A phenomenon known as 
feedback control has been discussed within the context of this regulatory 
mechanism, and refers to changes in rRNA transcription according to the 
translational capacity of the cell. This mechanism was illuminated by studies 
where either a decrease or increase in rrn gene dosage was compensated via 
the up- or down-regulation of rrn expression from the available operons to 
maintain rRNA synthesis at a level appropriate for steady-state growth 
(Jinks-Robertson et al. 1983; Condon et al. 1993). 

R-protein synthesis 

In the majority of bacteria the genes encoding all of the r-proteins are present 
as a single copy, and are mostly clustered together in large polycistronic 
operons. Their rate of synthesis is dictated by the extent of rRNA transcrip-
tion and is often autogenously regulated at the translational level. This 
means that one of the products of the operon recognizes and binds to a site 
on the polycistronic mRNA and inhibits translation of all genes encoded by 
the operon. This can occur via two alternative mechanisms known as dis-
placement and entrapment (Schlax & Worhunsky 2003). The term displace-
ment refers to the competitive binding of the repressor and 30S subunit to a 
common binding site on the mRNA. The repressor acts to “displace” or 
physically block the 30S subunit from accessing the ribosome binding site 
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(RBS). The entrapment model is more complicated in that the repressor 
regulates the equilibrium of active and inactive/misfolded mRNA conforma-
tions. The crucial difference between this mechanism and displacement is 
the fact that binding of the repressor and 30S subunit is not mutually exclu-
sive as they do not share a common target site. The repressor binds to and 
stabilizes the misfolded mRNA conformation and traps the 30S subunit in an 
inactive ternary complex. This mode of autogenous regulation is mediated 
by the r-proteins S15 and S4 (Benard et al. 1996; Schlax & Worhunsky 
2003). 

Dual RNA binding activity prompted Nomura to suggest that the binding 
sites of autoregulatory r-proteins on rRNA and mRNA mimic each other 
structurally and constitute competitive binding sites (Nomura et al. 1980). 
This model is attractive in the sense that it provides an elegant mechanism 
that couples r-protein expression to the translational demands of the cell. As 
long as the preferential rRNA binding sites sequester the regulatory r-
proteins, the mRNAs that encode them are liberated from this feedback regu-
lation. The target sites of small subunit protein S8 provide one good example 
of this type of molecular mimicry. Merianos et al. have shown that the crys-
tal structure of S8, bound to its mRNA target site, is more or less identical to 
that of S8 bound to helix 21 of the 16S rRNA (Merianos et al. 2004). 

With relevance to the r-proteins under investigation here, both L1 and 
S20 act as translational repressors. L1 regulates synthesis of both products of 
the rplK-rplA operon, L1 and L11. By means of site-directed mutagenesis, 
the binding site of L1 was mapped to a stem structure on the bicistronic 
mRNA that overlapped the L11 translation initiation site (Baughman & 
Nomura 1984), suggestive of a displacement mechanism of inhibition. This 
stem loop resembles the L1 target site on the 23S rRNA. In the presence of 
23S rRNA, L1 suppression of r-protein synthesis was eradicated, implying 
that L1 binds preferentially to its rRNA target (Yates & Nomura 1981). The 
rpsT gene that encodes S20 sits alone in an operon and feedback regulates 
expression of itself (Parsons & Mackie 1983). Experiments by Parsons et al. 
demonstrated that the S20 target site on its own mRNA included its unusual 
UUG start codon and possibly adjacent regions in the 5’ leader sequence 
(Parsons et al. 1988). The authors also raise the possibility that efficient re-
pression may require the mRNA to be bound to the ribosome. The gene en-
coding r-protein L17 is part of the alpha-operon that is autogenously regu-
lated by small subunit protein S4 via the entrapment mechanism. 

Processing and modification of rRNA and r-proteins 

In wild-type E. coli, immature rRNA represents only 1-2% of the total rRNA 
indicating that processing to mature products occurs rapidly (Srivastava & 
Schlessinger 1990). Maturation is a multistep process consisting of two main 
events (1) cleavage by RNAses to produce rRNA strands of the correct 
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length and (2) chemical modification of the rRNA nucleotides at a number 
of positions.  

In E. coli and S. typhimurium, rRNA operons have the following basic or-
der: 16S – internal transcribed spacer I (ITS-1) – tRNA – ITS-2 – 23S – ITS-
3 – 5S (Figure 4). Complementary regions that flank the 16S, 23S and 5S 
sequences are base paired in the primary transcript to form so-called “proc-
essing stems”, the substrates for endoribonuclease cleavage. The first en-
zyme to act is RNase III which separates the rRNAs and tRNAs from each 
other to generate pre-16S rRNA (17S), pre-23S rRNA, pre-5S rRNA (9S) 
and depending on the operon, a few tRNA precursors (Deutscher 2009). In 
an RNase III deficient E. coli strain, mature 16S is formed but normal matu-
ration of the 23S rRNA is perturbed although it is still functional (King et al. 
1984). The final trimming of the precursor rRNAs is performed by exonu-
cleases in the context of pre-ribosomal particles (Deutscher 2009). The 
RNases E and G are required to generate the mature 5’ end of 16S rRNA and 
an unknown enzyme is responsible for final maturation of the 3’ end. 
RNase T in E. coli performs final maturation of the 3’ end of 23S rRNA. In 
Salmonella and some other proteobacteria processing of 23S rRNA is com-
plicated due to the presence of intervening sequences (IVSs) that are re-
moved by RNase III resulting in a 23S rRNA that is fragmented but still 
functional (Burgin et al. 1990). Interestingly, ribosomes from a Salmonella 
mutant lacking RNase III retain the IVSs and remain functional suggesting 
that fragmentation is not required for the activity of Salmonella ribosomes 
(Mattatall & Sanderson 1998). Both termini of the 9S rRNA species are 
processed by RNase E and final maturation is performed by RNase T at the 
3’ end and an unknown enzyme at the 5’ end generating 5S rRNA 
(Deutscher 2009). These rRNA processing steps are believed to initiate co-
transcriptionally before transcription of the entire operon is complete.  

 

  
Figure 4: Schematic drawing depicting the organization of an rrn operon. Comple-
mentary base pairing results in the formation of processing stems enclosing each 
rRNA species.  The positions of RNase cleavage sites are indicated with arrows. The 
letters “P” and “T” refer to promoter and terminator sequences respectively. 
Adapted from (Kaczanowska & Ryden-Aulin 2007). 
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Modification of rRNA is common to all organisms although the exact po-
sition and number of these modifications differs. The two main types are 
methylations and pseudo-uridinylations that are mostly found at functionally 
important, conserved regions of the ribosome (Decatur & Fournier 2002). 
The functional significance of these modifications is unclear due to the ap-
parent non-essential nature of some of them (Green & Noller 1996; 
O'Connor & Gregory 2011). Since they expand the chemical diversity of 
rRNA nucleosides, it has been proposed that they may alter the folding and 
interactions of rRNA (Kaczanowska & Ryden-Aulin 2007). Recently, under-
lying functional roles in ribosome biogenesis have been established for some 
modification enzymes. One example is provided by the universally con-
served KsgA enzyme that dimethylates two adjacent adenosines in the 16S 
rRNA. The viability of kasugamycin resistant strains, that lack modification 
at these sites, demonstrates that its methylation function is non-essential. The 
enzyme interacts with the same site of the 30S subunit as IF3 and 50S 
subunits (Xu et al. 2008). Thus its release is required to allow formation of 
the 70S initiation complex. Using a mutant allele of ksgA, incapable of 
methylation, Connolly et al. cleverly showed that its methyltransferase activ-
ity is a pre-requisite for dissociation of the enzyme suggesting that methyla-
tion per se was secondary to its role in regulating 30S biogenesis (Connolly 

et al. 2008).  
Many of the r-proteins are also subject to chemical modification, the most 

well known being the acetylated form of L12, referred to as L7. Small 
subunit proteins S5, S6, S11, S12 and S18 along with large subunit proteins 
L3, L11, L16 and L33 also undergo modification, some carrying more than 
one modification. The most common r-protein modification is methylation 
and it is observed in all three kingdoms (Polevoda & Sherman 2007). Similar 
to rRNA, the significance of these modifications remains unclear, although 
some of the methylated proteins are functionally important during various 
steps in translation. For example, L7/L12 is involved in the recruitment and 
GTPase activation of translation factors (Savelsbergh et al. 2000) and is 
required for rapid subunit association in the presence of IF2 (Huang et al. 
2010). 

Subunit assembly 

Construction of the ribosomal subunits from their raw materials has been a 
subject of intense interest ever since the discovery of the ribosome more than 
50 years ago. As substantiated from the work of in vitro reconstitution stud-
ies, it can be described as a self-assembly process as all of the information 
required to manufacture each subunit is contained within the primary se-
quences of the rRNA and r-proteins. However given the non-physiological 
requirements of in vitro assembly, an array of accessory factors that stream-
line and accelerate the process are involved in vivo (Wilson & Nierhaus 
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2007). The existence of a so-called “assembly gradient” has the added ad-
vantage of directionality due to the coupling of assembly to rRNA transcrip-
tion in the cell. This simplifies the process and makes it more energetically 
favourable due to the involvement of fewer initial components (Nierhaus 
1991). Much of what we know is based on the 30S subunit, which due to its 
smaller size, represents the simplest ribosomal complex.  

30S subunit assembly 

In the early 1970s, Nomura and colleagues pioneered the development of an 
in vitro assembly map for the 30S subunit by reconstituting mature 16S 
rRNA and a mixture of small subunit proteins (Mizushima & Nomura 1970; 
Held et al. 1974). These experiments were the first indication that the addi-
tion of r-proteins to rRNA was a hierarchical and highly cooperative process. 
As such the proteins were classified as primary, secondary or tertiary binders 
depending on whether they were capable of binding naked rRNA or required 
an RNA-protein complex for binding. Proteins S4 and S7 were later identi-
fied as the assembly initiator proteins, befitting the observation that they 
directly contact the rRNA (Nowotny & Nierhaus 1988). The seminal ex-
periments of Nomura provided a springboard that has lead to the application 
of a host of other techniques aimed at dissecting the process further. 

One successful approach made use of time-resolved hydroxyl radical 
footprinting, a technique developed in the Woodson lab that measures the 
solvent accessibility of the rRNA backbone (Woodson 2008). Using the 5’ 
domain of 16S rRNA, Adilakshmi et al. were able to demonstrate that, in the 
presence of high Mg2+, almost all of the predicted tertiary interactions were 
made in the absence of proteins (Adilakshmi et al. 2005). This clearly indi-
cated that the folding instructions are an inherent feature of the rRNA pri-
mary sequence. It was also noted that the proteins were required to stabilize 
the structure at physiological conditions and since up to half of the rRNA 
population was trapped in misfolded conformations, it seemed likely that the 
proteins were also needed to facilitate re-folding of non-productive interme-
diate states. In a follow-up study, this time using the entire 16S rRNA se-
quence and 30S proteins, they found that nucleotides from different domains 
had similar rates of protection which would imply simultaneous and inde-
pendent folding of the 16S rRNA domains and r-protein binding 
(Adilakshmi et al. 2008). Their data supports the existence of multiple paral-
lel assembly intermediates containing various subsets of proteins. 

Another informative approach utilized to monitor the kinetics of assembly 
makes use of pulse-chase labeling monitored by quantitative mass spec-
trometry. Talkington et al. developed this effective method to measure the 
rates of r-protein binding to assembling 30S complexes (Talkington et al. 
2005). The results demonstrate that the order of protein binding matches that 
predicted by Nomura’s equilibrium assembly map (Figure 5) and rather than 
a single trajectory, multiple routes are available to achieve the same final 
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conformation. This notion is also supported by an in vivo study, in which an 
ensemble of heterogeneous 30S and 50S intermediates was observed when 
cells were treated with the assembly inhibitor neomycin (Sykes et al. 2010). 
Such an assembly landscape would have the advantage of circumventing 
complete breakdown of the biogenesis cascade in the event of mutations or 
deficiencies. This is exemplified by the viability of an E. coli mutant lacking 
r-protein S15, a protein initially believed to be essential for assembly of the 
platform of 30S subunits (Bubunenko et al. 2006). Time-resolved electron 
microscopy has also facilitated visualization of structural intermediates dur-
ing 30S assembly, and this method provides further evidence of the exis-
tence of parallel assembly pathways (Mulder et al. 2010). 

 

 
Figure 5: Order and dependencies of protein binding during in vitro assembly of the 
30S subunit based on the binding kinetics of r-proteins. Proteins are coloured ac-
cording to their binding rates; red are the first to bind, followed by orange, green, 
and blue. R-proteins coloured grey are the last to bind. Adapted from (Talkington et 

al. 2005).  
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Much less attention has been devoted to assembly of the large subunit owing 
to the fact that the process is compounded by twice as much rRNA and al-
most twice as many proteins compared to the 30S subunit. The lack of corre-
spondence between the six secondary domains of the 23S rRNA and its terti-
ary domains provided the first clue that the assembly process would be more 
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30S, two proteins were identified as assembly initiator proteins, L3 and L24 
(Nowotny & Nierhaus 1982) and L20 was later shown to partially fulfill the 
role of L24 when this protein was absent during reconstitution (Franceschi & 
Nierhaus 1988). Proteins L5, L18 and L25 mediate interactions between the 
23S and 5S rRNAs and together with the 5S rRNA constitute the central 
protuberance of the large subunit (Korepanov et al. 2007). Given the large 
repertoire of 50S intermediates generated upon treatment with neomycin in 

vivo (Sykes et al. 2010), it seems evident that the complexity of 50S assem-
bly shares similarities with that of the 30S subunit although we are much 
further away from a detailed scheme of events. 

 

 
Figure 6: In vitro assembly map of the 50S subunit. Thick, thin and dashed arrows 
indicate strong, weak, and very weak binding interdependencies. The line enclosing 
proteins L5, L18 and L15 indicates that these three proteins mediate interactions 
with the 5S rRNA. Adpated from (Rohl & Nierhaus 1982). Structural studies have 
indicated that L25 replaces L15 as one of the principal mediators of 5S rRNA inter-
actions (Lu & Steitz 2000). 

 
Ancillary factors 
In addition to the various enzymes that process and modify the ribosomal 
components, a seemingly ever-expanding number of protein factors appear 
to be directly involved in assembly. These include GTPases, helicases, chap-
erones, ribosome maturation factors and a diverse array of factors of un-
known function (Connolly & Culver 2009). In all likelihood such factors 
influence the course of assembly in vivo despite the fact that some are non-
essential. Indeed, many of these assembly factors were indentified by means 
of deletion studies in which ribosomal precursor particles and immature 
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rRNA species were detected (Charollais et al. 2003; Peil et al. 2008; Nord et 

al. 2009).  
Delineating the temporal order of their binding and departure on the as-

sembling ribosome, their precise targets and their potential interactions with 
other factors will undoubtedly help in piecing together the assembly puzzle. 
The high level of conservation among bacteria as well as the essential nature 
of some of these extra-ribosomal factors, for example Era (Inoue et al. 2003) 
and Der (Hwang & Inouye 2006), has generated much interest as they could 
potentially be exploited as targets for emerging antibacterial compounds 
(Comartin & Brown 2006). 

Degradation and turnover of ribosomal components 

No biological process is entirely error-free and given the inherent complex-
ity of ribosome synthesis and assembly, departures from the productive 
pathways can and do occur, even in wild-type cells. Misassembled ribo-
somes can pose a threat to the cell by, for example, sequestering translational 
factors and r-proteins or impeding the activity of their productive counter-
parts. Under normal growth conditions rRNA and tRNA are very stable, 
however direct evidence to support a quality control system targeted at 
rRNA degradation has recently become available. Cheng et al. discovered 
that a double knockout of the exoribonucleases RNase R (rnr gene) and 
PNPase (pnp gene) is lethal in E. coli by combining an rnr deletion with a 
temperature-sensitive mutation in pnp (Cheng & Deutscher 2003). Shifting 
the growth temperature from permissive to non-permissive resulted in the 
accumulation of a large amount of fragmented rRNA accompanied with a 
decrease in 16S and 23S rRNA leading to eventual cell death. Although the 
manner of fragment formation was not established, the data suggest that they 
are by-products of normal rRNA metabolism and are rapidly cleared in wild-
type cells due to the action of RNase R and PNPase. 

Regarding r-protein turnover, Pulk et al., have shown that upon chemical 
damage a sub-set of r-proteins can be exchanged on the ribosome in vitro to 
restore activity (Pulk et al. 2010). By using N-ethylmaleimide to modify 
cysteine residues the authors could show that this treatment leads to defects 
in ribosome activity. However incubation of these damaged ribosomes with 
an extract of 70S proteins resulted in a two-fold improvement in activity, 
suggesting that the modified r-proteins were replaced with undamaged coun-
terparts. Unlike ribosome reconstitution from isolated components, this r-
protein replacement was temperature independent indicating that no major 
conformational changes were required. In line with this observation, it was 
found that surface-exposed, loosely bound proteins were responsible for re-
activation. In addition, the authors provided evidence that such replacement 
occurred in vivo during stationary phase when proteins are most prone to 
chemical damage as a result of oxidative stress (Nystrom 2004). As opposed 
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to degradation of rRNA, the data here suggests that a fraction of defective r-
proteins are replaceable which is ultimately more beneficial for the cell in 
terms of energy consumption. Further evidence for the recycling of r-
proteins is provided by a study in which the origin of r-proteins in precursor 
ribosomal particles was detected using pulse-labeling (Sykes et al. 2010). In 
this study a mixture of labeled (newly synthesized) and unlabeled (re-used) 
r-proteins were detected in the immature 30S subunit peak following sedi-
mentation analysis. Whether these precursor 30S subunits were new, matur-
ing particles or old, degraded particles could not be distinguished although 
fragmented rRNA was not detected suggesting that the former scenario is 
more feasible. 

Ribosomal Proteins 
The majority of research in the ribosome field is dedicated towards an un-
derstanding of the detailed mechanisms governing translation, which has 
lead to particular fixation on rRNA. This is not surprising considering that 
rRNA predominates at the main functional sites and is responsible for decod-
ing and peptidyl-transfer, the fundamental tasks of the ribosome. Generally 
speaking the r-proteins are considered integral to endowing an otherwise 
flaccid RNA structure with crucial structural support to tighten rRNA do-
main interactions thereby favouring a firm and robust structure (Cech 2000). 
The exact number of proteins tends to vary according to species but in E. 

coli and S. typhimurium, 21 proteins are associated with the small subunit (S 
proteins) and 33 with the large subunit (L proteins) (Wilson & Nierhaus 
2005). Eukaryotic ribosomes contain approximately 20-30 additional r-
proteins (Doudna & Rath 2002). 

General features 

Bacterial r-proteins come in a range of sizes, the smallest encompassing 46 
amino acids (L34), and the largest 557 amino acids (S1). All r-proteins are 
present as a single copy per ribosome, the only exception being L7/L12 
which is present as a dimer of dimers, referred to as the L7/L12 stalk 
(Ramakrishnan & White 1998). Atomic resolution structures of the ribo-
somal subunits revealed important insights into the structure and spatial or-
ganization of the r-proteins and their interactions with rRNA. The majority 
of the proteins are unevenly distributed at the periphery and back of both 
subunits, remote from the major functional sites of the ribosome. Many of 
the proteins are in direct contact with rRNA and consist of a globular, sur-
face exposed domain with extended projections that insert into the mesh of 
rRNA helices to reach deep into the ribosome interior (Maguire & 
Zimmermann 2001). The amino acid composition of these long tails appears 
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to be suited to extensive rRNA contact as they contain a high density of ba-
sic amino acids such as lysine and arginine, possibly to neutralize the nega-
tive charges of the phosphate residues in the rRNA backbone (Wilson & 
Nierhaus 2005). This feature is likely to be important for promoting correct 
folding of the rRNA. They also contain a high proportion of glycine residues 
that are proposed to facilitate threading of the tails through the narrow crev-
ices surrounding the RNA helices. As opposed to the globular domains, the 
structures of these extensions are often disordered in the isolated protein 
probably because they only assume an ordered structure upon interaction 
with rRNA (Steitz & Moore 2003). Unlike other nucleic acid binding pro-
teins, the r-proteins seem to rely on rRNA shape rather than sequence for 
their binding specificities as the majority of the interactions occur via the 
rRNA backbone rather than base-specific contacts (Brodersen et al. 2002; 
Klein et al. 2004). As one would suspect rRNA-protein contact is extensive, 
especially in the large subunit, where 23 of the 50S proteins contact at least 
two rRNA domains creating an interwoven web of contacts. One extreme 
example is L22 which interacts with all six domains of the 23S rRNA (Steitz 
& Moore 2003). Given the comprehensive array of interactions, it is not 
surprising that the proteins are ascribed a general function in maintaining the 
overall morphology and architecture of the subunits. 

Roles in and outside the ribosome 

The high level of co-operativity within the ribosome hinders the assignment 
of defined functions to particular proteins. Yet, research has revealed that 
certain r-proteins do in fact enrich the ribosome with more than merely 
structural support and are involved in a variety of processes both within and 
outside of translation. 

Functions within translation 

The requirement of certain r-proteins for proper ribosome biogenesis and 
assembly is well documented (Kaczanowska & Ryden-Aulin 2007, and 
refernces therein), and with the results of paper II large subunit protein L1 
can now be added to this list. Other proteins with designated functions in-
clude the largest r-protein S1. It is located on the small subunit at the junc-
tion of the head, platform and body and interacts with the 5’ region of 
mRNA to tether it to the 30S during initiation (Sengupta et al. 2001). How-
ever the SD-aSD interaction promotes the stronger and more specific at-
tachment of mRNA.  

Mutants with altered versions of small subunit protein S12 probably rep-
resent the most studied r-protein mutants due to the involvement of this pro-
tein in decoding. The antibiotic streptomycin is known to alter translational 
accuracy by inducing an “error-prone” phenotype, the basis of which has 
been demonstrated structurally. Streptomycin facilitates closure of the 30S 
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subunit by making contacts between the shoulder domain and central part of 
the subunit. Such interactions resemble those induced upon formation of a 
cognate codon-anticodon duplex and thus the antibiotic stabilizes domain 
closure even in the presence of incorrect aa-tRNA substrates (Ogle et al. 
2003). This activity results in an increase in the erroneous incorporation of 
near- and non-cognate tRNAs which in turn reduces the fidelity of transla-
tion (Carter et al. 2000). Certain mutations in S12, at residues that contact 
helices 27 and 44 of the 16S rRNA upon domain closure, confer resistance 
to streptomycin. These mutated versions of S12 counteract this ram (ribo-
somal ambiguity) phenotype possibly by destabilizing the closed 30S con-
formation to introduce an error-restrictive conformation to the A-site while 
reducing the rate of translation (Ogle et al. 2002). In certain cases the S12 
mutants are dependent on streptomycin for growth as the hyper-accurate 
phenotype is so extreme that it requires destabilization by the antibiotic to 
restore acceptable levels of error restriction and rescue translation (Carter et 

al. 2000). In addition mutations in S4 and S5 promote formation of the ram 
state and are found to compensate the slow-growth phenotype of error-
restrictive S12 mutants (Kurland 1996; Maisnier-Patin et al. 2002). Together 
with S3, r-proteins S4 and S5 have an additional role in unwinding stable 
secondary structures in the mRNA to facilitate its passage through the entry 
pore during translation (Takyar et al. 2005). 

In terms of proteins on the large subunit, the L1 stalk is proposed to be 
involved in tRNA translocation and deacylated tRNA release (see section on 
L1). Protein L27 as well as S9 and S13 on the small subunit appear to be 
important in the positioning of tRNAs at the A- and P-sites for peptidyl 
transfer, although their mutation or deletion does not completely abolish 
peptidyl transferase activity implying more of a supportive rather than an 
essential role (Hoang et al. 2004; Maguire et al. 2005). It is reported that the 
highly mobile L7/L12 stalk binds directly to and recruits the G-protein fac-
tors to the ribosome (Helgstrand et al. 2007) and may play a role in GTP 
hydrolysis by stabilizing the activated GTPase confirmation of these factors 
(Diaconu et al. 2005). Extended regions of proteins L4 and L22 protrude 
into the interior of the polypeptide exit tunnel at a site that is proposed to be 
involved in interactions with the nascent polypeptide that can in turn regulate 
translation (Wilson & Nierhaus 2005). Furthermore, the proteins L22, L23, 
L24 and L29 that are suggested to function as anchors for chaperones, encir-
cle the exit site of the tunnel. L23 was shown to be the docking site of the 
signal recognition particle (SRP) that targets newly synthesized proteins to 
the cytoplasmic membrane (Gu et al. 2003) and it also binds the chaperone 
Trigger Factor required to assist the folding of nascent peptides (Kramer et 

al. 2002).  
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Extraribosomal functions 

The most well known function of the r-proteins outside of protein synthesis 
is their ability to feedback regulate their own expression at the translational 
level as described earlier. Furthermore, one third of all large subunit proteins 
in E. coli possess chaperone activity and in the case of L1 this is conserved 
across the three phylogenetic domains (Semrad et al. 2004; Ameres et al. 
2007). This observation suggests that these proteins may be involved in 
chaperoning ribosome assembly but may also function in rescuing or pre-
venting RNA misfolding outside of the context of the ribosome.  

Small subunit protein S10 (NusE) is involved in transcriptional antitermi-
nation and recently a direct connection between the RNA polymerase (via 
NusG) and the ribosome (via NusE) was detected (Burmann et al. 2010). 
This interaction is likely to facilitate coupling of transcription and translation 
by keeping the ribosome in close proximity to the nascent mRNA transcript 
during transcription elongation. In addition, this tethering of the ribosome to 
the polymerase may also help in the prevention of RNA polymerase back-
tracking, suggestive of a role for the ribosome in controlling the rate of tran-
scription (Proshkin et al. 2010). 

Conservation 

In the majority of bacteria, the r-protein genes exist as single copies and are, 
for the most part, clustered in a few operons on the chromosome. In eukaryo-
tes many r-protein genes exist as paralogous pairs that are commonly scat-
tered across the chromosomes (Lecompte et al. 2002). Both Archaea and 
Eukarya contain more r-proteins than Bacteria and a higher degree of con-
servation exists between the r-protein complement of Archaea and Eukarya 
(Lecompte et al. 2002). This would suggest that the archaeal ribosome is a 
small-scale version of the eukaryotic ribosome. In addition the lack of a 
shared r-protein pool between the Bacteria and Archaea/Eukarya lends sup-
port to the view that the bacterial lineage diverged from the common ances-
tor before separation of the Archaea and Eukarya from each other (Figure 7). 

All three kingdoms share a common pool of 34 r-protein families (Fig-
ure 7). The conservation of rRNA and r-proteins follows a similar pattern, in 
that those proteins that lack universal conservation tend to reside at the pe-
riphery of the subunits and are remote from the functional core (Mears et al. 
2002). Twenty-three bacterial specific r-protein families exist, indicative of 
specialization of the bacterial ribosome at an early point in evolution. 
Among the bacterial lineage, a stable pool of approximately fifty proteins 
exists (19 in the small subunit and 31 in the large subunit). Proteins S1, S21, 
L25, and the universally conserved protein L30 show disparate distributions 
(Lecompte et al. 2002; Mears et al. 2002). In the case of S1 and S21, the 
pattern of loss shows inconsistencies, as their absence occurs in only a few 
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widely dispersed organisms. This would indicate independent gene losses. It 
has been suggested that L25 is a late-comer to the bacterial ribosome which 
may explain its absence in certain lineages (Lu & Steitz 2000). Loss of L30, 
on the other hand, is a little more puzzling, since it is absent in some bacte-
rial lineages and is conserved in the Archaea and Eukarya (Lecompte et al. 
2002). 
 

 
Figure 7: General distribution of r-protein families among the three kingdoms: 
Eukarya (E), Archaea (A) and Bacteria (B). The numbers indicate the average num-
ber of proteins present in each domain or shared between domains, numbers en-
closed in parentheses refer to proteins found in the small;large subunits respectively. 
Adapted from (Lecompte et al. 2002). 
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studies have demonstrated that those proteins lacking bacterial homologues 
form multiple contacts with the extra rRNA sequences (expansion segments) 
present in the eukaryotic structure (Wool et al. 1995). It is likely that these 
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factors or they may play important extra-ribosomal roles (Dresios et al. 
2006). Taking organellar conservation into consideration, a complete rever-
sal of the RNA:protein ratio is observed. Mammalian mitochondrial ribo-
somes are protein-rich and about half of their proteins are homologous to 
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Non-essential r-proteins 

Despite quite a high level of conservation, many ribosomal proteins are non-
essential in bacteria (Dabbs 1991; Ryden-Aulin et al. 1993; Wower et al. 
1998; Bubunenko et al. 2007; Korepanov et al. 2007). Loss of these proteins 
is not fatal, although the ribosome suffers various degrees of impairment. 
Thus, it is certain that the interplay of proteins and rRNA is required for 
optimal ribosomal activity. The ribosome is indeed a ribozyme but as Cech 
pointed out "admittedly one dependent on structural support from protein 
components" (Cech 2000). 

The first described mutant lacking a ribosomal protein was identified as a 
suppressor of a temperature sensitive valyl-tRNA synthetase mutation in E. 

coli (Wittmann & Stoffler 1975). One of the strains that conferred partial 
suppression of the phenotype failed to demonstrate r-protein S20 when 
tested by two-dimensional (2D) gel electrophoresis and using antiserum 
against S20. A few years later, Dabbs and colleagues set up a selection sys-
tem to hunt for alterations in r-proteins in E. coli with the aim of assessing 
ribosomal function and to aid mapping of the r-protein genes on the chromo-
some (Dabbs & Wittman 1976). Dabbs used a streptomycin-dependent strain 
of E. coli K12 that had the unique property of spontaneously generating 
streptomycin-independent mutants. Several of the isolated mutants showed 
alterations in a total of 28 different r-proteins (as determined by 2D-gel elec-
trophoresis). These spontaneous streptomycin-independent mutants arose at 
low frequency (approximately 10-10). In an attempt to broaden the variety 
and frequency of altered proteins, the mutagen N-methyl-N'-nitro-N-
nitrosoguanidine (NG) was used to initially mutagenize the streptomycin 
dependent strain which gave rise to antibiotic-independent revertants at 
much higher frequencies and alterations in almost all r-proteins (Dabbs 
1978). To take it a step further and isolate mutants that lacked an r-protein, 
antibiotic sensitive cells were mutagenized in another study. These cells 
were subsequently selected for dependence on erythromycin and the mutants 
isolated were then selected for reversion to erythromycin independence 
(Dabbs 1979). The revertants obtained appeared to lack one of six individual 
r-proteins. In a series of other selection studies, using various chemical 
mutagens and antibiotic selection screens, strains were isolated lacking one 
or more of 16 individual r-proteins (S1, S6, S9, S13, S17, S20, L1, L11, L15, 
L19, L24, L27, L28, L29, L30 and L33) (Dabbs 1991). In all of these stud-
ies, absence of each protein was only verified on the protein level by means 
of 2D-gel and immunological methods using antibodies specific for each 
missing protein. The mutants exhibited a conditional lethal phenotype and 
were varied in terms of growth properties. These studies were certainly 
seminal in terms of showing the non-essential nature of certain r-proteins but 
follow-up studies designed to determine the nature of the ribosomal defects 
and growth impairments were hampered by the chemical mutagenesis and 
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selection methods used for the isolation of mutants. These strains were sub-
ject to mutagenesis on a genome-wide scale and were therefore not fully 
defined genetically, which creates difficulty in specifically linking the phe-
notype to absence of the protein. 

Since then many advances have been made in the techniques used for bac-
terial genetic engineering. In recent years, these new methods have been 
exploited for the generation of E. coli mutants in which the gene of interest 
is precisely replaced with a selectable antibiotic resistance marker (Datsenko 
& Wanner 2000; Sharan et al. 2009). Using this approach a number of r-
protein null mutants have now been isolated and represent important tools 
for the investigation of the phenotypes associated with r-protein removal 
(Wower et al. 1998; Cukras & Green 2005; Bubunenko et al. 2006; 
Korepanov et al. 2007). 

R-proteins of particular interest 

A brief summary of the features, proposed functions and published data re-
garding the three r-proteins that are the major focus of the studies in this 
thesis follows below. 

S20 

Ribosomal protein S20 is encoded by the rpsT gene, which, in contrast to 
most other r-protein genes, exists singly in its own operon. Although it is a 
designated small subunit protein, it has occasionally been co-purified with 
the large subunit and mistakenly identified as large subunit protein L26 
(Wilson & Nierhaus 2005). It is specific to bacterial ribosomes as no homo-
logue exists in either the Eukarya or Archaea. The S20 protein, encompass-
ing 87 amino acids, exhibits mRNA binding activity and modulates its own 
expression at the level of translation as described earlier.  

S20 represents one of the primary rRNA binders and interacts directly 
with the 16S rRNA during assembly of the 30S subunit (Figure 5). The pri-
mary binders are considered important in initiating proper folding of the 
major structural domains and facilitating the addition of later binding pro-
teins. In Nomura’s original assembly map, binding of S13 was dependent on 
prior attachment of S20 (Mizushima & Nomura 1970). Since then, S13 has 
been repositioned on the assembly map (Grondek & Culver 2004) and the 
only protein that appears to require S20 during 30S assembly is S16, which 
also relies on S4 for attachment (Figure 5).  

High-resolution structural studies have placed S20 at the base of the body 
of the 30S subunit. It is one of the few small subunit proteins that interacts 
with two 16S rRNA domains where it contacts several helices in the 5’ do-
main and helix 44 (h44) of the 3’ minor domain (Brodersen et al. 2002). 
Hydroxyl radicals generated from Fe(II)-tethered S20 were used to deter-
mine its interactions with the 5’ and 3’ minor rRNA domains during 16S 
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folding and 30S assembly (Dutca & Culver 2008). The results of this study 
suggest that the organization of both domains, relative to S20, changes de-
pending on the assembly stage such that interactions with the 5’ domain 
predominate early and strong interactions with h44 occur later in the pres-
ence of additional r-proteins. It has been suggested that since S20 is the only 
protein present at the base of the 30S body and the main protein interacting 
with h44, it is probably crucial for maintaining and stabilizing the correct 
conformational arrangements in this region in mature 30S particles 
(Brodersen et al. 2002). 

The most well studied S20 mutants were isolated by Dabbs as suppressors 
of streptomycin and erythromycin dependence (Dabbs 1978; Dabbs 1979). 
The doubling time of these strains was estimated to be at least 75 minutes 
versus 22 minutes for the wild-type (Dabbs 1979). Follow-up studies aimed 
at understanding the ribosomal defect caused by loss of the protein indicated 
poor association of the mutated 30S with wild-type 50S subunits based on 
sucrose gradient ultracentrifugation experiments and protection of P-site 
tRNA from hydrolysis by peptidyl tRNA hydrolase (Gotz et al. 1989). In a 
second article, partial reactions exclusively using the mutant 30S subunits 
revealed defects in translation initiation (Gotz et al. 1990). More specifi-
cally, no defect in the binding of poly(U) or poly(AUG) was detected, how-
ever, the authors propose that the slow growth rate was due to slow initiator 
tRNA binding and a defective codon-anticodon reaction at the P-site as well 
as instability of initiation complexes. An S20 mutant, obtained as a sponta-
neous erythromycin-dependent suppressor, was also isolated in a later study 
(Wild 1988). Ribosome sedimentation profiles revealed that this strain pro-
duced precursor 30S particles and fewer 70S ribosomes. In a separate study, 
an E. coli rpsT mutant was isolated as a suppressor of nonsense codons 
(Ryden-Aulin et al. 1993). This slow-growing mutant had a deletion cover-
ing the S20 ORF and grew poorly at 42°C. In addition, subunit association 
was defective (determined by sucrose gradient ultracentrifugation) and al-
terations in the methylation pattern of 16S rRNA were observed. The authors 
speculate that two particular 16S rRNA modifications (m5C and m2

6A), 
which were under-represented in the association-defective 30S subunits, 
were required for the formation of S20-depleted 70S complexes. More re-
cently, the recombineering approach has been used to isolate in-frame dele-
tions of rpsT but no data to describe the phenotypic effects of these deletions 
is currently available (Baba et al. 2006; Bubunenko et al. 2007). 

L1 

Ribosomal protein L1 is encoded by the rplA gene and is one of the largest r-
proteins comprising 234 amino acids. It occupies an operon with the struc-
tural gene for r-protein L11 and as mentioned earlier, L1 regulates expres-
sion of itself and L11 (Baughman & Nomura 1984). The protein is univer-



 46

sally conserved and homologues of bacterial L1 exist in the Archaea and 
Eukarya.  

It binds directly to the 23S rRNA and is not known to directly influence 
the binding of any other proteins during 50S assembly (Figure 6). Along 
with helices 76-78 of the 23S rRNA, the protein constitutes a highly flexible 
region of the 50S subunit known as the L1 stalk. Consistent with its inherent 
mobility, this region was disordered in the first high-resolution crystal struc-
ture of the H. marismortui 50S subunit (Ban et al. 2000). In the crystal struc-
ture of the T. thermophilus 70S with bound tRNAs at the A-, P- and E-sites, 
the L1 stalk adopts the so-called closed conformation. In this position, L1 
makes contact with the elbow of the E-site tRNA and, together with small 
subunit protein S7, was proposed to act as a gate blocking tRNA release 
(Yusupov et al. 2001). That same year, the crystal structure of the 50S 
subunit from D. radiodurans was published in which the L1 stalk was ex-
tended further from the main 50S body implying that it could also adopt an 
open conformation (Harms et al. 2001). Comparison of the crystal structures 
were the first indications that the stalk might be involved in translocation 
and alluded to a role in regulating the release of tRNA from the E-site. 

Subsequent to this a number of experiments have been performed with the 
aim of delineating stalk dynamics during translocation. A cryo-EM study 
suggested that the stalk actively participates in pulling the deacylated tRNA 
from the P- to the E-site during translocation (Valle et al. 2003). In recent 
years, single-molecule fluorescence resonance energy transfer (smFRET) 
technology has revolutionized investigations of the dynamics of L1 stalk 
movement. One study utilised L1-depleted ribosomes and a destabilization 
of tRNAs in the hybrid state was observed. The authors suggested that rather 
than direct involvement, the stalk facilitated the structural rearrangements 
that increased the affinity of the deacylated tRNA for the E-site (Munro et 

al. 2007). Furthermore, a number of FRET studies have yielded conflicting 
results regarding the coupling of stalk motions to intersubunit rotation and 
tRNA movement during translocation (Fei et al. 2008; Cornish et al. 2009; 
Fei et al. 2009; Munro et al. 2010). Regardless of whether these motions 
occur in a correlated or stochastic manner, the overall picture that emerges 
suggests that the stalk is involved in the transit of deacylated tRNA to the 
E-site followed by its release from the ribosome. The underlying contribu-
tion of protein L1 to the movements and participation of the stalk in this 
process is unclear. Although L1 constitutes a major component of the stalk, 
its mobility is suggested to be an inherent feature of the flexibility of the 
rRNA stem by virtue of conserved G-U base pairs in H76 (Korostelev et al. 
2008b). Apart from its role in translation, L1 exhibits RNA chaperone activ-
ity, a feature shared with many large subunit proteins (Semrad et al. 2004; 
Ameres et al. 2007). 

Despite the universal conservation of L1, E. coli strains lacking this pro-
tein have been isolated. Two independent L1 mutant strains were isolated as 
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spontaneous revertants of a spectinomycin- and kasugamycin-dependent 
strain respectively (Dabbs 1977; Dabbs 1980). The antibiotic dependent 
strains were initially obtained following ethylmethane sulfonate mutagene-
sis. Absence of L1 was only verified on the protein level by means of 2D-gel 
electrophoresis and immunological tests (Dabbs et al. 1981). The first publi-
cation detailing functional activity of the L1 mutant ribosomes suggested 
that they were approximately 50% less active in the in vitro production of 
polypeptide in both poly(U) and phage MS2 RNA directed systems 
(Subramanian & Dabbs 1980). The growth rate of the mutants was also ap-
proximately 50% slower than wild-type and polypeptide synthetic activity 
was restored to wild-type levels upon reconstitution with purified L1. In a 
later study, using a poly(U) directed system, it was found that both the bind-
ing of N-acetyl-Phe-tRNA to the P-site and stimulation of EF-G dependent 
GTP hydrolysis in the presence of tRNA and mRNA were significantly 
compromised with these same ribosomes (Sander 1983). A defect at the 
translocation step was not detected however. Another L1 deletion strain was 
isolated as a spontaneous erythromycin-independent revertant from an eryth-
romycin-dependent strain that was created by mutagenesis with NG. This L1 
mutant strain showed an excess of free ribosomal subunits and fewer 70S 
ribosomes when the sedimentation profile of ribosomal particles was exam-
ined (Wild 1988). As opposed to the aforementioned L1 lacking strains ob-
tained using antibiotic selection systems, a genetically defined rplA deletion 
strain has been constructed in E. coli (Baba et al. 2006), but at the time of 
writing, details of the phenotype of this mutant are unknown. 

L17 

Large subunit protein L17 is encoded by the rplQ gene and forms part of the 
alpha operon that also encodes r-proteins S13, S11, S4 and the alpha subunit 
of RNA polymerase. R-protein S4 acts as an autogenous regulator of this 
operon. L17 is 127 amino acids in length and is highly conserved among 
bacteria but is absent in the Eukarya and Archaea. In mature 50S subunits of 
T. thermophilus, the protein is located on the solvent side on the main body 
of the subunit (Selmer et al. 2006). The rplQ gene is categorized as an essen-
tial gene in E. coli K12 since gene disruption by means of recombineering 
failed to produce a knockout of this gene (Baba et al. 2006). No precise 
functional role has been assigned to L17, either within or outside of its ribo-
somal context. 

Ribosomal complexity – an evolutionary riddle 
To assert that biology is accustomed to complexity is a straightforward no-
tion. We are familiar with the complex arrangements of atoms that make up 
biomolecules and the complex assemblies of cells and tissues that make up 
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organs and entire organisms. Even in the humble bacterial cell the ribosome 
represents a biomolecule of vast complexity, however very little is known 
about how this complexity emerged. We can be certain that evolution has 
shaped ribosomal complexity but a more interesting question addresses how 
this might have occurred. In a sense the situation is unfortunate, the more we 
learn about the ribosome, the more perplexing its evolution appears as the 
complexity and co-operativity of both its structure and function is magnified 
even further.  

Translation, as we know it today, is carried out by a ribonucleoprotein. 
Whatever its origins, we do know that proteins are an integral component of 
the current coded system. The most obvious question that arises is how were 
the first r-proteins synthesized if ribosome function depends on proteins? 
The realization that RNA is responsible for the major functional tasks of the 
ribosome has paved a way forward out of this apparent paradox (Moore & 
Steitz 2010). Furthermore simple RNA molecules selected in vitro have de-
monstratable peptidyl-transferase activity, the core enzymatic activity of the 
ribosome (Zhang & Cech 1997). Thus the idea that the modern ribosome 
evolved from an all RNA particle sits comfortably with most people. To 
imagine how the spectacular process of contemporary protein synthesis 
could have evolved from a primitive RNA world is a much more difficult 
concept to grasp.  

The ribosome is often viewed as a stepping stone from a primordial nu-
cleic acid based world to the current protein based world of modern cells 
(Woese 2001). One would predict that the first peptides were quite simple in 
nature, possibly of fixed or random sequence. It has been suggested that 
these primitive peptides might have acted as non-specific chaperones and 
stabilized RNA structures (Poole et al. 1998). Noller extends this hypothesis 
further and proposes that translation evolved to expand the repertoire of 
RNA structural motifs and thus augment its functional capabilities (Noller 
2010). It is an attractive hypothesis considering that no positive selection for 
a protein based world would have existed until the translation apparatus de-
veloped the capacity to synthesize active proteins with discrete selectable 
functions of their own. It is supported by a variety of observations where 
small peptides and ligands are known to induce the formation of unusual 
RNA tertiary rearrangements such as the Tat protein of HIV virus that re-
quires only a short stretch of arginine residues to cause complete rearrange-
ment of the TAR RNA that is essential for virulence (Puglisi et al. 1992). In 
addition the r-proteins themselves are ascribed a major role in folding the 
rRNA into biologically active conformations (Cech 2000). 

The complexity of ribosome function is addressed in this thesis in terms 
of the functional contributions made by specific ribosomal proteins. As ex-
pected both removal and replacement of native proteins conferred fitness 
costs although the costs of removal were much greater than those of re-
placement suggesting that in the complete absence of a protein stabilizer the 
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rRNA adopts sub-optimal conformations. To probe deeper into the func-
tional roles of the proteins, and to gain some insight into the complex co-
operative nature of ribosome function, r-protein mutants were evolved to 
determine the mechanisms by which ribosome function and fitness were 
improved. 

Concept of fitness 
The topic of evolution is tightly linked to the concept of fitness. There are a 
number of alternative definitions of fitness but in essence they all refer to the 
ability of an organism or genotype to survive and reproduce in a given envi-
ronment (Orr 2009). Naturally, the environment of an organism can vary 
over time and this will be hugely influential in determining which genotypes 
win and which genotypes lose. In any particular environment, the fittest 
genotype will be more successful at survival and propagation and thereby 
contribute more genes to subsequent generations. Likewise, genotypes of 
low fitness contribute less genetic material to successive generations and 
will eventually become lost from a population.  

Throughout this body of work the term relative fitness is encountered fre-
quently. This is a common term in population genetics and is often expressed 
as the fitness of a particular genotype or strain normalized to wild-type fit-
ness (Orr 2009). Relative fitness, as opposed to absolute fitness, is generally 
a more informative statistic as it describes differences in fitness upon which 
selection acts to determine the evolutionary success of different genotypes.  

Bacterial fitness can be measured in the laboratory using a number of 
techniques. One of the most straightforward methods utilizes generation 
times measured during exponential growth. One weakness of this measure-
ment is its failure to evaluate growth performance over the entire growth 
cycle. This can be overcome by means of pair-wise competition experiments 
in which the test strain and reference strain are differentially labeled with 
genetic markers and mixed in an equal ratio before the commencement of 
growth. During the competition experiment representative samples are with-
drawn and the relative proportions of each strain are determined. This 
method is not only more sensitive than exponential growth rates but it also 
gives a composite fitness measurement as it accounts for all stages of the 
growth cycle. 

Adaptive and non-adaptive forces drive evolution 
In crude terms we can define evolution as changes in the characteristics of an 
organism over time (Futuyma 1998). Thus it represents the most vast and 
comprehensive biological phenomenon in the sense that all organisms and 
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their characteristics are the products of it. At the molecular level, these 
changes are the result of alterations in allele frequencies which is governed 
by two fundamental mechanisms, one of which was articulated by Charles 
Darwin over 150 years ago. Darwin’s theory of natural selection challenged 
the prevailing worldview at that time and revolutionized our understanding 
of evolution. The process of natural selection operates by the non-random 
selection of randomly generated variants in a population. This means that 
genotypes harboring advantageous mutations increase in frequency and ul-
timately reach fixation in a population whereas those that carry deleterious 
mutations become less frequent over time and are eventually eliminated. 
Thus the process is adaptive and dictated by fitness. Without the existence of 
genetic variation in a population, and thus individuals of different fitness, 
natural selection cannot act. The supply of genetic variation is thus provided 
by mutation and recombination. The second major mechanism that deter-
mines the path of evolution is known as genetic drift and opposes natural 
selection in terms of its stochastic nature and its indifference to fitness. As 
such it does not necessarily foster adaptation but rather leads to the random 
loss of genotypes from a population. The fate of an individual in a popula-
tion relies on the interplay of these two forces.  

Compensatory evolution and adaptation  
Any given bacterial population consists of genotypes of varying fitness and 
the generation of this variation is primarily governed by the random appear-
ance of mutations. A newly arising mutation has the potential to alter fitness, 
however since the majority of mutations in all organisms are deleterious, the 
effect is most often detrimental rather than beneficial. Although such muta-
tions confer fitness costs, they can persist in a population especially if the 
deleterious effect(s) can be relieved or remedied by second-site suppressor 
mutations, also known as compensatory mutations (Maisnier-Patin & 
Andersson 2004). These are defined as pairs of mutations that are independ-
ently deleterious but neutralize each other’s costs when combined (Kimura 
1990). They are often more common than true reversion in reducing the 
deleterious effect of a mutation due, at least in part to, the larger target size 
for compensation compared to reversion. 

Compensatory mutations are frequently discussed within the framework 
of antibiotic resistance, regarding the threat they pose in allowing resistant 
organisms to persist even in the absence of drug selective pressure 
(Maisnier-Patin et al. 2002; Nilsson et al. 2006). However they are also im-
portant in the more general context of adaptation and evolution and may 
represent a powerful strategy for the evolution of complexity in cellular sys-
tems (Zuckerkandl 1997; Zuckerkandl 2001). By facilitating access to oth-
erwise prohibited evolutionary pathways, compensatory mutations can gen-
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erate functional novelty and augment complexity. This theory has been used 
to describe the evolution of complex regulatory networks, for example to 
explain the evolution of multi-factorial gene transcription. 

It is well known that expression of many genes is controlled by the inter-
actions of transcription factors with regulatory elements located upstream of 
the coding region. The precise timing and balance of expression is often 
determined by the interaction of multiple factors. It has been suggested that 
this complex scenario is the result of repeated cycles of deleterious mutation 
followed by selection of compensatory mutations leading to an accumulation 
of required factors to restore functional activity (Zuckerkandl 1997). Thus 
the generation of complexity occurs as an indirect response or a by-product 
of an event that was initially non-adaptive. This theory, which has been dis-
cussed in the context of slightly deleterious mutations, asserts the potential 
power of non-adaptive processes in the generation of complexity. In this 
way, weakly deleterious mutations can be viewed as important facilitators 
for the emergence of novelty and complexity in biological systems.  

Ribosomal complexity – a consequence of compensation? 

The hypothesis formulated by Zuckerkandl could also be used to rationalize   
the requirement for ribosomal proteins in modern translation. We can pro-
pose that the contemporary ribosome descended from a smaller, simpler 
RNA structure that evolved slowly over time. During its evolution this parti-
cle was subject to mutation, mostly deleterious in nature leading to destabili-
zation of the structure and loss of translational efficiency. The r-proteins 
may have been recruited as a compensatory response to rescue the structure 
while restoring or even improving ribosome function. Successive deleterious 
mutations and resultant compensation would lead to an RNA-protein particle 
of higher complexity. The repetitive cycle of damage followed by repair acts 
as an intrinsic drive to push the system forward resulting in an end product 
that is as fit or even fitter than the initial state though structurally more com-
plex.  

Were the proteins selected as by products of a deleterious process or were 
they adopted simply because of the selective advantage they endowed? The 
lack of universal conservation of all r-proteins and the heterogeneity of their 
structures gives the impression that they were added slowly over time. On 
the one hand natural selection may have acted alone so that upon the arrival 
of protein molecules, they were incorporated due to the beneficial impact 
they endowed. Indeed, even small refinements and improvements impose 
strong selective advantages. Alternatively, they may have been recruited via 
an initially non-adaptive process to suppress or rescue poor functioning ribo-
some precursors. Upon addition to the particle, the proteins themselves 
would subsequently co-evolve with the ribosome and thereby have the po-
tential to co-adapt and attain discrete functional roles in translation. In an 
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effort to learn more about the functional requirements of r-proteins, mutants 
lacking an r-protein or harboring a non-native version were evolved in the 
laboratory in papers II and III to determine the mechanisms of compensa-
tory adaptation. 

Horizontal Gene Transfer (HGT) 
HGT is a collective term that refers to those processes involved in the lateral 
transfer of genetic information between organisms as opposed to inheritance 
by vertical descent from a parent cell. In eubacteria, it can occur between 
closely related as well as phylogenetically distant species via three major 
mechanisms: transformation, transduction and conjugation. Transformation 
refers to the uptake of naked DNA from the extracellular environment. In 
most bacterial species, this mechanism requires the recipient to adjust to a 
competent physiological state by expressing the genes that encode special-
ized uptake machinery and is usually a response to a change in environ-
mental conditions (Chen et al. 2005; Thomas & Nielsen 2005). DNA trans-
fer mediated by bacteriophages is known as transduction. Imprecise excision 
of integrated prophages from the chromosome of donor cells results in the 
transfer of flanking donor DNA (specialized transduction) or the phage can 
inadvertently package and transfer exclusively chromosomal DNA from the 
donor (generalized transduction) (Ochman et al. 2000). The abundance and 
stability of bacteriophages in the environment makes these agents highly 
efficient at gene transfer although recipient range is limited to those cells 
that express compatible phage receptors (Canchaya et al. 2003). In contrast 
to transformation and transduction, conjugation occurs via physical contact 
between the donor and recipient cells and requires formation of a conducting 
channel for DNA transfer. This mechanism is often associated with conjuga-
tive plasmids and transposons but theoretically any genetic material can be 
transferred this way as long as it becomes part of the unit that contains the 
transfer origin (Thomas & Nielsen 2005). Upon uptake and successful entry, 
the transferred genetic material must be established in the host chromosome 
or be capable of autonomous replication to become a functional element of 
the recipient’s genome.  

Constraints on HGT 

The barriers that curb HGT include both mechanistic and selective con-
straints. In terms of the mechanistic barriers, restriction endonucleases of the 
host can target foreign DNA for degradation, conjugal transfer is limited by 
the ability of the transfer machinery to operate between species and phage-
mediated transfer is restricted to hosts that express receptors recognizable by 
the transducing phage (Chen et al. 2005). Even in the absence of such obsta-
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cles, many HGT events are likely to cause detrimental effects upon integra-
tion due to the high coding density of the chromosome and are therefore 
selectively deleterious (Thomas & Nielsen 2005). Disturbances in genome 
organization, DNA supercoiling and gene order are expected to confer sub-
stantial costs. Even if the insertion is neutral, expression of the foreign mate-
rial also confers costs that operate on both the transcriptional and transla-
tional levels. In addition, the products of both of these events (mRNA and 
protein) may in turn be selectively disadvantageous (Stoebel et al. 2008), for 
example if the foreign protein interferes with the activity of an orthologous 
counterpart in the host. Base compositional divergence represents another 
barrier as documented by the transcriptional silencing of AT-rich DNA by 
the histone-like nucleoid structuring protein (H-NS) in enteric bacteria such 
as S. typhimurium (Navarre et al. 2006). These barriers must be surmounted 
for successful integration in the host genome and to allow expression of the 
foreign genetic material. To ensure long-term maintenance in the population, 
the transferred gene must also be subject to sufficient positive selection to 
prevent elimination by genetic drift. 

Aside from the aforementioned constraints, HGT events are biased to-
wards genes that encode proteins that function independently, belong to sim-
ple functional networks or are transferred as complete operons (Rivera et al. 
1998). This has been explained in terms of the complexity hypothesis and 
asserts that operational genes (housekeeping genes whose products require 
few or no physical interactions) are preferentially transferred as they do not 
require integration in large cellular complexes for function (Jain et al. 1999). 
According to this hypothesis informational core genes, such as those in-
volved in replication, transcription or translation, are rarely successfully 
transferred due to the high degree of physical interactions and mechanistic 
co-operations required for function. In other words, the fixation probability 
of informational genes is expected to be significantly lower than that of op-
erational genes that have fewer interacting partners. The relevance of this 
hypothesis was experimentally tested in paper III, wherein r-protein genes 
from related and phylogenetically distant species were used to replace their 
native orthologous counterparts and the costs of such HGT events were 
measured to determine whether this represents a significant constraint for 
transfer.  

 



 54

Present Investigations 

The ribosome is undoubtedly one of the most complex and sophisticated 
cellular machines ever made. The abundance of RNA in the overall structure 
and its predominance at the major functional sites, almost certainly reflects a 
predecessor composed largely or perhaps entirely of RNA. The proteins, 
despite their exclusion from the spotlight, represent integral components of 
contemporary ribosomes. They also represent a level of complexity that is 
not yet fully understood. 

The flexibility and plasticity of the translation apparatus in terms of its 
protein components is the major focus of this thesis. Our primary goal was to 
address how r-protein removal or replacement alters bacterial physiology. 
We were specifically interested in the potential fitness costs associated with 
r-protein removal and replacement in terms of the effects on bacterial growth 
rate and ribosome function. The experimental approach allowed us to ascribe 
discrete functional roles to particular r-proteins by comparing the phenotype 
of r-protein depleted ribosomes with those from a congenic wild-type strain. 
In papers I and II the genes encoding ribosomal proteins S20 and L1 were 
removed from the chromosome of Salmonella typhimurium by precise ge-
netic replacement and the underlying functional roles of each protein were 
examined using a combination of in vivo and in vitro techniques. As a fur-
ther step to deepen our understanding of the significance of the deleted pro-
tein and to reveal potentially novel functional interactions, compensatory 
evolution was performed with the strain lacking L1 in paper II. The identi-
fication of compensatory mutations, that mitigate the fitness costs of r-
protein removal, provide unique insights into the highly cooperative nature 
of the translation apparatus. In a related vein, the secondary aspect of this 
study addresses similar questions but rather than complete removal, the r-
proteins of interest (S20, L1 and L17) were replaced by closely related as 
well as phylogenetically distant orthologues in paper III. Such hybrid mu-
tants address questions regarding translational robustness and the plasticity 
of the bone fide components. An additional feature of the experimental set-
up, facilitated by the use of such hybrid strains, allowed us to examine the 
selective barriers that constrain inter-species gene replacements.  

The following section provides a concise summary of the experimental 
design as well as the major findings and conclusions of the studies included 
in this thesis. 
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The model organism 
Appropriate model systems rely on the ability to generalize findings to other 
organisms and taxa. The ultimate aim of this study was to further our under-
standing of the contributions made by particular r-proteins to translation and 
to shed some light on the co-operative nature of ribosome function. The ri-
bosome is universally conserved, and although eukaryotic and archaeal ribo-
somes possess more RNA and more proteins, the tertiary structure and basic 
function is conserved among the three phylogenetic domains. By virtue of 
their short generation times, large population sizes and the availability of a 
wide range of tools for genetic manipulation, bacterial organisms are ideal 
for the study of both genetics and experimental evolution. 

Escherichia coli (E. coli) has long served as a model organism in the ri-
bosome field. However, due to its close genetic relationship to E. coli, Sal-

monella enterica serovar Typhimurium (referred to as S. typhimurium) rep-
resents an appropriate alternative for studies on ribosome function and is 
becoming increasingly popular as a model organism in bacterial genetics. 
Salmonellae are Gram-negative rod-shaped bacteria that belong to the class 
of -proteobacteria and are a leading cause of gastroenteritis in humans (Ohl 
& Miller 2001). S. typhimurium strain LT2 was isolated in the 1940s and is 
the main Salmonella strain used in molecular biology (McClelland et al. 
2001). All strains used in this study are derivatives of LT2, which is less 
virulent than other strains of Salmonella due to decreased expression of the 
stationary-phase sigma factor s (Swords et al. 1997). Today, with its fully 
sequenced 4.95 Mb genome (McClelland et al. 2001) and extensively stud-
ied metabolic and regulatory networks, this bacterium represents a conven-
ient model for the purposes of this study. 

Construction and characterization of r-protein mutants 

Recombineering 

The use of recombineering for targeted gene disruption in vivo is now a well-
established technique. Due to its efficiency, precision and simplicity, the 
method employed here to construct r-protein knockout and replacement mu-
tants was based on -Red mediated homologous recombination. Linear dou-
ble-stranded DNA fragments (usually antibiotic resistance cassettes gener-
ated by PCR) are used as homologous substrates for targeted replacement, 
while a recombination-proficient environment is provided by the Red func-
tions encoded by phage  (Sharan et al. 2009). Usually only very short ho-
mologies of  50bps are required for successful recombination (Sawitzke et 

al. 2007). 
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Normally linear DNA introduced into bacteria is rapidly degraded by the 
action of intracellular exonucleases. However induced expression of the Red 
proteins preserves the incoming substrate DNA and also facilitates recombi-
nation at the target site. The Gam protein inhibits the host cell RecBCD and 
SbcCD nuclease activities to prevent substrate degradation, the Exo protein 
is a dsDNA-dependent exonuclease that generates 3’ ssDNA overhangs to 
which the Beta protein binds and promotes annealing of complementary 
DNA molecules (Sharan et al. 2009). The timing and level of expression of 
these genes is critical to maintain efficiency of the system. The Red func-
tions can be supplied on a defective  prophage in which the  repressor is 
utilized for controlled expression or they may be provided on an inducible 
plasmid (Sawitzke et al. 2007). In our case the genes are supplied on a tem-
perature sensitive plasmid (pKD46), under the control of an arabinose-
inducible promoter (Datsenko & Wanner 2000). This allows easy curing of 
the plasmid to prevent the occurrence of undesirable events following re-
combination. 

For the generation of r-protein gene deletions a kanamycin resistance cas-
sette was PCR amplified using primers with 50 nt 5' tails homologous to the 
flanking sequence of the target gene (rplA and rpsT). Electroporation of the 
linear DNA product into the cell resulted in substitution of the r-protein ORF 
with the selectable kanamycin resistance cassette (Figure 8A). A similar 
procedure was used for the generation of r-protein replacement mutants 
however in this case the PCR fragment consisted of the ORF of the ortholo-
gous replacement gene and an adjacent kanamycin resistance cassette. Ho-
mologous recombination resulted in replacement of the target r-protein ORF 
(rpsT, rplA and rplQ) with its orthologous ORF and the kanamycin resis-
tance cassette (Figure 8B). Congenic wild-type control strains were also 
constructed and carried the kanamycin cassette insertion adjacent to the na-
tive r-protein ORFs. In the case of both types of constructions the native 
promoter and terminator sequences were preserved. The kanamycin cassette 
is flanked by FRT (FLP recognition target) sites to eliminate the marker 
following construction if desired (Datsenko & Wanner 2000). However in 
our case the kanamycin cassette was left intact for selective purposes. 

 

 
 

Figure 8: Schematic representation of the method used for construction of S. typhi-
murium r-protein mutants. 
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In this study, S. typhimurium strains lacking r-proteins S20 ( S20) (paper 

I) and L1 ( L1) (paper II) and hybrid strains with orthologous replacements 
of S20, L1 and L17 (paper III) were constructed using the -Red recombi-
nation technique. This method of r-protein removal and replacement is ad-
vantageous compared to the mutagenesis and antibiotic selection systems 
used to obtain r-protein mutants in previous studies (Dabbs 1991). Most 
importantly, the system allows precise genetic replacement in a genetically 
defined background as opposed to the genome-wide mutagenesis strategy 
wherein undesired mutations elsewhere in the genome and/or ribosome are 
an unavoidable concern and constitute a major caveat for phenotypic studies.  

In vitro system 

One major challenge encountered in the characterization of ribosome func-
tion in vitro is the extent to which the parameters measured correspond to the 
in vivo situation. The system designed by Ehrenberg and used for the charac-
terization of ribosomes in papers I and II is optimized to meet in vivo ex-
pectations in so far as it allows measurement of in vitro reactions in the mil-
lisecond range (Ehrenberg 1989). Ribosomes and all of the required transla-
tion components are prepared to high purity according to standard protocols 
to ensure robustness and optimization of the system. Additionally, all ex-
periments are performed in a buffer (polymix) that mimics the pH and com-
plex ionic conditions of the bacterial cell.  

All steps of translation can be measured using a variety of biochemical 
techniques that allow dissection of each event in minute detail. Since each 
step of translation progresses forward via multiple smaller steps, kinetic 
measurements detailing the formation and consumption of intermediate 
states as well as transitions between intermediates allows precise and spe-
cific comparison of mutant ribosomes with their wild-type counterparts. 
Although the system was developed for E. coli, the results of a previous 
study established that ribosomes from S. typhimurium function well in this 
system (Tubulekas et al. 1991).  

In vivo system 

Functional characterization of ribosomes lacking r-proteins 

In papers I and II polypeptide elongation rates of exponentially growing 
cultures were measured by determining the exact time taken to produce the 
first detectable -galactosidase molecule following IPTG induction. The 
amount of o-nitrophenol produced, normalized to the amount of cells in the 
culture and the incubation time was used to calculate elongation rate accord-
ing to Miller's protocol (Miller 1992). As Salmonella does not harbor the lac 
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operon, the normal inducible lac operon was supplied on an F’ factor that 
was transferred to strains by means of conjugation.  

The synthesis of -galactosidase was also used to determine the frequency 
of stop codon read-through and frameshifting of an L1-depleted ribosome in 
paper II. In this instance strains carried an F’ factor in which the lacI and 
lacZ genes are fused for constitutive expression of -galactosidase. How-
ever, the ribosome must read-through a premature stop codon (UGA189 or 
UAG220) or a +1 or -1 frameshift in lacI to produce an active molecule of the 
enzyme, the activity of which is detected as described above. A read-through 
value is calculated based on the amount of enzyme produced by the mutated 
lacIZ construct relative to that produced in a congenic strain harbouring the 
non-mutated lacIZ construct (Bjorkman et al. 1999). It has previously been 
shown that stop codon read-through correlates well with ribosomal misread-
ing in vivo and in vitro (Kurland 1996). A second assay based on luciferase 
expression was also employed in paper II to determine if L1-depleted ribo-
somes were prone to general misreading (Kramer & Farabaugh 2007).  

Compensatory evolution and whole-genome sequencing 

Compensation, in genetic terms, refers to the ability of evolutionary proc-
esses to create genetic variants of improved fitness from a pool of less fit 
variants that carry a deleterious mutation. Experimental evolution was em-
ployed here to ascertain if and by what mechanisms fitness compensation 
could be achieved in mutants either lacking r-protein L1 (paper II) or har-
boring a non-native version of r-proteins S20 and L1 (paper III).  

The type of compensated mutants selected during evolution depends on a 
number of factors, including the mutation rate specific to each type of com-
pensatory mutation, the relative fitness of the compensated mutants and the 
population bottlenecks associated with evolution. Thus, in large populations 
that are not subject to bottlenecks, the fittest variant is expected to eventually 
reach fixation. In contrast, if the population is subject to small bottlenecks, 
then less fit compensated variants are afforded the opportunity to fix if they 
appear at a faster rate than the rarer high-fitness mutants (Levin et al. 2000; 
Maisnier-Patin et al. 2002). The experiment is designed to optimize purify-
ing selection, which reduces genetic diversity so that the population stabi-
lizes on the most favourable (fittest) genotype. During the evolutionary 
process compensatory mutations that reduce the fitness cost conferred by 
loss or replacement of the r-protein become more common in successive 
generations. To maintain continuous population growth and to ensure that all 
genetic variants were represented during the entire evolutionary process, 
large bottlenecks of  106 cells were used. This experimental design maxi-
mizes the potential to fix the compensated mutant of highest fitness. The 
advent of whole-genome sequencing has greatly facilitated the rapid detec-
tion and identification of the mutations that arise during the experimental 
time-frame by comparison to the ancestral strain. Whole-genome sequencing 
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was employed in paper II to determine the compensatory mutations that 
suppressed the slow-growth phenotype of a mutant lacking L1.  

Fitness costs of r-protein removal and replacement 
In papers I, II and III fitness measurements were performed to determine 
the costs conferred by r-protein removal and orthologous replacement. In our 
case we have defined fitness as growth performance and this was evaluated 
at different temperatures (papers I and II) and using different carbon 
sources (paper III). Early exponential growth rates are an informative fit-
ness parameter and were the primary method used in our studies. Relative 
fitness values were calculated as the growth rate of each mutant as a fraction 
of the growth rate of the wild-type reference strain used in each experiment 
(set to 1.0). By only examining early exponential growth rate, information 
regarding growth performance over the entire growth cycle is lost and the 
method is limited to the detection of fitness differences of about 3% or 
higher. Therefore, head-to-head competitions between the wild-type and 
hybrid strains were performed in paper III to permit detection of small fit-
ness costs that might otherwise go unnoticed. Such costs are expected to be 
highly influential in determining the fixation probability of a HGT event and 
are therefore crucial to the study of the selective constraints that might limit 
r-protein transfer in nature. 

Removal of r-proteins confers substantial fitness costs 

The large fitness costs associated with loss of the r-proteins S20 and L1 were 
immediately evident upon growth on solid media and the S20 strain grew 
most poorly at high temperature. For more precise determination of the fit-
ness costs, early exponential growth rates were measured for both knockout 
strains. The experiments revealed that loss of S20 reduced exponential 
growth rate approximately three-fold relative to the wild-type under standard 
growth conditions (LB broth at 37°C). This translated to a relative fitness 
value of 0.33. In addition a reproducible extension of the lag phase was ap-
parent (paper I). In the case of the L1 mutant the generation time was ap-
proximately 2-fold slower than wild-type (relative fitness value of 0.52) 
under standard growth conditions and furthermore the fitness cost was more 
pronounced during growth at a lower temperature indicative of a cold-
sensitivity phenotype (paper II). Restoration of wild-type growth rate oc-
curred upon expression of the deleted gene from an inducible plasmid, spe-
cifically identifying removal of each respective protein as the cause of re-
duced fitness. 
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Fitness costs of replacement are generally weaker than removal  

Given the high fitness costs associated with complete removal of S20 and 
L1, and the essential nature of L17, it was expected that replacement pro-
teins would improve fitness even if the alien protein lacked a high degree of 
homology and functioned sub-optimally in its non-native context. In paper 

III, exponential growth rates were measured in four different media where 
the generation time of the wild-type strain varied from 20-120 minutes and 
was set to a value of 1.0 in each respective medium. Relative to this, all of 
the hybrid S20 strains displayed higher fitness than the null mutant, irrespec-
tive of the growth medium and even when the amino acid identity of the 
replacement protein dropped to as low as 32%. Similarly, the relative fitness 
of the L1 hybrid strains was only modestly reduced relative to wild-type in 
most cases, however, a large fitness reduction was observed when amino 
acid identity reached as low as 20-30%. Since L17 is an essential r-protein, 
comparisons to a null mutant were not feasible, however, a substantial fit-
ness reduction relative to the wild-type was only observed when amino acid 
identity of the orthologue fell below 50%. Higher fitness of certain L17 hy-
brid mutants relative to wild-type was also evident. A general trend that 
emerged was a reduction in relative fitness as phylogenetic distance in-
creased, however the costs of replacement for the more homologous proteins 
were diminutive in comparison to the costs of removal. 

Small fitness costs restrict HGT of r-proteins 

For those hybrid strains that displayed very small fitness costs, pair-wise 
competition experiments with the wild-type strain were also performed to 
obtain more sensitive fitness measurements. The competing strains were 
genetically tagged with fluorescent markers and were mixed in a 1:1 ratio at 
the commencement of growth. Continuous growth was maintained by serial 
transfer for a period of up to 12 cycles (  60 generations) and the ratio of 
hybrid to wild-type cells was measured after each cycle using a fluores-
cence-activated cell sorter (FACS). The ability to track large numbers of 
single cells (105) allowed us to calculate an accurate selection coefficient for 
each orthologous protein and observe very small differences in fitness. The 
results revealed that the costs conferred by the non-native proteins were of-
ten less than 10% and in many cases were in fact less than 1%. These small 
fitness costs are contradictory to the idea that the transfer of components that 
function within tightly coordinated complexes and have many interacting 
partners should confer large fitness costs as posited by the complexity hy-
pothesis (Jain et al. 1999). However, modeling showed that the fixation 
probability of such weakly counter-selected orthologues in large bacterial 
populations is vanishingly small so the calculated fitness costs do constitute 
an effective constraint in terms of the success of HGT. 
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Phenotypes of S20 and L1 mutants 
The ability to obtain genetically defined mutants lacking r-proteins S20 and 
L1 allowed us to investigate the role of these proteins in translation by com-
paring their in vivo and in vitro phenotypes with a congenic wild-type strain. 

Removal of S20 perturbs mRNA binding and subunit association  

In paper I we established that the rate of polypeptide chain elongation in 

vivo was unperturbed in the S20 mutant, however, a reproducible reduction 
in the rate of accumulation of synthesized protein was evident. Considering 
that S20 is a designated 30S subunit protein and given the results of previous 
studies implicating the involvement of S20 in initiation (Gotz et al. 1990; 
Ryden-Aulin et al. 1993), we hypothesized that the reduced rate of protein 
accumulation was likely the result of impaired initiation. Thus, the activity 
of S20-depleted 30S subunits were compared to those obtained from the 
wild-type using a number of in vitro methods designed to measure each dis-
tinct step of translation initiation. 

The rate of template binding was measured using a radioactively labeled 
mRNA with a strong SD sequence. In both the presence and absence of ini-
tiator tRNA and the initiation factors, the rate of mRNA binding to S20 
30S subunits was reduced approximately 3.5-fold and maximum binding 
required 40 minutes compared to only 10 minutes for the wild-type. Since 
similar rates of mRNA binding were observed with and without the initiation 
ligands, a primary impairment in mRNA binding could be concluded. Re-
constitution with purified S20 restored the wild-type mRNA binding pheno-
type and established that defective mRNA association was a direct conse-
quence of S20 removal. 

In addition, titration of mRNA revealed that a substantial fraction (  25%) 
of the S20-depleted 30S subunits were completely inactive in the binding of 
mRNA. Since the rate of fMet-tRNAfMet binding emulated that of mRNA 
and was therefore used to detect the level of mRNA bound to 30S subunits 
in this assay, the possibility of unstable initiator tRNA binding could not be 
entirely excluded as the underlying cause of incomplete S20 30S occu-
pancy with mRNA. Thus the stability of initiator tRNA binding was meas-
ured by its rate of dissociation from 30S pre-initiation complexes. The re-
sults demonstrated that dissociation of fMet-tRNAfMet occurred at the same 
rate for the mutant and wild-type. Hence, we could conclude that reduced 
initiator tRNA binding was a secondary, consequential effect of a primary 
impairment in mRNA binding. 

The kinetics of 50S association to wild-type and S20-depleted 30S 
subunits was also measured in a stopped-flow instrument using light scatter-
ing. This assay demonstrated that naked S20 30S subunits were severely 
impaired in association with wild-type 50S subunits. However, a pronounced 
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improvement (from  20% to  40%) in the association capacity of the mu-
tant 30S was observed upon preincubation with mRNA, initiator tRNA and 
the initiation factors. Similar to the results of mRNA binding, subunit asso-
ciation was further improved upon extension of the S20 30S preincubation 
time with initiation components to 40 minutes.  

Defects in the rate and extent of mRNA binding, as well as the poor asso-
ciation capacity of S20-depleted 30S subunits are likely to be accountable 
for the reduced rate of protein accumulation observed in vivo and the pro-
longed generation time of the S20 mutant. 

S20 is required for correct structural positioning of h44 

The involvement of S20 in promoting mRNA binding and subunit associa-
tion was puzzling considering its topographical location at the base of the 
body of the 30S subunit far removed from the mRNA binding channel and 
distal to the intersubunit face. However S20 has been shown to interact with 
helix 44 of the 16S rRNA during 30S assembly and in mature 30S particles 
(Brodersen et al. 2002; Dutca & Culver 2008). High-resolution structural 
studies have shown that this helix extends from the base of the 30S body to 
the mRNA binding site where it forms the A- and P-sites (Schluenzen et al. 
2000) and it appears to be involved in fixing the position of mRNA on the 
30S subunit (Selmer et al. 2006). It also makes extensive contact with the 
50S subunit via a number of bridges (Schuwirth et al. 2005; Selmer et al. 
2006). Furthermore, the structural studies suggest that S20 may be responsi-
ble for anchoring h44 in the correct orientation (Schluenzen et al. 2000). We 
therefore propose that in the absence of S20, h44 adopts a structural orienta-
tion that hinders both mRNA binding and subunit association (see Figure 9). 
Upon extended incubation with mRNA, initiator tRNA and the initiation 
factors these defects were concealed to some extent, suggesting that these 
30S ligands promote a structural rearrangement of h44 that permits stable 
mRNA binding and facilitates docking of the 50S subunit. 
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Figure 9: Structure of the 30S subunit highlighting the proposed involvement of 
S20 in mRNA binding and subunit association. S20 (green ribbon) interacts with 
and possibly stabilizes h44 (red) in an orientation that is optimized for mRNA (or-
ange; A-site, purple; P-site, cyan) binding and interactions with the 50S subunit 
(bridges B2a, B3, B5 and B6 depicted in yellow). All other rRNA and protein resi-
dues are depicted in grey. The image was created in PyMol (www.pymol.org) from 
the coordinates of the T. thermophilus 30S subunit (PDB ID 2J00) (Selmer et al. 
2006). 

Removal of L1 impairs ribosome biogenesis 

In paper II we examined the effects of rplA deletion with a particular focus 
on ribosome function in vivo. Although L1 removal had no effect on the rate 
of polypeptide chain elongation in vivo or on the rate of peptidyl transfer in 

vitro, a reduction in the rate of protein accumulation in vivo was evident, 
reminiscent of that observed for the S20 mutant in paper I. Furthermore, 
loss of L1 increased read-through of the UGA stop codon approximately 
three-fold indicating that L1 may have a minor role in antagonizing a ribo-
somal ambiguity (ram) phenotype. However the mutant was not prone to 
frameshifting and a general misreading phenotype was not detected.  

The distribution of ribosomal particles in the cell was determined using 
polysome profiles of total cell extracts. The profiles showed that in the ab-
sence of L1 the fraction of free subunits increased with a resultant decrease 
in the proportion of 70S particles from 0.85 in the wild-type to 0.65 in the 

L1 mutant. However, the ratio of 70S to polysomes was the same as that 
observed in wild-type cells implying that those L1-depleted 70S that are 
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formed can translate as efficiently as wild-type ribosomes, consistent with 
the peptidyl-transfer and elongation rate data. Interestingly, the increase in 
free subunits was strongly biased towards 50S subunits, indicating that L1 is 
required to promote balanced formation of the ribosomal subunits. Com-
pared to the wild-type ratio of 1:1 for free 30S and 50S subunits, in the L1 
mutant this ratio was 1:2. Although L1 has no known role in 30S biogenesis, 
the results suggest that in its absence the formation of 30S subunits is de-
creased or they are more prone to degradation. Upon expression of the rplA 
gene from an inducible plasmid, the distribution of ribosomal particles in the 

L1 mutant was restored to wild-type particle partitioning verifying that 
removal of L1 was specifically responsible for the altered polysome profile. 

Considering that L1 is a component of mature 50S subunits, it is more 
probable that its absence directly affects proper assembly of 50S subunits. It 
is thus conceivable that in an L1-depleted environment, biogenesis of the 
50S is perturbed leading to the production of misassembled 50S subunits or 
trapped intermediates. As a consequence, assembly factors that are required 
for the maturation of both subunits may become hijacked leading to the 
down-regulation of 30S formation. Alternatively, if the 30S subunits lack 
properly assembled association partners, final maturation of the 30S may be 
impaired and/or the 30S subunits may be more susceptible to the action of 
degradative RNases as previously suggested (Deutscher 2009). Either sce-
nario may explain the observed high 50S-to-30S ratio that was observed in 
the L1 mutant. 

In conclusion, removal of large subunit protein L1 causes aberrant ribo-
some biogenesis and this is supported by the observed cold sensitivity phe-
notype of the L1 mutant. Defective ribosome biogenesis culminated as an 
increase in free ribosomal subunits and a resultant decrease in the cellular 
pool of 70S species as monosomes and polysomes. We expect that this di-
minishes the overall translational capacity of the cell and is ultimately re-
sponsible for the reduced yield of protein production in vivo and the slow-
growth phenotype of the L1 mutant. 

Mutations in 50S r-proteins mitigate fitness costs of L1 removal 

Twelve independent lineages of the slow-growing L1 mutant were evolved 
for approximately 300 generations to determine if and by what mechanisms 
compensation could be achieved. Upon isolation of faster-growing mutants, 
four were chosen at random and subject to whole-genome sequencing to 
identify candidate compensatory mutations responsible for suppressing the 
fitness cost associated with loss of L1. Single nucleotide substitutions in the 
genes rplB and rplN were detected as well as a small deletion in the rplS 
gene. These mutations resulted in the amino acid substitutions E194K in 
large subunit protein L2 (encoded by rplB) and P102L in protein L14 (en-
coded by rplN). The deletion in rplS resulted in loss of the Leu codon at 



 65 

position 100 of L19 (referred to as rplS L100) (Figure 10). Strain recon-
structions confirmed that each individual mutation was necessary and suffi-
cient for fitness improvement and all three increased growth rate to a similar 
extent. In any combination, all three compensatory mutations demonstrated 
negative epistasis in the L1 background. In the wild-type strain each indi-
vidual mutation reduced fitness and this became even more pronounced 
when the mutations were combined. 

We investigated the effect of each individual mutation (rplB E194K, rplN 
P102L and rplS L100) on polypeptide elongation rate and UGA suppres-
sion in the L1 and wild-type background. In each case, the presence of each 
individual mutation had no impact on the rate of elongation. In terms of 
UGA read-through, none of the compensatory mutations altered the mild 
ram phenotype of the L1 strain but actually increased UGA suppression 
when separated from the L1 deletion in a wild-type background.  

However, the E194K amino acid substitution in L2 conferred a small but 
reproducible reduction in the proportion of free ribosomal subunits and a 
consequent increase in the fraction of 70S complexes in the L1 mutant. 
This restoration towards wild-type particle partitioning is a possible explana-
tion for the mechanism of fitness improvement. From the polysome profiles 
it was not immediately clear how the compensatory mutations in rplN and 
rplS mediated their beneficial effect on fitness. However both L14 and L19 
make a number of bridging contacts with the 30S subunit during subunit 
association (Gao et al. 2003; Selmer et al. 2006). It is thus conceivable that 
the mutations in these two proteins alter the interactions between an L1-
depleted 50S subunit and the 30S subunit to confer additional stability to 
70S complexes.  
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Figure 10: Schematic illustration of the 50S subunit showing the topographical 
locations of the compensatory mutations relative to r-protein L1 (green ribbon). 
Compensatory mutations were mapped to r-proteins L2 (red ribbon), L14 (purple 
ribbon) and L19 (orange ribbon). Yellow spheres represent the amino acid residues 
of each protein that were altered in the compensated strains. All other proteins and 
the rRNA are coloured in grey. The image was created in PyMol (www.pymol.org) 
using the coordinates of the T. thermophilus 50S subunit (PDB ID 2J01) (Selmer et 
al. 2006). 

High functional conservation of r-proteins 

Since the rate of bacterial growth varies according to the quantity and quality 
of protein synthesis, the fitness assays (which are based on growth perform-
ance) also serve as an indirect measurement of the translational capacity of 
the hybrid ribosomes. In paper III fitness was measured in both rich and 
poor growth conditions. During exponential growth in rich medium, such as 
LB, ribosomes become saturated with substrate and are pushed towards op-
erating at or close to maximum efficiency (Ehrenberg & Kurland 1984). 
Thus, the observed fitness costs tend to be more pronounced during growth 
in rich medium versus poorer medium. For example, the relative fitness of 
the L1 hybrid strain, in which L1 was derived from Sulfolobus acidocal-

darius, was approximately 0.85 in M9 medium supplemented with acetate 
but dropped to approximately 0.3 in LB medium.  
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Furthermore, we could be certain that the majority of the non-native pro-
teins were at least semi-functional considering the much larger fitness costs 
associated with complete loss of function in the null mutants. Despite ex-
tremely large differences in both nucleotide and amino acid identity as well 
as codon adaptation index (CAI) and GC content, in general the non-native 
proteins function extraordinarily well in their new environment. This finding 
suggests that there is very high functional conservation of r-proteins and 
implies that the functional requirement is superior to conservation of the 
primary sequence of amino acids. For example, L1 from Helicobacter pylori 
only shares 50% amino acid identity with the native protein, the cost of re-
placement however is extremely small (approximately 1%).  

Increased dosage rescues sub-optimal r-proteins 
To determine if and how fitness compensation of the hybrid strains could be 
achieved, an S20 and L1 hybrid strain of low fitness were subject to com-
pensatory evolution. Independent lineages of the S20 hybrid (containing the 
Haemophilus influenzae orthologue) and the L1 hybrid (containing the Sac-

charomyces cerevisiae orthologue) were serially passaged in rich medium 
for between 40-250 generations of growth. Compensated mutants were re-
covered and were examined for increased copy number of the transferred 
gene. Indeed, a two- to three-fold increase in gene copy number was de-
tected and this was also apparent at the protein level when the S20 compen-
sated mutants were tested. To verify that overproduction of the non-native 
protein was sufficient to mitigate the fitness cost of replacement, the 
orthologous proteins were expressed from an inducible high-copy number 
plasmid. Growth rate measurements confirmed that for the majority of mu-
tants, increased dosage of the alien protein conferred higher fitness. This 
implies that the observed fitness costs are at least partially due to either in-
sufficient expression of the non-native protein (possibly due to unstable 
mRNA or protein) or a requirement for more of the alien protein to restore 
proper ribosome assembly and/or function. Imbalances in the stoichiometric 
amounts of components that function co-operatively in the cell have previ-
ously been suggested to have deleterious effects (Papp et al. 2003). Finally, 
the observation that increased dosage of transferred r-proteins improves fit-
ness suggests that sub-optimal gene expression may represent a general bar-
rier to HGT and gene amplification may be a general compensatory mecha-
nism for initial stabilization of deleterious HGT events. 
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Future Perspectives 

Paper I 

Removal of small subunit protein S20 perturbed the rate and extent of 
mRNA binding, as well as dramatically reducing the ability of the ribosomal 
subunits to associate. From careful examination of the X-ray crystal struc-
tures of the 30S subunit, we proposed that upon loss of S20 h44 adopts a 
conformational orientation that perturbs the binding of mRNA and hinders 
the productive association of ribosomal subunits. With the aim of providing 
experimental support for this conclusion, S20-depleted 30S subunits are 
currently undergoing cryo-EM to ascertain the orientation of h44 in the pres-
ence and absence of the ribosomal ligands mRNA, initiator tRNA and IFs. 
Based on the results of the in vitro biochemical assays, we would predict 
that, compared to the wild-type 30S subunit, h44 would be structurally re-
positioned in naked S20 30S subunits. Furthermore, our in vitro data pre-
dicts that upon extended incubation with the initiation components, h44 be-
comes stabilized in a more productive conformation, akin to that observed in 
the wild-type. 

Paper II 

Based on our results, we propose that large subunit L1 plays a major role in 
ribosome biogenesis. The most striking observation from the polysome pro-
file of the L1 mutant was a considerable increase in the fraction of free 
ribosomal subunits at the expense of functional 70S complexes. At this point 
we are uncertain why the increase in free subunits is disproportionate but it 
seems plausible to suspect that the L1-depleted 50S subunits are more prone 
to misassembly than the wild-type. It is possible that this directly leads to 
perturbations in the formation of 30S subunits. Alternatively, 30S formation 
occurs normally but the misassembled 50S subunits cannot form competent 
association partners, leading to increased degradation of the 30S species and 
reduced formation of 70S particles. To investigate this phenotype more thor-
oughly, it is possible to purify the subunits from the L1 mutant and exam-
ine their propensity to associate in a subunit association assay. By independ-
ently evaluating the association capacity of each subunit from the mutant 
with wild-type subunits we have the possibility of determining if lack of L1 
affects biogenesis of only the 50S subunit or of both subunits.  

Regarding the compensatory mutations, we observed that the rplB E194K 
mutation reduced the proportion of free subunits and increased the formation 
of 70S ribosomes. Thus it is evident that this mutation may help in the re-
structuring of L1-depleted 50S subunits to promote more stable interactions 
with the 30S subunit. Since the fitness cost was not entirely removed, this 
mutation alone is not completely sufficient for restoration of optimal subunit 
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association and this is reflected in the fact that the polysome profile was not 
restored to wild-type particle partitioning. Based on the 70S crystal structure, 
we would predict that rplN P102L and rplS L100 alter subunit interactions 
since both proteins make extensive contact with the 30S subunit (Selmer et 

al. 2006). Although the polysome profiles provided no obvious evidence that 
this is the case for the rplS mutation, a substantial increase in 70S mono-
somes was obtained in the presence of the mutation in rplN. It would there-
fore be interesting to examine whether the rplS and rplN mutations alter the 
intersubunit bridging contacts of L1-depleted 50S subunits using a subunit 
association assay. 

New candidate compensatory mutations 

In addition to the three compensatory mutations described in paper II, 
whole-genome sequencing has since been undertaken to detect potentially 
new candidate mutations in the remaining evolved lineages. In one lineage a 
single nucleotide substitution in rpsM (encoding S13) was detected that re-
sults in amino acid substitution R92H. This is the first indication that a muta-
tion on the small subunit can compensate for lack of L1. S13 binds to the 
head region of mature 30S subunits and its extended tail penetrates the P-site 
(Selmer et al. 2006). E. coli mutants with truncations of the tail demon-
strated a cold-sensitivity phenotype and the 30S subunits had reduced affin-
ity for tRNA (Hoang et al. 2004). Another mutant in which the entire rpsM 
gene was deleted showed defects in initiation, translocation and subunit as-
sociation (Cukras & Green 2005). The subunit association defect correlates 
with the position of S13 on the intersubunit face where it acts as a contact 
point between the head of the 30S and the central protuberance of the 50S 
subunit via bridges B1a and B1b. Interestingly bridge B1a is formed be-
tween helix 38 of the 23S rRNA and a highly conserved region of S13 that 
localizes to amino acid positions 92-94 of the T. thermophilus protein 
(Yusupov et al. 2001). This region is rich in arginine residues and is a close 
match to the position of the candidate compensatory mutation that we de-
tected. Although this mutation has yet to be confirmed and characterized it is 
tempting to speculate that the R92H substitution alters association of the 30S 
subunit with L1-depleted 50S subunits and may enhance 70S complex for-
mation. 

In three other independent lineages single nucleotide substitutions were 
detected upstream of the essential gene engA that encodes a tandem GTPase 
known as Der. The first indication that Der functioned in ribosome biogene-
sis was the finding that its overexpression suppressed the slow growth of a 
strain lacking modification of a 23S rRNA residue due to absence of the 
methyltransferase RrmJ (Tan et al. 2002). More recent studies have demon-
strated that Der associates with 50S subunits in the presence of GTP (Bharat 
et al. 2006; Hwang & Inouye 2006). Decreased expression of Der produced 
aberrant polysome profiles in which 50S precursor particles were observed 
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with sub-stoichiometric amounts of large subunit proteins L9 and L18 in 
addition to an accumulation of unprocessed 16S and 23S rRNA (Hwang & 
Inouye 2006). Based on these observations it is evident that Der is involved 
in the biogenesis and stability of 50S subunits.  

The engA gene is the second cistron in a transcription unit with yfgL 

(bamB in E. coli K12). In our compensated mutants the nucleotide substitu-
tions are positioned after the stop codon of yfgL in a region that appears to 
contain a complex arrangement of transcriptional attenuators. Although we 
presently lack experimental evidence for how these mutations improve fit-
ness, it seems probable that they de-stabilize the terminator sequence of yfgL 
and consequently may increase expression of the Der protein. If loss of L1 
causes misassembly of 50S subunits, as our data from paper II suggests, 
then overexpression of this 50S biogenesis factor may facilitate or assist in 
re-structuring the L1-depleted 50S subunits to increase 70S complex forma-
tion. Initially we intend to confirm this hypothesis by overexpressing Der 
from an inducible plasmid in the L1 mutant and examining its effect on 
fitness.  

In order to establish that these new candidate compensatory mutations are 
responsible for increasing fitness of the L1 mutant, the next step will re-
quire reconstruction of each mutation in the L1 background. Once fitness 
improvements have been confirmed the effect of each mutation on ribosome 
biogenesis and function can be evaluated using the assays described in pa-

per II. Although any combination of the confirmed compensatory mutations 
reduced fitness of the L1 mutant it would be interesting to determine if any 
combination of the whole set of mutations has additive or synergistic effects 
on fitness.  

Finally, during the serial transfer experiment mutants of intermediate fit-
ness were isolated and saved at -80°C. These mutants facilitate an analysis of 
the dynamics of the compensatory process as they represent "fossils" of prior 
evolutionary events. By examining the mechanisms of compensation in these 
mutants we may be able to identify the varied routes taken towards the fit-
ness optima in each independent lineage. 

Paper III 

Although the hybrid ribosomes had comparatively small fitness costs 
when the r-protein was transferred from close relatives, in general larger 
costs were observed as phylogenetic distance increased. Compensatory evo-
lution revealed that increased dosage of the sub-optimal replacement protein 
was one mechanism of improving fitness and presumably ribosome function. 
Since gene duplication occurs much more frequently than rare point muta-
tions that improve function, it is reasonable to propose that gene amplifica-
tion might represent a general response to initially increase fitness upon 
transfer of a heterologous protein to a new environment as observed in pa-
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per III. However, not all evolved lineages carried amplifications of the non-
native gene. In one case a mutation in the promoter region was detected but 
the mechanism of compensation in the remaining lineages is presently un-
known. Whole-genome sequencing of these evolved strains should reveal 
additional mechanisms that mitigate the fitness cost of r-protein replacement 
with distantly related orthologues. Furthermore, the evolution experiment 
was only performed for up to 25 cycles, thus it is possible that further fitness 
gains are attainable if the experiment is continued. It may even be possible to 
evolve secondary adaptive mutations in the amplified genes since the in-
creased copy number provides a larger target for mutational events to act on. 

With regard to those hybrid ribosomes that function poorly, it may also be 
interesting to examine how they function. Are any particular steps in transla-
tion defective? Or are there problems in ribosome biogenesis that might be 
due to poor expression of the heterologous gene? From the experiments per-
formed on the null mutants we are aware of the functional contributions of 
native S20 and L1, however, L17 is essential and no information on its role 
in translation is available. Thus a comprehensive analysis of the function of 
the L17 hybrid ribosomes that confer high fitness costs offers a unique op-
portunity to delineate the importance of this protein in translation. 

In terms of the barriers that restrict HGT, it would be informative to use 
another model gene to examine if the observed constraints are general or 
specific to r-proteins. In paper III, we observe that functional constraints are 
highly conserved between species and fitness costs appear to be partly the 
result of poor expression levels. R-protein genes are special in the sense that 
they are highly conserved, strongly expressed and have optimized codon 
usage. In addition, we know that the ribosome is an ancient biomolecule and 
these proteins have co-evolved with it, which may mean that the evolution-
ary constraints differ widely from those operating on another, more “aver-
age” gene. Furthermore, use of other model genes would allow us to exam-
ine the importance and relevance of gene amplification as a general response 
after HGT. 
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Concluding remarks  

The most fundamental aspect of this thesis is directed towards understanding 
ribosome complexity in terms of the selective contributions made by certain 
r-proteins. Why does the ribosome contain such an impressive array of pro-
teins if rRNA performs the basic functional tasks? What, if any, are the 
benefits afforded by the r-proteins? Given the large fitness costs and func-
tional defects upon complete removal of S20 or L1, we are assured of their 
importance in maintaining optimal activity. However in the case of both 
deletion mutants, the ribosomal defects could not be specifically ascribed to 
loss of the protein, but rather loss of rRNA structural integrity. The signifi-
cance of rRNA-protein interactions is illuminated by various r-protein mu-
tants in which the phenotype is a consequence of alterations in rRNA struc-
ture (Allen & Noller 1989).  

Although certain proteins, such as S12, contribute to distinct steps in pro-
tein synthesis, the major role of S20 and L1 appears to be in the support and 
maintenance of the higher order structure of rRNA. The results of paper I 
suggest that removal of S20 perturbs the orientation of h44 leading to defec-
tive mRNA binding and subunit association. This conclusion is strengthened 
by the suggestion that S20 anchors this helix in its correct position in mature 
30S subunits (Schluenzen et al. 2000). Similarly removal of L1 in paper II 
alters the distribution of ribosomal particles in the cell, and although we lack 
conclusive experimental evidence, it is reasonable to suspect that this is due 
to misassembly of 50S subunits. L1 has previously been shown to act as an 
RNA chaperone and may be required during ribosome assembly (Ameres et 

al. 2007). Moreover, compensatory mutations selected as a response to L1 
removal were mapped to other proteins dispersed at various sites of the large 
subunit, suggesting that they might amend the structural perturbations to 
some degree. Thus, in both cases it seems that loss of the protein indirectly 
perturbs protein synthesis via alterations in the overall morphology of the 
ribosome. Perhaps this is not so surprising considering that both proteins are 
primary rRNA binders and are thus considered particularly important for 
initiating global folding of the major rRNA domains. 

In contrast to the large fitness costs of r-protein removal, in general the re-
placement proteins (paper III) functioned surprisingly well in their new con-
text even when the transferred protein shared as little as 50% amino acid iden-
tity with the native protein. This clearly demonstrates the robustness of the 
ribosome and protein synthesis in general and it also implies that functional 
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constraints are highly conserved between these proteins despite having 
evolved in species that were, in some cases, only distantly related on the 
phylogenetic level. This compatibility between highly divergent r-proteins was 
observed in a previous study in which S18 from rye chloroplast, that shares 
only 35% amino acid identity with E. coli S18, was incorporated into 30-40% 
of E. coli ribosomes and polysomes when overexpressed from a plasmid 
(Weglohner et al. 1997). The identification of a whole host of compensatory 
mutations that suppress the fitness cost of L1 removal in paper II also high-
lights the enormous flexibility and co-operativity of ribosome activity.  

The low fitness costs associated with most of the hybrid strains suggests 
conservation in the overall shape of the proteins or at least those residues 
that are required for interaction with the ribosome, prompting the idea that 
the orthologous proteins may act as structural mimics of the native proteins. 
Even if the overall fold is not analogous to the native protein, previous ob-
servations have suggested that divergent proteins can stabilize similar RNA 
structures (Klein et al. 2004). Overall the findings of paper III emphasize 
the superiority of functional requirement over conservation of the primary 
sequence of amino acids. Hybrid ribosomes have been constructed previ-
ously wherein the E. coli proteins of the GTPase-associated centre were re-
placed with their rat counterparts in vitro (Uchiumi et al. 2002). These hy-
brid ribosomes required eukaryotic elongation factors to support protein 
synthesis in vitro reflecting the involvement of these proteins in translation 
factor recruitment and activation. It thus seems likely that the generally 
small costs of S20, L1 and L17 replacement reflect their inertness in special-
ized ribosomal functions. 

It is suggested that the precursor of the modern ribosome was formed as the 
result of dimerization of two self-folding RNA chains to form the symmetrical 
pocket that we see today as the PTC of the large subunit (Davidovich et al. 
2009). The transition from relatively simple peptidyl transfer to the elaborate 
coded process of translation in modern cells probably required a supporting 
network of RNA and proteins to contour and stabilize the catalytic site allow-
ing it to achieve more efficiency. Since the fundamental structure of the ribo-
some is an inherent feature of its rRNA, and the r-proteins are considered late 
additions to the structure, it is likely that rRNA structure constituted the main 
selective pressure for evolution of the proteins. Hence we observe high func-
tional conservation of the proteins S20, L1 and L17 despite large variations in 
the primary sequences of orthologues from various species. The fact that the 
main impairments caused by loss of the proteins L1 and S20 appear to be the 
result of perturbations in the conformation of rRNA structure, rather than di-
rect defects at particular steps in translation, reinforces the superiority of 
rRNA over protein in ribosome function. However, impaired ribosome activity 
upon removal and replacement of r-proteins also highlights the fundamental 
importance of structural support from the r-proteins, without which, the trans-
lation apparatus operates sub-optimally. 
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