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Accuracy of bacterial protein synthesis 

Introduction
Elucidation of the genetic code created a set of intriguing questions concern-
ing the ambiguity of the genetic coding rules and the role of the ribosome 
and the translational factors in the discrimination against incorrect tRNAs 
during protein synthesis. The ribosome is a macromolecular complex of 
RNA and proteins which together with the rest of the translational “appara-
tus” assures the fast and accurate assembly of proteins by moving stepwise 
along the genetic message (mRNA). In living cells there is a fine balance 
between speed and precision of translation which is reflected by the invest-
ment of energy and time versus quality of the product. The translation “ma-
chinery” altogether should not make too many errors and waste biologically 
active biomass into defective proteins. Incorporation of the wrong amino 
acid in the product polypeptide sequence can origin from mistakes at differ-
ent levels in the process of transformation from nucleic acid information into 
the language of proteins. Starting from the replication of genomes by DNA-
polymerases, transcription of genes by RNA-polymerases, aminoacylation of 
the tRNAs by synthetases, and finally by translation which is thought to give 
highest contribution to imprecision of all steps. Protein synthesis itself re-
quires accuracy at several levels – initiation in the right place of mRNA, 
selection of the correct aminoacyl-tRNA during elongation, processivity and 
termination in the exact place as encoded by the open reading frame. In this 
thesis I am going to discuss the mechanism and accuracy of tRNA selection 
by message-programmed ribosomes. 

Mechanism of tRNA selection on the ribosome 
In general “correct” base triplet interaction, as determined by the genetic 
coding rules, is not sufficient to explain the choice of aminoacyl-tRNA to 
add the proper amino acid in a growing polypeptide chain. The mis-
incorporation measured in vivo is in the range of 3·10-4 (Kurland 1996), 
however the energetic cost of a single mismatch in codon-anticodon interac-
tion is too small to be the only factor to maintain low error frequency in 
translation. Therefore, the ribosome must mediate a greater distinction be-



10

tween correct and incorrect pairing during protein synthesis, combining the 
initial selection and proofreading mechanism (Hopfield 1974; Ninio 1974).  
Aminoacyl-tRNAs are delivered to the A site of the ribosome by EF-Tu and 
a co-factor GTP molecule, altogether these components form the ternary 
complex (T3). Cognate tRNAs bind to the empty A site with a much larger 
probability than the non-cognate T3, this reaction is reversible and represents 
the first, initial selection step (Figure 1). When a proper codon-anticodon 
interaction is displayed in the A site, a signal is sent to EF-Tu to activate its 
hydrolytic activity. Ternary complex releases inorganic phosphate, and when 
EF-Tu is in GDP-form it loses affinity for the tRNA and leaves the ribo-
some. The aminoacylated CCA-end of the tRNA accommodates into the 
peptidyl center of the ribosome and a covalent bond is formed between the 
two amino acids. Alternatively the aa-tRNA has a second chance to be re-
jected by the ribosome if it is not the correct match, but at this point some 
energy is already lost due to the irreversible step of GTP hydrolysis on ter-
nary complex. The later describes the proofreading activity of the ribosome. 
Once there is a peptidyl-tRNA in the A site and deacylated tRNA in the P 
site, elongation cycle proceeds by translocation with the help of another 
translation GTPase - EF-G. (Fraser and Hershey 2005; Zavialov, Hauryliuk 
et al. 2005). The deacylated tRNA moves in the E site of the ribosome, the 
peptidyl-tRNA moves into the P site, and there is the next codon in the 
empty A site. In living cells the whole process is repeated with very high 
speed on actively translating ribosomes – as fast as 20 amino acids per sec-
ond (Bremer 1987).  

Figure 1. A classical model for tRNA selection mechanism 

The suggestion that the ribosome acts as a proofreading enzyme was con-
firmed by in vitro experiments in translation system with purified compo-
nents (Thompson and Stone 1977; Ruusala, Ehrenberg et al. 1982). Later the 
proofreading concept was expanded with the hypothesis of multiple step 
proofreading mechanism for improved accuracy of enzymatic selection in 
biosynthetic pathways (Ehrenberg and Blomberg 1980; Freter and Savageau 
1980).
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Accuracy of translation and error frequency 
The normalized accuracy (A) of protein synthesis is defined as the ratio be-
tween the rate constants for cognate peptidyl transfer over near- or non-
cognate peptidyl transfer: 

C
cat M PT
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cat M PT

k K

k K
A

The constant kcat/KM represent the association rate constant for cognate/near-
cognate ternary complexes to the A site of the ribosome, multiplied by the 
probability to complete peptidyl transfer. The contribution of initial selection 
step (I ) can be calculated as the corresponding ratio for GTP hydrolysis: 
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Proofreading factor (F) can be derived from the relation A = I·F as the
probability that after GTP is hydrolyzed, a peptide bond will be formed with 
the incorrect substrate, over the same probability for the correct substrate.  
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In vivo there is a competition between the cognate and the near-cognate sub-
strate for the A site of the ribosome, and the error frequency of mis-
incorporation can be described with the equation:   
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Since the concentration of near-cognate ternary complex is always much 
larger than the concentration of cognate substrate, a very good approxima-
tion of the error frequency would be the inverse ratio of normalized accu-
racy, or kcat/KM for near-cognate over cognate ternary complex. 
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Decoding and peptidyl transfer 
Ternary complex and binding sites on the ribosome 
Decoding of the proper codon-anticodon interaction takes place in the A site 
of the 30S subunit, referred to as the decoding center (DC). Some ribosomal 
components make contacts with the aminoacyl-tRNA part of the ternary 
complex close to the DC - the 16S rRNA and protein S12. The D arm of the 
aminoacylated tRNA interacts with the L11-RNA region from the 23S rRNA 
(Valle, Zavialov et al. 2003), and the binding site for EF-Tu is formed by the 
S4, L6, L14, L11 and L7/L12 proteins (Stark, Rodnina et al. 2002; Valle, 
Zavialov et al. 2003). The ribosomal components that remain close to the 
GTP cofactor of EF-Tu at the other end of the ternary complex, are the sar-
cin-ricin loop of 23S rRNA, L7/L12 and the L11-RNA region which is re-
ferred to as the GTPase-associated center (GAC). As seen by cryo-EM stud-
ies of the kirromycin-blocked cognate T3 on the ribosome, the tRNA mole-
cule structure is significantly distorted and different from the shape of an 
accommodated A-site tRNA (Valle, Sengupta et al. 2002; Valle, Zavialov et 
al. 2003). The deformation is between the anticodon stem-loop (ASL) and 
the D stem-loop, thus positioning the anticodon in proximate orientation 
towards the mRNA, simultaneously keeping the acceptor end bound to EF-
Tu.

The role of the ribosome in tRNA discrimination 
Recognition of the proper base pairing in the A site proceeds with the help of 
several universally conserved bases from the sequence of 16S rRNA as seen 
by footprinting techniques and site-directed mutagenesis (Moazed and 
Noller 1990; Yoshizawa, Fourmy et al. 1999). Nowadays it is generally be-
lieved that A1492, A1493 and G530 participate directly in the discrimination 
against incorrect substrate. The only protein in the vicinity of codon-
anticodon interaction is S12, which probably acts indirectly in the selection 
process. The three bases change their position during tRNA selection by 
flipping out towards the codon-anticodon to make strong hydrogen bonds 
with both the mRNA and the tRNA bases in the A site (Ogle, Brodersen et 
al. 2001). Thus the correct match in base pairing is monitored with the help 
of the ribosomal rRNA, robustly in the first and second position of the 
codon, and to a lower extent in the wobble position. This explains why syn-
onymous cognate codons with a U·G mismatch in third position are allowed 
by the ribosome. The specificity of codon-anticodon interaction will be dis-
cussed again later in the context of codon bias. 

With the improvement of the crystallographic techniques in the last years, 
a more detailed model was proposed, involving the transition of the 30S 
subunit from an open to a closed form (Ogle, Murphy et al. 2002). This 
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causes the shoulder domain of 30S (S12 and the G530 loop) to become di-
rectly connected to helix 44 (of 16S rRNA) via the codon-anticodon duplex. 
Throughout this movement some bridges are broken between S4 and S5 
proteins at the other side of the shoulder, and S12 would interact closely 
with the acceptor arm of tRNA in the ternary complex. Prior to this hypothe-
sis, another important feature of the decoding was pointed out, specifically 
that helix 27 of the rRNA can perform global conformational changes due to 
alternating base pairing possibilities between highly conserved sequences, 
apparently facilitated by proteins S4, S5 and S12 (Lodmell and Dahlberg 
1997).  

Activation of GTP hydrolysis on EF-Tu 
GTP hydrolysis on EF-Tu occurs in a distant end of the ternary complex, 
about 70 Å away from the place where tRNA-mRNA interaction occurs. So 
far it is not known how exactly the proper codon-anticodon interaction re-
sults in activation of the hydrolytic activity of EF-Tu. The theory of 30S 
closure discussed above implies that the global conformational change of the 
ribosome would induce a signal for ternary complex to hydrolyze the GTP 
co-factor based on rearrangements in the rRNA part and the proteins that 
make contact with it. The free energy gained from the interactions of the 
three rRNA bases with the codon-anticodon helix would be used to induce 
the transition to a closed state, respectively to conformational change in T3 
and subsequent GTP hydrolysis. This closure movement would be less fa-
vorable if there is a near-cognate base pairing in the DC, since the energetic 
barrier for rearrangement in that case is bigger.  

Accommodation and peptidyl transfer reaction 
Esther bond formation occurs on the 50S subunit in the so called peptidyl 
transferase center (PTC). After GTP hydrolysis the CCA-end of tRNA can 
either become available for peptidyl transfer or the aminoacyl-tRNA dissoci-
ates from the ribosome if there is not a good match to the codon in A site 
(proofreading). There are no proteins known to be close to the catalytic cen-
ter, probably the anchor of L16 reaches furthest into the rRNA core but still 
it is too far to be implicated in the peptidyl transfer reaction (Nissen, Hansen 
et al. 2000). As discussed above, from the distorted shape of tRNA it easy to 
imagine how it will accommodate once the aminoacyl end is free from EF-
Tu. Relaxation of the tRNA will position the acceptor arm, respectively the 
amino acid close to the peptidyl tRNA in the P site, since the anticodon stem 
loop is held tight towards the codon by the surrounding interactions. This 
interpretation of the accommodation process rises the idea that the decoding 
process is a dynamic interplay between tRNA and the ribosome (Frank, Sen-
gupta et al. 2005). Once the two substrates are properly situated in the pepti-
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dyl transferase center the covalent bond occurs spontaneously. It is due to a 
nucleophilic attack on the carbonyl group of the peptidyl-tRNA (donor sub-
strate) by the amino group of the aminoacyl-tRNA (acceptor substrate) to 
form an ester bond. It is still unclear what is the catalytic function of the 
PTC, but recently was proposed a theoretical model involving entropic en-
ergy reduction as a result of preorganized solvent H-bond network  (Trobro 
and Aqvist 2005).  

The function of tRNA in decoding 
As outlined above, the requirement of perturbed tertiary structure of tRNA is 
important for the selection process and accommodation. This kinked con-
formation is stabilized by the ribosome via interactions in the L11-RNA 
region (Valle, Sengupta et al. 2002; Valle, Zavialov et al. 2003). Before this 
was shown by cryo-EM, much previously it was proposed the hypothesis 
that the ribosome traps the tRNA molecules in those conformation which 
would maximize the energy difference between cognate and near-cognate 
substrate (Kurland, Rigler et al. 1975). This indicates that not only the 
codon-anticodon interaction but also the entire structure of tRNA is impor-
tant for the contact with the ribosome and the accuracy of translation. The 
later proves to be true since accuracy mutations were correlated to alterations 
in tRNA which are not involving the anticodon stem loop (discussed in next 
chapter). Another role of the tRNA in the decoding process was suggested in 
the context of E site occupancy (Rheinberger and Nierhaus 1986). It states 
that before the deacylated tRNA has left the ribosome the affinity for tRNAs 
in the A site is decreased and presumably mostly the cognate substrate 
would overcome the energy barrier to bind. This theory might have a larger 
implication on processivity errors related to frameshifting as recently pro-
posed (Marquez, Wilson et al. 2004).  

Our recent observations 
The in vitro translation system 
In our lab we have developed a cell free translation system based on purified 
components from E. coli cells (Pavlov and Ehrenberg 1996). Active ri-
bosomes, tRNAs, initiation, elongation and termination factors and aminoa-
cyl-tRNA synthetases can be used in controlled concentrations to translate in
vitro mRNAs on our choice. This advantage has been used to measure ki-
netic parameters for bacterial ribosomes programmed with different codons 
independently.  
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Efficiency of cognate and near-cognate codon reading 
In the current study (attached as Paper I) we have characterized kinetically 
the reading efficiency of cognate, near-cognate and non-cognate codons. We 
have used reaction buffer which mimics the situation in vivo to determine the 
relevant accuracy-value comparable to the optimal growth conditions for 
bacteria. The rate of dipeptide formation was measured for several different 
cases of i) cognate interaction with complete matching between the codon 
and anticodon bases as well as their corresponding synonymous cognate 
codons with G·U mismatch in wobble position; ii) near-cognate codons di-
verging by the first nucleotide in the triplet and the corresponding synony-
mous near-cognate codon with additional G·U mismatch in wobble position; 
iii) near-cognate interaction with illegal base-pairing both in the first and 
third position; iv) an example of non-cognate interaction – the binding of 

Phe
GAAtRNA  to the arginine codon CGU, which gives a complete disparity at 

all three positions. 

i) The reaction of peptidyl transfer on cognate codons showed similar 
kcat/KM-values for all studied cases and there was no significant difference 
whether there was G·U or G·C interaction in the wobble position. 

ii) For the cases where an incorrect base-pairing existed in first position we 
measured varying rate constants for peptidyl transfer depending on the na-
ture of the ternary complex substrate. Near-cognate peptide bond formation 
was more efficient for Leu

GAGtRNA  reading Phe-codons, rather than Phe
GAAtRNA  

reading Leu-codons, probably originating from fine-tuning of the affinity to 
the A site due to base modifications in tRNA. For these near-cognate interac-
tions we also observed a clear preference for the codon with perfect base-
pairing in the wobble position rather than the synonymous G·U mismatch.  
iii) The kcat/KM-values for the two studied cases which involve a combina-
tion of first and third position incorrect base-pairing were similar, and both 
of them lower than the other near-cognate examples which involve only a 
first position mismatch (including their corresponding wobble variant).  
iv) Non-cognate tRNAs appear to have between 1 and 2 orders of magnitude 
lower efficiency of codon reading than all near-cognate cases, respectively 8 
orders of magnitude lower than the cognate substrate.  

The cognate reaction rates were half-saturated at ternary complex concen-
trations about 3-fold lower than the near-cognate reaction, and we were not 
able to saturate the reaction with non-cognate substrates. We estimate KM for 
non-cognate T3 as much larger than 100 M, which means that near- and 
non-cognate ternary complex do not block the ribosomal A site and inhibit 
protein synthesis in actively translating cells. 
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Speed and accuracy of translation 
The reading efficiencies of cognate versus near-cognate substrate differ in 
the range of 105 to106, which represents the value for normalized accuracy of 
tRNA selection. We report that in optimal physiological conditions accuracy 
of protein synthesis is much higher than previously estimated. From our 
experiments error frequency can be estimated as low as 0.3 to 3 per million. 
We evaluate the rate limiting step leading to peptidyl-transfer at saturating 
ternary complex concentration as about 200 s-1 for cognate reading, which is 
much larger than appreciated in the past in similar in vitro systems. Since     
it was previously demonstrated that the step of translocation is faster than   
50 s-1 therefore the EF-G function is not the rate limiting step during elonga-
tion (Bilgin, Kirsebom et al. 1988), one can expect that the major determi-
nant for the speed of protein synthesis in vivo is the availability of cognate 
aminoacyl-tRNA substrates. 

Initial selection and proofreading 
We have separated the contributions from initial selection (I) and proofread-
ing (F) to the overall accuracy by direct measurements of the rate of GTP 
hydrolysis for near-cognate ternary complex. Our result suggests that the 
initial selection was sensitive to whether there was a G·U or a G·C base pair 
in the wobble position, but not the proofreading (F). This asymmetry be-
tween the two selection steps concerning third position wobble base-pairing 
seems to be in agreement with the recently proposed theory for conforma-
tional changes caused by the proper codon-anticodon interactions. We also 
demonstrate that non-cognate substrates are efficiently rejected at the first 
selection step and they do not stimulate GTP consumption, perhaps for not 
being able to induce the conformational closure of the ribosome. This is 
important for the fitness of the cell since there is no need to waste energy 
further for an incorrect substrate, they would preferentially dissociate prior 
to GTP hydrolysis due to reduced affinity to the A site. Concerning the effi-
ciency of the proofreading step there is evidently a specificity related to the 
nature of tRNA, i.e. the F-values for Leu

GAGtRNA  are about 5 times lower than 
these for Phe

GAAtRNA  on each others codons. This means that the additional 
accuracy observed for Phe

GAAtRNA  on Leu-codons (compared to the inversed 
case) comes from enhanced proofreading ability of the ribosome towards 
this tRNA, while I-value is the same. 
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Mutations affecting accuracy of translation

S12 protein 
Small subunit protein S12 is situated in the A site of the ribosome in close 
proximity to the DC and plays a role in the decoding process. It is involved 
in the conformational changes of the ribosome during the recognition proc-
ess by establishing additional contacts with the ribosomal RNA (Ogle, Brod-
ersen et al. 2001). Mutations in S12 are related to resistance to or depend-
ence on streptomycin and increase accuracy of protein synthesis (restrictive 
phenotype) (Ozaki, Mizushima et al. 1969). The decreased level of miscod-
ing was often related to reduced speed of translation as a result of enhanced 
selection steps during elongation (Ehrenberg and Kurland 1984; Ruusala, 
Andersson et al. 1984). According to the 30S closure model S12 is involved 
in the rearrangements of the shoulder domain and transmitting the signal to 
ternary complex via direct contacts with tRNA in the decoding site. In rela-
tion to that theory, restrictive mutations confer destabilization of the closed 
form of the ribosomes, so that such ribosome have higher energetic barrier 
for the conformational change to be accomplished (Ogle, Murphy et al. 
2002). Respectively, mostly the correct ternary complexes would provide 
favorable base interactions in the A site for the tRNA to be accepted, 
whereas the near-cognate substrate would induce conformational change 
with much lower probability.  

The position of amino acids K42 and P90 in two highly conserved loops 
of the tertiary structure is important for proper translation (Carr, Gregory et 
al. 2005) suggesting for interaction of these two residues with 16S rRNA. 
Compensatory mutations in other ribosomal proteins (i.e. S4 and S5) have 
been previously reported, but also an intragenic suppressor mutation has 
been isolated (Bjorkman, Samuelsson et al. 1999). In this case drug depend-
ence caused by a restrictive P90L mutation was reversed by another restric-
tive substitution at position K42R in the same protein. Another example of 
the same phenomenon was observed in the later study (Carr, Gregory et al. 
2005) which the authors interpret as an indication for a functional interaction 
between the two residues within the conserved loops which are in close 
proximity to one another.     
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S4 and S5 proteins 
S4 and S5 small subunit proteins are situated on the other side of the ribo-
some shoulder, forming the entry pore of mRNA into the intersubunit cleft. 
During the recognition process several bridges are broken between these two 
proteins in order to form the closed conformation following substrate asso-
ciation. S4 is part of the binding site for elongation factors EF-Tu and EF-G 
and probably facilitates the rearrangements leading to GTP hydrolysis. Since 
it makes a direct contact with ternary complex one can speculate for its role 
in transmitting the signal to the GTP domain interdependently with S12 pro-
tein. Substitutions in the sequences of S4 and S5 are related to ribosomal 
ambiguity (ram phenotype) and are manifested by high level of misreading 
during translation (error prone ribosomes) (Bjare and Gorini 1971; 
Zimmermann, Garvin et al. 1971). These mutations are antagonistic to the 
restrictive ones, which in terms of the domain closure theory means that they 
disrupt the interface between S4 and S5, thus stabilizing the structure to the 
closed shape. Accordingly, these ribosomes accept much easier near-cognate 
substrates because of reduced energy barrier necessary for the conforma-
tional changes (Ogle, Murphy et al. 2002).  

Besides the classical ram mutations described in the literature, a substitu-
tion in S4 related to restrictive properties of the ribosome has also been de-
scribed (Bjorkman, Samuelsson et al. 1999). In this study two mutant strains 
of Salmonella typhimurium have been isolated with substitution in position 
Q53 either to proline or alternatively to leucine, which demonstrate adver-
sary phenotype – error prone or hyperaccurate respectively. Both mutations 
are compensatory to already existing restrictive one in S12 protein. These 
unusual strains and several additional ones have been used for the project 
presented in paper II.

Another role of S4 and S5 is attributed to unwinding the mRNA secon-
dary structure during translation due to their helicase activity achieved to-
gether with another neighbor protein S3 (Takyar, Hickerson et al. 2005). 
Surprisingly the driving force for their helicase activity is not directly from 
GTP or ATP hydrolysis, rather the energy obtained from the movement of 
mRNA during translocation.   

The effect of aminoglycoside antibiotics 
The binding site for aminoglycoside antibiotics is close to the decoding cen-
ter and the consequence is increased level of translational errors (Moazed 
and Noller 1987; Carter, Clemons et al. 2000). Concerning the conforma-
tional changes of the ribosome during codon recognition process, their effect 
is synergistic to ram mutations and compensatory towards restrictive ones. 
Paromomycin and streptomycin are known to bind the ribosome in such a 
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way that they favor the structure rearrangements leading to GTP hydrolysis 
on ternary complex. This, and the fact that addition of streptomycin restores 
the wild type behavior of hyperaccurate ribosomes (Bilgin, Claesens et al. 
1992) explains the drug dependence phenomenon of certain mutant strains. 
The additional GTP consumption for near-cognate tRNAs (measure for 
proofreading) was reduced in the presence of streptomycin (Thompson, Dix 
et al. 1981; Ruusala and Kurland 1984). This was recently confirmed by new 
kinetical data (Gromadski and Rodnina 2004) which demonstrate that strep-
tomycin decreases the fidelity of tRNA selection by affecting both initial 
selection and proofreading step. Other antibiotics from the aminoglycoside 
group like kanamycin and gentamycin are expected to have similar effects 
on the accuracy of protein synthesis (Yonath 2005).  

Mutations in tRNA 
In living cells there is a certain level of readthrough of preliminary stop 
codons which allows the organism to synthesize biologically active product 
even in the presence of a nonsense mutation. Mutations that affect the accu-
racy of codon reading (ram ot restrictive) can increase or decrease the ability 
of the cell to suppress such false stop signals by enabling misincorporation 
of another tRNA, near-cognate to the stop codon. Another way for the or-
ganism to survive is to develop nonsense suppressor tRNAs that could read a 
stop triplet due to some modifications in their anticodon. Mutations disturb-
ing the accuracy of translation can be also related to changes in the tRNA 
molecule which do not involve the structure of the anticodon stem loop, such 
as the Hirsh-suppressor (Hirsh 1971). This is a variant form of tRNATrp

which has unchanged anticodon for recognition of UGG (coding for trypto-
phan), but a substitution in the sequence of the D arm that weakens the strin-
gency of wobble position recognition. Such a mutation allows this tRNA to 
read all four variations of UG(N) codon, thus providing incorporation of 
tryptophan on a stop UGA signal, or instead of cysteine on codons UGU and 
UGC (Buckingham and Kurland 1977). This example can be used as a proof 
for the importance of tRNA/ribosome contacts in the selection process, in 
particular those that concern the distorted shape of tRNA during decoding. 
On the contrary, the ribosome is not sensitive to the esterified amino acid on 
the acceptor stem of tRNA, since both correctly acylated and misacylated 
tRNAs display similar dissociation constants from the A site of the ribosome 
(Dale and Uhlenbeck 2005).  
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Mutations interfering with the function of EF-Tu
The antibiotic kirromycin blocks the dissociation of EF-Tu after GTP hy-
drolysis which interrupts the subsequent peptide bond formation 
(Parmeggiani and Swart 1985). Resistance to kirromycin is usually related to 
mutations in EF-Tu, but changes in ribosomal RNA can exhibit the same 
effect too (Tubulekas, Buckingham et al. 1991). In general EF-Tu variants 
defective in binding aminoacyl-tRNAs are also manifested by kirromycin 
resistant phenotype (Abdulkarim, Ehrenberg et al. 1996). In addition, it has 
been shown that certain mutations in sarcin/ricin loop (SRL) can inhibit the 
rate of GTP hydrolysis and lead to translational hyperaccuracy and strepto-
mycin dependence (Tapprich and Dahlberg 1990; Bilgin and Ehrenberg 
1994). These results altogether speak for functional dependence between 
tRNA, EF-Tu and the sarcin/ricin loop leading to GTPase activity during 
translation.

The GTPase-associated center (GAC) 
GAC involves the proteins L10, L11, L7/L12 and the ribosomal RNA heli-
ces associated with it. They contact with ternary complex on the ribosome 
and probably participate in transmitting the signal to elongation factors EF-
Tu and EF-G to hydrolyze the GTP co-factor. L11 and/or the L11-rRNA 
region make contacts with the elbow of tRNA and they seem to support the 
required deformed conformation prior to accommodation, therefore to be of 
importance for the selection process. Another function attributed to L11 is to 
interact with release factors RF1 and RF2 on the ribosome (Tate, Schulze et 
al. 1983; Murgola, Xu et al. 1995) therefore probably mediating the efficient 
termination.  

Mutations in L7/L12 have been shown to have an effect on accuracy of 
translation (Kirsebom and Isaksson 1985) measured as increased level of 
nonsense suppression in vivo and increased misreading level in vitro. In a 
later work it was shown that these mutations perturb the function of EF-Tu 
and EF-G (Bilgin, Kirsebom et al. 1988).  

However, contradictory effect was observed for deletion variants of L11 
protein (Tate, Schulze et al. 1983; Van Dyke, Xu et al. 2002) compared to wt
ribosomes. The efficiency of termination measured in vivo as a readthrough 
of a stop codon showed increased nonsense suppression at UAG codon (read 
by RF1) and decreased nonsense suppression at UGA (read by RF2). At this 
stage it was impossible to say if the observed effect was due to reduced effi-
ciency of stop codon recognition by the release factors or decreased level of 
misincorporation. This is the question we addressed in the project presented 
in paper IV.   
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tmRNA action and SmpB protein 
One of the rescue mechanisms for ribosomes stalled on problematic mRNAs 
is trans-translation mediated by a hybrid transfer-messenger RNA (tmRNA) 
molecule and small protein B (SmpB). The tRNA-like domain of this mole-
cule can be aminoacylated with alanine and this is the first amino acid intro-
duced to the incomplete polypeptide chain during trans-translation. The open 
reading frame carried by the mRNA-like part of the molecule encodes for a 
short proteolysis tag and when the subsequent stop codon is reached the 
product is released and directed for degradation while the ribosome can be 
recycled on another message (Atkins and Gesteland 1996). It has been con-
firmed that SmpB is essential for trans-translation (Shimizu and Ueda 2002), 
and it binds with high specificity to tmRNA and is required for its stable 
association to the ribosome. The present thesis includes a study which dem-
onstrates that SmpB binds specifically also to ribosomes even in the absence 
of tmRNA (Paper V).   

Different factors can be the reason to induce trans-translation rescue 
mechanism in the cell, e.g. due to i) starvation for cognate substrate to the 
codon in the A site, or ii) when the ribosome reaches a cluster of rare codons 
iii) lack of a stop codon in the message or depletion of release factor, etc. 
Many studies have shown that in stress conditions (like starving for an 
amino acid) besides the tmRNA mediated trans-translation, the cell has an 
increased level of misincorporation, readthrough, frameshift, bypassing or 
other unorthodox processes during translation. All these data taken together 
indicate that when the ribosome is slowed down or trapped, either one of 
these pathways will be taken depending on many factors involved in the cell 
regulation.

A recent publication discussed that trans-translation decreased the bacte-
ricidal effect of streptomycin (Luidalepp 2005). This work reveals that cell 
death in tmRNA deficient bacteria is significantly enhanced by antibiotics 
that induce translational errors. Earlier it was shown that paromomycin binds 
the tRNA-like domain of the hybrid molecule and inhibits its aminoacyla-
tion, but the inhibition was suppressed by the addition of SmpB (Konno, 
Takahashi et al. 2003). The same study reports that this aminoglycoside an-
tibiotic causes a shift of the translation resuming point on tmRNA by -1. 
These results signify that aminoglycosides interfere not only with the accu-
racy of canonical translation, but also with trans-translation as a quality con-
trol system for the cell. 
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Our recent observations 
Restrictive and ram mutations 
In the project described in Paper II we have addressed the question how mu-
tations in proteins S12 and S4 and the combination of them affects the accu-
racy of translation and at which step of the selection process. Ribosomes 
from Salmonella typhimurium strains with mutant small subunit proteins S12 
and/or S4 were purified and examined in parallel with the wild type isogenic 
strain. Their behavior in translation was compared by kinetic parameters 
such as association rate constant of cognate and near-cognate tRNA, rate of 
peptidyl transfer, GTP hydrolysis on ternary complex, proofreading and 
initial selection factor etc. Particular attention was paid to an unusual S4 
mutant with restrictive phenotype, which is normally typical for substitutions 
in S12. The hyperaccurate phenotype can be reversed by another mutation 
increasing the level of translational errors (so called ram mutations), but 
interestingly it can also be compensated by a second restrictive mutation.  
Our results show that both restrictive mutations (similarly for S12 or S4 
substitutions) have about 2.7 fold decreased efficiency of cognate codon 
reading compared to the wild type strain. The two ram mutations did not 
influence the affinity of cognate ternary complex to the A site – the codon 
reading efficiency was comparable with that of wt ribosomes. The ribosomes 
bearing two mutations, of which at least one was a restrictive, showed small 
but significant reduction in kcat/KM for cognate substrate.  

We observe two orders of magnitude variation in the near-cognate reading 
efficiency between the different strains; 8 and 26 fold higher for the error 
prone variants and 10 fold less for the two restrictive mutants in relation to 
the wt ribosomes. Additional effect of a second mutation to already existing 
S12 restrictive substitution reversed the level of misincorporation to that of 
wt ribosomes, regardless if the second substitution had ram or restrictive 
properties by itself.  

We determined that wt ribosomes maintain accuracy as high as 7·105 and 
the value varies in the range of 3·104 to 8·104 (for error prone mutants) to 2 
millions (for hyperaccurate ribosomal variants). The two ribosome types 
with one restrictive and another either restrictive or ram compensatory muta-
tion, maintain slightly lower accuracy of translation compared to wt ri-
bosomes. An interesting detail is that substitutions in particular position of 
protein S4 (Q53) to a different amino acid - leucine or alternatively to 
proline, have a 70-fold effect on accuracy (increased error level in the case 
with proline). 

Additionally we have measured kcat/KM for GTP hydrolysis associated 
with near-cognate codon reading for all different mutant strains. We ob-
served decrease in the rate constant for the restrictive mutants (3-fold com-
pared to wt), and four times increase for the error prone mutants, respec-
tively an order of magnitude difference between hyperaccurate and the ram
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phenotype. It should be noted that the single substitution in protein S4 at 
position Q53 to proline versus leucine results in 10-fold enhanced kcat/KM for 
GTP hydrolysis. This is probably due to the properties of the proline residue 
to induce conformational “click” and therefore stimulate GTP hydrolysis on 
ternary complex. At the same time substitution in two different distant pro-
teins (S12-restrictive or S4-restrictive) confers similar effect on the GTP 
expenditure.

Concerning the substrate selection mechanism, ram mutations affect the 
accuracy of translating ribosomes by reduction of both initial selection and 
proofreading selectivity. Restrictive mutations own their high accuracy to 
slightly increased initial selection and two- or three-fold enhanced proof-
reading ability compared to wild type ribosomes. For the two double muta-
tion ribosomes the I value was two-fold smaller, while the F value was simi-
lar to the corresponding parameters for the wild type. 

The knowledge obtained from this study should be carefully interpreted to 
eventually deduce the general relation between the structure of the ribosome 
and the mechanism of codon recognition, as well as the streptomycin resis-
tance or dependence phenotype of some of these strains (manuscript in 
preparation).

Deletions in L11 protein 
In the study presented in Paper IV we have also revised the effect of dele-
tions in ribosomal protein L11 by in vitro measurements of i) the termination 
efficiencies by release factors and ii) on the error frequency level. Earlier 
studies have observed that ribosomes with deletion variants of L11 increase 
nonsense suppression at UAG codon (read by RF1), and decrease the level 
of nonsense suppression at UGA codon (read by RF2). The analysis of this 
result can be ambiguous since it concerns a more complex assay involving 
contribution of several different factors in vivo.

We have measured the effect of alterations in L11 on selected steps dur-
ing the translation process. We have examined independently i) the effect on 
the termination efficiencies for RF1 and RF2 on their cognate codons ii) the 
intrinsic rate constant for ester bond hydrolysis iii) the recycling rate of both 
release factors in presence and absence of RF3 iv) the accuracy of tRNA 
selection.

i) Our results imply that deletion of the N-terminal domain of L11 or of the 
entire L11 protein leads to reduction of the termination efficiency of RF1 at 
both UAA and UAG by factor of four or six. The termination efficiency was 
reduced to a much lower extent (about 30% only) for RF2 on UAA or UGA. 

ii) We demonstrated that neither deletion nor truncation of L11 affected the 
intrinsic rate of ester bond hydrolysis during translation termination. 
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iii) In the absence of RF3, the recycling rates for RF1 were the same on both 
cognate codons for all studied ribosomes. The deletion variants of L11 de-
creased the recycling rate for RF2 on both codons. In the presence of RF3 
the rates were affected in a similar way, but naturally all of them shifted to 
higher values by the catalyst factor.   

iv) Our experiments show that the accuracy of tRNA selection increased by 
two fold when the L11 protein was partially or entirely deleted.  
On the basis of these observations we concluded that the increased level of 
nonsense suppression at UAG is actually due to reduced termination effi-
ciency of RF1, and that the decreased nonsense suppression at UGA is due 
to reduced missense error level. 

SmpB binding on the ribosome 
In Paper V attached here we have examined by footprinting of rRNA the 
interaction of protein SmpB with ribosomal subunits and 70S ribosomes in 
the absence of tmRNA. We have found that SmpB binds specifically to both 
30S and 50S with 1:1 molar ratios. The stoichiometry for SmpB to 70S ri-
bosomes was 2:1 judging by the elution profiles following gel filtration 
chromatography. On small ribosomal subunit SmpB protects specifically 
nucleotides close to the P site, and on the large subunit below the L7/L12 
stalk. We have also tested if the presence of SmpB to 70S ribosomes affects 
the accuracy of tRNA selection by dipeptide formation assay for the interac-
tion with cognate versus near-cognate ternary complex. In the presence of 
SmpB there was a small increase in the accuracy of codon recognition, from 
which we concluded that possibly the SmpB molecule in close proximity to 
the GAC affects events related to A site selectivity. From our observations 
we propose a model for the role of SmpB as a mediator in trans-translation 
rescue mechanism (described in Paper V). 
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Choice of tRNA isoacceptors on synonymous 
codons

Codon bias & Families of isoacceptors
In E. coli and S. enterica, there are 46 tRNA species, more than the number 
of different amino acids but less than the number of codons; this means that 
for some amino acids more than one tRNA isoacceptor is used, and in many 
cases tRNAs from one family have overlapping codon specificities. Interac-
tions between the codon and the anticodon determine which tRNAs can read 
certain triplet(s): the first two nucleotides of the codon and nucleotides 36 
and 35 of the anticodon must fulfill the requirement of Watson-Crick base 
pairing, while non-canonical base-pairing is allowed between the codon nu-
cleotide in third position and the “wobble” nucleotide at position 34 in 
tRNA. Most amino acids are specified by more than one codon in the genetic 
code; in the extreme case, incorporation of leucine, serine, or arginine is 
directed by six different codons. Whether synonymous codons behave dif-
ferently in translation has been much debated. The choice of one codon over 
another might then modulate gene expression. There are direct pieces of 
evidence that codon choices can affect translation, for example replacing a 
rare leucine codon by a common one in the attenuator region of the leu op-
eron of Salmonella typhimurium prevents attenuation (Carter, Bartkus et al. 
1986).  

It has been demonstrated by in vivo experiments that the translation rates 
of two synonymous codons read by the same tRNA might be different 
(Sorensen and Pedersen 1991) and highly expressed genes have a preference 
for the use of codons with faster translation rates (Sharp and Li 1986). On 
the contrary, protein synthesis pauses in vivo at regions of the mRNA that 
contain rare codons (Varenne, Knibiehler et al. 1982). An additional influ-
ence on the absolute translation rate of individual codons could be also the 
type of base-pairing in the P site of the ribosome (Kato, Nishikawa et al. 
1990) or the more pronounced competition due to presence of abundant non-
cognate tRNA (Kato 1990). In this context it is more relevant to measure 
directly the events related to A-site selection in vitro and correlate this 
knowledge to the situation in vivo. However, the fact that the translational 
apparatus prefers one codon over another might be used to explain the evi-
dent co-evolution of bias in codon usage and tRNA pools. 
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Codon-anticodon interaction 
In general complete codon-anticodon match in the base triplet interaction, as 
determined by the genetic coding rules, is not sufficient to explain codon 
bias and the choice of synonymous codons in different genes (Grosjean and 
Fiers 1982). Studies of the binding of oligonucleotides to tRNA have shown 
that interaction with complementary triplets, including wobble pairs, occurs 
in the absence of ribosomes (Uhlenbeck, Baller et al. 1970; Unger and 
Takemura 1973), but the observed association is so weak that binding by 
triplets with mismatched bases can hardly be detected.  

The basis for ambiguity in base pairing interactions at the wobble position 
of the codon, the role of the ribosome and the translational factors in the 
discrimination against incorrect tRNAs and the role of modified nucleosides 
in the genetic coding rules. A recent paper speculates that each tRNA se-
quence has co-evolved with its cognate amino acid so that all aa-tRNAs are 
translated uniformly and bind to the A site with the same efficiency (Dale 
and Uhlenbeck 2005; Olejniczak, Dale et al. 2005). Similarly, earlier study 
by the same group suggested that differences in tRNA sequences and tRNA 
modifications have evolved together to counteract differential thermody-
namic contributions so that their binding to ribosome remains identical 
(Fahlman, Dale et al. 2004). In terms of these findings the specificity of 
codon-anticodon interaction and the availability of substrate during transla-
tion would be the main features regulating the choice of tRNA.  

tRNA modification and efficiency of translation 
Wobble nucleoside modifications can change the decoding capacity of tRNA 
in two possible ways: either extend the codon choice (e.g. uridine-5-
oxyacetic acid, cmo5U) or restrict it compared to the unmodified variant (e.g. 
5-methylaminomethyl-2-thiouridine, mnm5s2U). Lack of modifications could 
decrease the efficiency of translation on two levels: first by reducing the 
stability of the codon-anticodon interaction and so decreasing the ability to 
compete with near-cognate tRNA (Kato 1990; Chen, Qian et al. 2002; 
O'Connor 2002); or indirectly, by decreasing the ternary complex (EF-
Tu*GTP*AA-tRNA) concentration, as it was shown that in some cases 
modification deficiency influences the level and/or accuracy of aminoacyla-
tion which would result in decreased pool of the corresponding ternary com-
plex available for a specific codon (Perret, Garcia et al. 1990; Tamura, Hi-
meno et al. 1992; Sylvers, Rogers et al. 1993). Another known function of 
the modified nucleosides is to maintain the reading frame and prevent 
frameshifting (Urbonavicius, Qian et al. 2001; O'Connor 2002), and doing so 
it helps the overall accuracy of the translation process. 
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The ability of cmo5U to bond with U but not C appears to have a stereo-
chemical basis proposed by H. Grosjean (Grosjean, de Henau et al. 1978). 
The model assumes that the 5-oxyacetic acid group of the modified nucleo-
side interacts with the anticodon backbone on the 5’side of the U base, re-
sulting in a conformational change of the backbone adjacent to the wobble 
base. According to that model, the non-canonical base pairing cmo5U*U at 
third position can be allowed by the ribosome as well as cmo5U*A and 
cmo5U*G, while interaction with C is not possible. This was later confirmed 
for Pro

cmo5UGGtRNA (Chen, Qian et al. 2002; O'Connor 2002) and for 
Ser
cmo5UGAtRNA (Takai, Takaku et al. 1996), as well as for Leu

cmo5UAGtRNA in the 
present work. 

Codon usage and aminoacylated tRNA pools variation 
The genetic code is exploited in different ways by the different groups of 
organisms, and for any given organism synonymous codons are used at dif-
ferent frequencies depending upon the expression level of the gene product. 
In E. coli synonymous codons are used with varying frequencies, in particu-
lar mRNAs for ribosomal proteins use a subset of codons, so called common 
codons (Fiers, Contreras et al. 1976; Post, Strycharz et al. 1979; Grosjean 
and Fiers 1982).  

In the genome, preference for one codon over another may be based on 
the specificity of codon-anticodon interaction (Grosjean, Sankoff et al. 
1978), and on intrinsic kinetic differences in the structure of the translational 
apparatus (ribosomes, mRNAs, tRNAs). Extrinsic factors, like the cellular 
concentration of aminoacyl-tRNAs also modulate the codon choice and the 
individual rate of translation of a specific codon (Ikemura 1981). Usually the 
tRNAs used to translate the codons favored in highly expressed genes are 
present at high concentrations in the cell, while the rate of translation can be 
limited at other codons by the availability of matching tRNA species. A cor-
relation between tRNA concentration and translation rate has been proposed 
by Varenne et al. (Varenne, Buc et al. 1984); his model suggests that for any 
given codon, the stochastic search of the cognate ternary complex is the rate-
limiting step in the elongation cycle.  

Dissection of these effects is particularly important in models that use 
codon preferences to regulate the expression of an individual protein and 
models that employ the codon usage to optimize overall translation effi-
ciency. In vivo measurements indicate that the translation rate is codon-
specific and mRNAs with infrequent codons have longer translation time 
(Sorensen, Kurland et al. 1989). It has been suggested that common codons 
are selected in highly expressed genes in order to increase the efficiency of 
translation of these mRNAs. By expressing tRNAs in proportion to this 
codon bias, a high translation rate and a lower level of amino acid substitu-
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tion errors can be obtained, which seems to be the selection pressure for this 
example of co-evolution (Ehrenberg and Kurland 1984).  

Selective charging of Leu-isoacceptors 
tRNA levels in bacteria are tightly controlled and subject to growth rate 
regulation. In E. coli, the relative abundance of the different isoacceptors 
tRNAs correlates with the usage of their cognate codons at varying growth 
rates (Dong, Nilsson et al. 1996; Berg and Kurland 1997). This ensures that 
during rapid growth, an adequate supply of charged tRNAs is available for 
translation of abundant transcripts that are typically rich in common codons. 
Thus tRNA levels can have profound effects on gene expression, and high-
level expression of heterologous genes in E. coli may require adjustment of 
tRNA gene dosage or alteration of the codon composition of the message. 
tRNA levels also influence the accuracy of decoding; tRNA limitation 
causes frameshifting in vivo (Weiss and Gallant 1986) while over-abundance 
of particular tRNAs leads to miscoding and frameshift errors in vivo and in
vitro (Atkins, Gesteland et al. 1979; Navarro and Thuriaux 2000). 

A new approach to interpret codon usage patterns is in the context of 
amino acid starvation, such as when living organisms are subjected to envi-
ronment limitations. It has been suggested that in such conditions codon 
usage adaptation should assure preferential expression of certain genes, but 
not others (Elf, Nilsson et al. 2003). The choice of appropriate synonymous 
codon, sensitive or insensitive to starvation, then would determine the fast or 
slow translation of different genes. Charging levels of tRNA isoacceptors 
respond differently to amino acid limitation (Morris and DeMoss 1965; 
Bock, Faiman et al. 1966; Yegian and Stent 1969; Elf, Nilsson et al. 2003). 
Codons read by tRNAs that retain high charging level during starvation, can 
be the most rapidly translated and the least error prone in stress conditions. 
This was shown to be the case for the proteolysis tag peptide used in ribo-
some rescue by trans-translation of tmRNA, and explains the overrepresenta-
tion of rare codons in mRNAs for biosynthetic enzymes. On the other hand 
codons read by tRNAs that lose charging fast upon starvation, are used in the 
leader sequences of genes that are subject to transcriptional regulation by 
attenuation. To characterize the in vivo situation would be more relevant to 
use the term starvation codon adaptation index (sCAI) to identify genes that 
must be expressed under starvation conditions.  

For example the leucine family has six different codons read by five 
tRNA isoacceptors. Using the data for total tRNA concentrations and the 
codon usage frequencies estimated for E. coli cells (Dong, Nilsson et al. 
1996), charging levels of individual isoacceptors and codon sensitivity to-
wards starvation have been predicted (Elf, Nilsson et al. 2003). 
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The model suggests that tRNALeu4 and tRNALeu5 keep high residual 
charging during amino acid limitation. The reason for that is the high con-
centration of these isoacceptors compared to the frequency of the codons 
they read. The validity of this theory was supported by in vivo experiments 
(Dittmar, Sorensen et al. 2005; Lindsley, Bonthuis et al. 2005) and in the 
work presented here.

As a consequence of the selective charging behavior, the cell have devel-
oped codon pattern that implies the usage of the most sensitive synonymous 
codons in the leader sequence used for ribosome mediated transcriptional 
attenuation for the biosynthetic pathway of the limiting amino acid (there are 
four CUA codons in the leu attenuator); on the other hand rare codons UUG 
and UUA read by tRNAs that do not lose their charging level upon starva-
tion, and they are overrepresented in mRNAs for the enzymes to synthesize 
leucine. The most sensitive codon to amino acid limitation CUA is absent, 
and CUC and CUU are underrepresented in the leu ABCD operon. In this 
case the translation time of sensitive codons becomes rate limiting for pro-
tein expression, while synonymous codons may have similar translation rates 
under other conditions.  

This theory was the basis for our experimental approach to determine se-
lective residual charging of individual tRNA isoacceptors within the Leu-
family in vivo under starvation for leucine (Sørensen et al.). It was also ob-
served that it is possible to change the charging pattern by adjusting isoac-
ceptor concentration, and further the theory predicted an unexpected codon 
recognition assignment, which was discovered by in vitro experiments.  
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Our recent observations 
Over expression of Leu

GAGtRNA  (tRNALeu2) 
A theoretical model suggested that during starvation for leucine two of the 
isoacceptors of this family would keep high aminoacylation level and would 
provide translation of their cognate codons in stress circumstances (Elf, Nils-
son et al. 2003). Experimentally it was shown that this prediction was correct 
and both tRNALeu4 and tRNALeu5 keep high residual charging in amino 
acid limitation conditions (Dittmar, Sorensen et al. 2005; Lindsley, Bonthuis 
et al. 2005). The next logical question then was if it is possible to change the 
selective charging pattern by adjusting the isoacceptors concentration. It was 
predicted that since the demand for certain substrate remains constant (codon 
usage frequency) if we increase the concentration of its cognate tRNA this 
would change the balance between supply and demand in the cell, therefore 
would result in increased charging level for this specific isoacceptor. If 
proved true, this would suggest a novel mechanism for gene expression 
regulation on the basis of mutually adjusted tRNA pools and codon usage 
patterns.

We tested this by over expressing tRNALeu2 and consecutively moni-
tored the charging level for all five isoacceptors of the leucine family by 
Northern blot analysis. The results showed that in response to that the 
charged fraction of tRNALeu2 increased ten-fold as predicted. Surprisingly 
the charged fraction of another isoacceptor (tRNALeu3) also increased even 
though to a lower extent, which was not accounted by the theory. A possible 
explanation to that discrepancy was that these two tRNAs share a cognate 
codon in common which was not specified earlier in the genetic code table.

Codon reading efficiencies for Leu-isoacceptors 
In order to revise the codon specificity for tRNA members of the Leu-
family, we examined three of the isoacceptors on four synonymous codons. 
We found an additional codon assignment for tRNALeu3 on CUU (cognate 
to tRNALeu2) and explained this reading capacity with the discovery of a 
base modification in the anticodon which allowed for it. This study was a 
successful attempt to define the relationship between codon usage and tRNA 
abundance. The selective charging pattern can be changed by manipulating 
the tRNA pools and this is probably used by the different organisms to regu-
late gene expression in critical environmental conditions. The motivation for 
the later findings comes from a system biology modeling and the results are 
an example of an interdisciplinary collaboration.  
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Summary in Swedish 

Valet av tRNA på translaterande ribosomer 

Noggrannheten i proteinsyntesen har varit en fascinerande fråga sedan den 
genetiska koden upptäcktes. I denna avhandling presenteras data som relate-
rar till de mekanismer som är involverade i substratselektion och till de fak-
torer som influerar valet av tRNA under translationen. Ribosomen är ett 
makromolekylärt komplex som katalyserar snabb och korrekt sammanlänk-
ning av aminosyror till polypeptider. En speciell företeelse i denna process 
är att ribosomen amplifierar noggrannheten för tRNAselektion via en meka-
nism som involverar två olika steg, separerade genom GTP hydrolys: initial 
selektion och korrekturläsning. Det  sistnämnda steget möjliggör korrigering 
av de eventuella fel som kan uppstå i translationsprocessen på grund av att 
det finns många ”nästan korrekta” (nära kognata) substrat. 

I det första arbetet i avhandlingen har vi utfört en kinetisk analys av effekti-
viteten i avläsning av kognata, nära kognata samt icke kognata kodon. Ge-
nom att använda ett in vitro translationsystem bestående enbart av framrena-
de komponenter för proteinsyntes har vi studerat bindning av ternära kom-
plex (aminoacyl-tRNA EF-Tu GTP) till mRNA programmerade bakteriella 
ribosomer under förhållanden som liknar de in vivo. På detta sätt har vi kun-
nat mäta att effektiviteten i avläsning av kognata kodon, jämfört med nära 
kognata kodon, skiljer sig åt med storleksordningen 105, vilket betyder att 
noggrannheten i tRNA selektion på ribosomen är mycket större än vad tidi-
gare uppskattats. De kognata reaktionshastigheterna var till hälften saturera-
de vid ternärkomplexkoncentrationer trefaldigt lägre än för nära kognata och 
vi kunde inte alls saturera med icke kognata substrat. De estimerade halva 
satureringsvärdena  för icke kognata ternära komplex är större än 100 M, 
vilket innebär att de nära kognata och icke kognata ternära komplexen inte 
blockerar ribosomens A-säte och inhiberar proteinsyntesen i levande celler. 
Vi estimerar det hastighetsbestämmande steget som leder till peptidyltransfer 
vid saturerande koncentrationer av ternära komplex till cirka 200s-1 för 
kognat kodonläsning. Vi har separerat bidraget till den övergipande no-
grannheten från den initiala selektionen och korrekturläsningen genom mät-
ningar av GTP hydrolys. Här fann vi att den initiala selektionen men inte 
korrekturläsningen var känslig för huruvida det fanns ett G:U eller ett G:C 
baspar i vobbelpositionen. Denna skillnad mellan den initiala selektionen 
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och korrekturläsningen i den tredje vobblande basparningen överenstämmer 
med en nyligen framlagd teori rörande konformationsförändringar orsakade 
av korrekta kodon-antikodon interaktioner. 

Fortsatt intresse för reglerna för tRNA selektion föranledde oss att studera 
olika ribosomala mutationer som påverkar noggrannheten i proteinsyntesen. 
Isolerade ribosomer från Salmonella typhimurium stammar muterade i prote-
inerna S12 och/eller S4, båda lokaliserade till den lilla subenheten, under-
söktes parallellt med ribosomer från den isogena vildtypstammen. Deras 
egenskaper under translationen jämfördes genom bestämmandet av kinetiska 
parametrar såsom associationshastighetskonstanter för kognata och nära 
kognata tRNA, hastigheter för peptidyltransfer, GTP hydrolys på ternära 
komplex, estimering av korrekturläsning samt initial selektion etc. Speciellt 
intresse ägnades åt en ovanlig S4 mutation med en restriktiv (hypernog-
grann) fenotyp, vilket normalt är typiskt för S12 mutanter. Denna fenotyp 
kan reverseras med en annan mutation som ökar felfrekvensen i translatio-
nen (sk ram mutationer) men kan intressant nog även kompenseras med en 
andra restriktiv mutation. Informationen från denna studie kan användas för 
att förklara förhållanden mellan ribosomstrukturer och mekanismer för igen-
känning av kodon men även varför dessa stammar uppvisar streptomycinre-
sistenta eller beroende fenotyper. 

Vi har även in vitro studerat effekten av deletioner i det ribosomala proteinet 
L11 på i) termineringsfaktorers effektivitet samt ii) graden av felfrekvens. 
Utifrån våra resultat kunde vi klargöra de motstridiga resultats som tidigare 
fåtts från in vivo mätningar med stammar innehållande samma ribosomala 
varianter. Genom direkta mätningar av utvalda steg i translationsprocessen 
kunde vi undvika tidigare diskrepans av data uppmätta med en mer komplex 
in vivo metod. 

Ett annat projekt som presenteras i denna studie behandlar ribosomal rRNA 
interaktioner med proteinet SmpB. SmpB är involverat i tmRNA medierad 
trans-translation som är en räddningsmekanism för ribosomer som har fast-
nat på t.ex ett trunkerat mRNA. Vi har identifierat bindningställen för SmpB 
med fotavtrycksmetoden och fann att stöikiometrin för SmpB:ribosom bind-
ning är 2:1. Baserat på felfrekvensmätningar föreslår vi att en extra molekyl 
SmpB på 30S subenheten kompenserar för den saknade antikodonstamöglan 
hos tmRNA. 

En annan del i detta arbete, vars mål är att förstå vad som influerar riboso-
men att välja mellan olika substrat, är studien av tRNA isoacceptorer, i hu-
vudsak från Leu-familjen. I den genetiska koden signalerar sex olika triplet-
ter inkorporering av leucin i den växande polypeptidkedjan. Affiteten för 
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dessa kodon varierar mellan de fem olika tRNALeu isoacceptorerna och deras 
roll i reglering av genutryck kan härledas. 

Detta arbete visade experimentellt att sannolikheten för att binda in ett visst 
tRNA i ribosomens A-säte inte är baserat på enkel kodon-antikodon bas-
parsmatchning. I den levande cellen är tillgängligheten av kognata aminoa-
cyl-tRNAsubstrat kontra efterfrågan på dem (frekvensen av kodonanvän-
ding) väl balanserad för att tillåta kritisk proteinsyntes under stress förhål-
landen. Vi har även upptäckt en ny kodontilldelning för tRNALeu

cmo5UAG och
detekterade dessutom en ej förut observerad basmodifikation i antikodonet 
hos denna isoacceptor. Idéerna till dessa biokemiska mätningar kommer från 
systembiologimodelleringar och är ett exempel på interdisciplinärt samarbe-
te.
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