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Abstract 
 Transfer RNA from all organisms has modified nucleosides and 
position 34 (the wobble position) is one of the most extensively modified 
positions. Some wobble nucleoside modifications restrict codon choice (e.g. 
5-methylaminomethyl-2-thiouridine, mnm5s2U) while some extend the 
decoding capacity (e.g. uridine-5-oxyacetic acid, cmo5U). In this thesis the 
influence of wobble nucleoside modification on cell physiology and 
translation efficiency and accuracy is described.  
 A mutant proL tRNA (proL207) was isolated that had an unmodified 
adenosine in the wobble position. Surprisingly, the proL207 mutant grows 
normally and is efficiently selected at the non-complementary CCC codon. 
The explanation of how an A34 containing tRNA can read CCC codon could 
be that it is able to recognize a protonated A. 
 cmo5U (uridine-5-oxyacetic acid) is present in the wobble position of 
five tRNA species in S.enterica. Two genes (cmoA and cmoB) have been 
identified that are involved in the synthetic pathway of cmo5U. Mutants were 
constructed in alanine, valine, proline, and threonine codon boxes which left 
only a cmo5U containing tRNA present in the cell. The influence of cmo5U 
on growth or on A site selection rates of the ternary complex was found to be 
tRNA dependent. 
 During the study of the frameshift suppressor sufY of the hisC3737 
frameshift mutation, a dominant mutation was found in YbbB protein, a 
selenouridine synthetase. The frameshifting occurs at CCC-CAA codon 
contexts and is specific for CAA codons, which are read by . 
The sufY204 mutation is a dominant mutation resulting in a change from 
Gly67 to Glu67 in the YbbB protein, and mediates the synthesis of several 
novel modified nucleosides/nucleotides (UKs) with unknown structure.  The 
synthesis of these UKs is connected to the synthesis of cmnm

Gln
cmnm5s2UUGtRNA

5s2U34. The 
presence of UK on tRNA  reduced aminoacylation and therefore might 
account for the slow entry at CAA codons which could result in +1 
frameshifting by P site tRNA. The selenourdine synthetase activity is not 
required for the synthesis of UKs. We hypothesize that an intrinsic activity 
that is low in the wild type protein has been elevated by the single amino acid 
substitution and results in the synthesis of UKs. 

Gln
UG*U

 
Key words: tRNA, wobble nucleoside, frameshifting, translation. 
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I.  INTRODUCTION 
 

1.1 tRNA is highly modified. 

Transfer RNA (tRNA) was discovered almost half a century ago (Hoagland 

et.al., 1957) and the name “transfer RNA” means that they have the job of 

transferring the genetic message to biological functional polypeptides. Their 

essential role in the process called “translation” is of fundamental interest for 

the survival of all living organism. 

 

DNA mRNA protein 

replication 

transcription translation 

Fig.1 The central dogma. 

 

The genes coding for tRNA are called tDNA. They are transcribed by RNA 

polymerase into precursor tRNA, processed by several RNases (including 

splicing enzymes in eukaryotes) and yield a mature tRNA averaging from 75 

to 95 nucleotides in length. The length variation is the result of the presence 

of a variable loop (V-loop) with different lengths for different tRNAs. Some 

of the residues are base paired and form the four “stem” regions (acceptor 

stem, D stem, anticodon stem and TΨC stem) while the other part of the 

tRNA are not base paired and are called “loop” regions. Inter-loop base 

pairing between the conserved residues in the D loop and the TΨC loop 

results in an L-shaped ternary structure of the tRNA.  
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Fig.2 2-D (cloverleaf) and 3-D (L-shape) structure of tRNA. 

 

The numbering system is from 5’ (residue number 1) to 3’ (residue number 

76) according to the direction of transcription. The last three residues for any 

mature tRNA are always CCA and A76 is the site where an amino acid is 

attached by aminoacylation (this process is also called “charging”). The 

conserved CCA end is responsible for the universal interaction between 

tRNA and elongation factors as well as RNAs and proteins in the ribosome. 

Aside from the CCA terminus, residues in D loop and TΨC loop are also 

highly conserved for the interaction to maintain the “backbone” structure of 

tRNA. 

 

The classification of tRNA is based on the residues at position 34, 35 and 36 

in the anticodon loop. These three nucleotides comprise the “anticodon”, 

which by base pairing with a codon on mRNA, denotes what amino acid 

should be inserted into the growing polypeptide chain. There are 64 possible 

codons (4 x 4 x 4 because each position can be occupied by one of the four 
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major nucleosides U, C, A or G), among which only 61 code for amino acids. 

The fact that there are only 20 amino acid present means that most amino 

acids are represented by more than one codon, the exception is Met (AUG) 

and Trp (UGG). 

 

Fig.3 The codon table (Näsvall et.al., 2004). 

 

In E.coli and S. enterica, there are 46 tRNA species, more than the number of 

amino acids but less than the number of codons, which means that some of 

the tRNAs have to read more than one codon, and for some amino acids more 

than one tRNA isoacceptors are needed. Interactions between the codon and 

anticodon determine which tRNAs can read certain codon(s): interaction 

between 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 third nucleotide of 

the codon and nucleotide 34 (therefore called the “wobble nucleotide”). 
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Fig.4 Interaction between codon and anticodon. 

 

Wobble nucleoside modifications can change the decoding capacity of tRNA 

in two possible ways: either extend or restrict it compared to the unmodified 

variant. Actually position 34 and position 37 (3’ and next to the anticodon) 

are the most diversely modified positions in all tRNA (Björk, 1996). 

Modified nucleosides are scattered all over tRNA molecules, most of them 

are located in loop regions, in E.coli and S. enterica tRNAs 45% of the 

nucleosides at position 34 and 78% of the nucleosides at position 37 are 

modified (Sprinzl and Vassilenko, 2003).  

 

By the year 2003, 96 different modified nucleosides have been characterized 

in RNA (Rozenski et.al., 1999), among which 79 are found in tRNA 

(http://medlib.med.utah.edu/RNAmods/). The extent and diversity of 

modified nucleosides in tRNA is much higher than in other RNA species. In 

bacteria roughly 10% of the nucleosides are modified, whereas in eukaryotes 

the percentage is even higher. Some of the modified nucleosides are 

conserved throughout all three kingdoms, suggesting that they are present in 

the common ancestor tRNA before the divergence of kingdoms. Other 

modified nucleosides are found only in certain organisms belonging to a sub-
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domain of the phylogenetic tree, suggesting that they might have evolved 

under very specific selective pressures. 

 

Some modified nucleosides are found in more than one position of the tRNA, 

for example, pseudouridine (Ψ). Those modified nucleosides are not 

necessarily synthesized by the same enzyme. In E.coli and S. enterica for 

example, Ψ38, Ψ39 and Ψ40 are catalyzed by the TruA enzyme, while Ψ13, 

Ψ32, Ψ55 and Ψ65 are synthesized individually by different enzymes (TruD, 

RluA, TruB and TruC, respectively)! As can be seen here, some enzymes are 

capable of modifying multiple sites and are specific for a particular tRNA 

structure, while others are site-specific, only catalyzing the reaction at a 

unique position in the tRNA. According to whether the modifying enzyme is 

sensitive to the overall structure of the substrate tRNA, the modifying 

enzymes can be divided into two classes (Grosjean et.al., 1996). Class I 

enzymes are not sensitive to the overall structure but rather to the nucleotide 

sequence at a certain site, e.g. the Tgt enzyme involved in Queuosine (Q) 

modification. Class II enzymes are sensitive to mutations that affect the tRNA 

structure, e.g. the TrmD enzyme that methylates G37 to m1G37. The 

nucleotide sequences on the substrate tRNA which determine whether it can 

be recognized by the modifying enzyme are called “identity elements”. There 

are both “positive elements” and “negative elements”, as in the recognition of 

tRNA by a.a-tRNA synthetases. Positive elements promote recognition while 

negative elements prevent it.  

 

1.2 Structure and synthesis of modified nucleosides 
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Most of the modified nucleosides are made post-transcriptionally, except for 

the synthesis of Q which is a replacement of the base and which occurs 

through a transglycosylation reaction. The structures of some of the modified 

nucleosides and their synthetic pathways are given as examples. The symbols 

and common names of the modified nucleosides mentioned in this thesis are 

given in Appendix. The listed modifications include simple methylations as 

well as more complex chemical alterations like Queuosine, and some alter the 

ribose moiety rather than the base (e.g. Ar(p), Cm).  

 

Nucleotides and amino acids form the basic building blocks of the biological 

factory. Hopfield proposed a theory that the origin of the genetic code is 

associated with the structure of ancient tRNA, which has a hairpin structure 

with the amino acid attachment site in close contact with the anticodon 

(Hopfield, 1978). The fact that some modified nucleosides (e.g. t6A) have an 

amino acid or part of it (e.g. m1G) attached to the base supports this 

hypothesis, and the idea that the origin of the genetic code might have been 

based on interactions between anticodons and amino acids (Di Giulio, 1998).  

 

The synthesis of more complicated modified nucleosides requires several 

enzymes to participate in the work, and cofactors are also needed in most of 

the cases to donate a methyl-group or a thio-group from a metabolite in the 

cell. For example, sulfur is transferred from cystine through IscS to MnmA, 

which is responsible for synthesizing the 2-thio-group in mnm5s2U 

modifications (Kambampati and Lauhon, 2003). The most common methyl-

donor is SAM (S-adenosyl-methionine) and the reaction is catalyzed by 

SAM-dependent methyltransferases. However in some cases the methyl-

donor is not identified (e.g. in the step from mo5U to cmo5U). 
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1.3 Function of tRNA modification in translation 

The most important role for tRNA is to translate mRNA into polypeptides. 

The genetic code is designated so that each triplet (triple nucleotide sequence) 

codes for an amino acid or is a stop codon directing termination of 

polypeptide elongation. The whole translation process can be divided into 

initiation, elongation, and termination. Except for termination, tRNA is 

actively involved in all the steps of translation. For elongation, a more 

detailed view of how tRNAs and other translational factors interact with each 

other is provided. tRNA modifications are important both for the efficiency 

and fidelity of translation. 

 

GTP 

EF-Ts 
aa-tRNA EF-Tu·GTP EF-Tu·GDP 

GDP
E P A E P A 

50S 

Proof-
reading 30S 

Deacylated tRNA 
Initial 
selection Peptidyl 

transfer Ternary complex 

E P A E P A 

Translocation 

GDP

EF-G·GDP EF-G·GTP 

GTP 

Fig.6 Translation elongation cycle (Modified from (Kurland et. al. , 

1996)). A, acceptor site; P, peptidyl site; E, exit site. 
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1.3.1 tRNA modification and efficiency of translation 

Initiator tRNAMet is formylated in prokaryotes, however the absence of 

formylation does not inhibit initiation (Samuel and Rabinowitz, 1974; 

Baumstark et.al., 1977). Yeast initiator tRNA has a special modification 

Ar(p)64, which discriminates it from the elongator tRNA (Åström and 

Byström, 1994). Lack of this modification makes the tRNA able to act both as 

initiator and elongator tRNA (Kiesewetter et.al., 1990). 

 

The major part of translation is elongation, and the overall efficiency of 

translation can be measured as chain growth rate (cgr) by using lacZ as a 

reporter gene. The time for synthesizing one full length LacZ protein is 

measured. The normal value in rich medium for S. enterica is around 15 a.a./s, 

while deficiency of some modified nucleosides may reduce the cgr by 30% 

(Li and Björk, 1995). Individual steps in the translation elongation cycle can 

also be measured, for example the initial ternary complex selection rate at the 

ribosomal A site can be measured using the “speedometer” assay (Curran and 

Yarus, 1989). 

 

 

 

 

 

 

 

Fig.7 The “speedometer assay” (Chen 

et.al., 2002) 
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The assay system is designed in such a way that the competition between the 

incoming A site tRNA and the frameshift-prone P site tRNA will result in the 

expression of lacZ reporter gene. The faster the A site tRNA is selected, the 

less β-galactosidase activity there will be. The selection rates at different 

codons can be tested and compared in the presence or absence of certain 

modifications. The most relevant are the modifications at the wobble position 

(position 34) because they influence the codon-anticodon interaction.  

 

According to the wobble hypothesis (Crick, 1966) and the revised wobble 

rule (Yokoyama and Nishimura, 1995), cmo5U34 extends the wobbling from 

reading A and G to even U. This is because the presence of this modified 

nucleoside changes the ribose puckering equilibrium towards the C2’-endo 

conformation. On the contrary mnm5s2U34 restricts wobbling from reading A 

and G to preferentially A; the structure of the ribose is mainly in C3’-endo 

conformation.  

 
C2’ 

C3’ 

C4’ 

C5’ 

O1’ C1’ 

Base

C2’

C3’

C4’ 

C5’ 

O1’ C1’ 

Base

C2’-endo C3’-endo 

Fig.8 C2’-endo and C3’-endo conformation of the ribose ring (adapted 

from (Yokoyama and Nishimura, 1995)) 

 

Some of the results can not simply be explained by the structural influence of 

the modified nucleoside, because neither the C2’-endo or C3’-endo 

conformation allows an interaction of cmo5U34 with C(III). However in 

 16



strains lacking the other tRNA isoacceptors, tRNA and  

can read C-ending codons rather well (Paper III).  

Pro
cmo5UGG

Thr
cmo5UGUtRNA

 

The selection rate at a certain codon is affected both by the strength of the 

codon-anticodon interaction and also by the concentration of ternary complex 

EF-Tu·GTP·a.a.tRNA. Apparently, if a modification deficiency influences 

aminoacylation, it would have an effect on the level of the corresponding 

ternary complex available for reading a specific codon. Especially in some 

tRNAs, the wobble nucleoside is a constituent of the identity element that is 

recognized by the corresponding aaRS, for example absence of mnm5s2U34 

severely reduces aminoacylation of tRNA  (Sylvers et.al., 1993) and 

 (Tamura et.al., 1992), later it was shown that the s

Glu
mnm5s2UUC

Gln
mnm5s2UUG

Lys
mnm5s2UUUtRNA

Lys
mnm5s2UUUtRNA

2-group is 

an important identity element for tRNA ,  and 

 , whereas the mnm

Glu
mnm5s2UUCtRNA

5-group is not (Kruger and Sorensen, 1998). 

However, in most cases, unmodified tRNAs can be aminoacylated, although 

in some cases unmodified tRNA can be mischarged with considerable 

efficiency (Perret et.al., 1990). The reason why modification on tRNA 

influences the aminoacylation reaction could be that unmodified tRNAs adopt 

different conformations. In general, modified nucleosides are not determinant 

for tRNA identity in aminoacylation reactions. 

 

Although most of the work in this thesis is done through in vivo experiments, 

in vitro experiments are very useful because the in vitro system can monitor 

the influence of changing a single parameter on the outcome. For example, 

ASL (anticodon-stem-loop) tRNA has been used to study the binding of a 

tRNA variant to a particular codon (Agris, 2004). Even certain modified 
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nucleoside can be incorporated into the ASL (Bajji and Davis, 2002) and the 

biological activity of the ASL will be more similar to the whole tRNA 

molecule. However results obtained from in vitro systems do not always 

reconcile with those obtained from in vivo experiments. 

 

1.3.2 tRNA modification and fidelity of translation 

There are two kinds of errors in translation: missense errors which occur with 

a frequency of 5x10-4 per codon in unperturbed wild-type bacteria (Kurland, 

1992), and processivity errors which include both drop-off of peptidyl-tRNA 

from the ribosome and frameshift errors (with a mean frequency around 10-5 

per codon (Kurland, 1992) or even less (Farabaugh, 1996)) that lead to 

termination at out-of-frame stop codons. The frequency of combined 

processivity errors is estimated to be 3x10-4 per codon (Kurland, 1992; 

Kurland et. al. , 1996) which is comparable with missense error, but 

processivity errors are much more devastating than missense errors because 

the latter type just alters one amino acid and in most cases doesn’t affect the 

activity of the resulting polypeptide, while processivity errors result in non-

functional truncated proteins which could be toxic to the cell if produced in 

large amounts. This thesis describes the relationship between modified 

nucleosides of tRNA and translational frameshifting as well as the influence 

of modified nucleosides on the coding capacity of tRNA. 

 

Previously, a quadruplet translocation model had been presented about how 

+1 frameshift mutations can be suppressed by mutant tRNAs (Roth, 1981). 

Those tRNAs have expanded anticodon loops and the anticodon is extended 

from 3-bases to 4-bases. Therefore, the “yardstick” concept was proposed in 

which the size of the anticodon determines the movement of mRNA upon 
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translocation. However, some suppressor tRNAs are incapable of reading a 4-

base codon (Qian et.al., 1998), therefore invalidating the quadruplet 

translocation model. Instead, a new model-“dual error” model was proposed, 

and later on more work supported the model, showing that many structurally 

different modified nucleosides present on different tRNAs have a common 

function: to maintain the reading frame by preventing frameshifting 

(Urbonavicius et.al., 2001).  

 

I will illustrate this model with two examples relevant to my work presented 

in paper I and paper IV in order to show how tRNA modification can 

influence frameshifting. The results support the first two alternatives of the 

model. 

 

First alternative. At an A site codon, modification deficiency (or other 

structural changes) of the cognate tRNA makes it less efficient in competing 

with near-cognate tRNA. In paper I the mutant proL tRNA having A34 is not 

a modification deficient variant, but the consequence is the same. In this 

situation near-cognate proM tRNA enters the ribosomal A site, after 

translocation the imperfect interaction between codon and anticodon as well 

as the pause provided by the next codon (a stop codon) give the opportunity 

for +1 frameshift to occur. 
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deficient 
cognate tRNA 
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cognate 
tRNA wins Slow A-site 

entry, Pause, 
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Frameshifting 
in P-site 

Modification deficient 
cognate tRNA 

Fully modified 
near cognate tRNA

 
Fig.9 A dual error model for frameshifting (adapted from (Urbonavicius 

et.al., 2001)) 

 

The second alternative is that modification deficient tRNA enters the A site 

with low efficiency, resulting in a slow entry that provides a “pause” and 

allows the P site tRNA to frameshift. In paper IV tRNA has an 

uncharacterized bulky modification (denoted as U*) in the wobble position. 

The presence of this modification reduces both aminoacylation and perhaps 

Gln
UC*U
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the coding capacity of the aminoacylated tRNA  carrying the 

modification. The slow entry at CAA codons in ribosomal A sites allows P 

site proline tRNA to frameshift. However, in this system, the P site codon is 

CCC, and should not be considered as a “cognate” codon for proM tRNA 

having cmo

Gln
UC*U

5U34 as the wobble nucleoside. At least the result suggests that 

the frameshifting event is mostly mediated by proM tRNA. Maybe this 

example can be considered as a combination of the two first alternatives of 

the “dual error” model. 

 

1.4 Other roles of tRNA modification 

 

1.4.1 tRNA modification and sub-cellular localization 

In organisms that have sub-cellular organelles (mitochondria, chloroplasts, 

etc.), some tRNAs are encoded by the nuclear genome and then transported 

into the target organelle. Therefore tRNAs in such an organism can be classed 

into different groups according to their sub-cellular localization. tRNA import 

into mitochondria is a selective process and not every tRNA encoded by the 

nuclear genome is required for mitochondrial translation. In a recent study 

about and of Leishmania tarentolae, the modified wobble 

nucleoside seemed to play an important role in the “sorting” of cytoplasmic 

and mitochondrial tRNAs (Kaneko et.al., 2003). tRNAs encoded by the 

nuclear genome are transcribed and modified at the wobble position with 

mcm

Glu
UUCtRNA Gln

UUGtRNA

5U. In the cytoplasm, further 2-thiolation occurs, which inhibits the 

import of mcm5s2U34 containing tRNA and is therefore a “negative element”. 

The imported tRNAs are further modified in mitochondria by 2’-O-

methylation of the ribose at the wobble position, yielding mcm5Um34. This 

model is an example of how modified nucleosides provide a signal (can be 
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either positive or negative signal) for sub-cellular compartmentalization. This 

may be an over-simplified model and in reality the mechanism might be 

much more complicated. 

 

1.4.2 tRNA modification and intermediary metabolism 

Most tRNA modifying enzymes use intermediary metabolites as substrates or 

co-factors, therefore metabolic changes can affect some of the modified 

nucleosides (Björk, 1995). For example, deprivation of cystine will result in 

tRNAs lacking thiolated nucleosides (s2C, s4U, ms2io6A, mnm5s2U, etc.). 

Hypomodified tRNAs can be viewed as an indication of metabolic imbalance. 

On the other hand, specific metabolic pathways can be up-regulated under 

hypomodification of certain modified nucleosides. For example, deficiency of 

the ms2-group on the ms2io6A37 modification stimulates the transport of 

aromatic amino acids into the cell (Buck and Griffiths, 1981). Another 

example is that m1G37 deficiency in trmD mutants mediates PurF-

independent thiamine synthesis by activating the alternative pyrimidine 

biosynthetic pathway (Björk and Nilsson, 2003). m1G37 is present on tRNAs 

specific for leucine, proline and arginine. The author suggests that deficiency 

of m1G37 causes slow decoding events at codons read by those tRNAs, which 

results in low level of a target protein (an enzyme or a regulatory protein). 

The accumulation of metabolites upstream of the restriction point may direct 

the metabolites to go into an alternative pathway.  

 

Another good example is transcriptional attenuation in the regulation of 

amino acid synthesis (Landick and Yanofsky, 1987). In some amino acid 

biosynthetic operons, the leader mRNA contains specific codons (control 

codons) for the corresponding amino acids (e.g. there are seven histidine 
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codons in the leader peptide coding sequence of the histidine operon). The 

rate of ribosome movement over the attenuator region containing the control 

codons is regulated by the coding efficiency of the cognate tRNAs. If 

translation of these control codons is lowered by hypomodification of the 

cognate tRNAs, the structure of the attenuator will be changed and therefore 

the expression of the operon will be elevated. One examples is the regulation 

of the trp operon in E.coli. We now know that both repression and 

transcriptional attenuation are involved in the regulation. A miaA mutant 

defective in the synthesis of ms2i6A37 of tRNA  affects the reading of the 

two UGG (Trp) codons in the trp-leader RNA without influencing the 

charging of tRNA  (Buck and Griffiths, 1982), resulting in four to five 

fold derepression of the trp operon (Yanofsky and Soll, 1977). Another 

example is that the hisT mutation which causes pseudouridine deficiency in 

 results in derepression of the histidine operon (Johnston et.al., 

1980). Deficiency of a specific modified nucleoside may have an impact in a 

tRNA-dependent manner, so that the effect is dependent on codon context, or 

codon choice of the mRNA and other regulatory factors. It has been shown 

that in the leader sequence rare codons are preferentially used, which may be 

due to the fact that translation of those rare codons is more sensitive to the 

modification status of tRNAs, and therefore more readily regulated (Carter 

et.al., 1986; Chen and Inouye, 1990). 

Trp
CCA

Trp
CCA

His
QUGtRNA

 

1.4.3 tRNA modification and virulence of bacteria. 

The last issue I want to mention here is how virulence of Shigella flexneri is 

affected by deficiency of the modified nucleosides Q34 and ms2i6A37. 

Although this aspect sounds quite different from the topics mentioned above, 
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the actual mechanism is the same. Lack of Q34 or ms2i6A37 had no effect on 

transcription, but a significant effect on translation of virF mRNA, resulting 

in low levels of VirF protein (the key regulator in the network that regulates 

the virulence of Shigella) (Durand et.al., 1994, 1997, 2000). The consequence 

is that downstream virulence genes can not be expressed and the strain is 

avirulent. Therefore modified nucleosides in the tRNA (in this case Q34 or 

ms2i6A37) are pivotal for the translation of virulence genes. 
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II. AIM 
 

1. To study the coding capacity of a mutant proL tRNA having 

unmodified adenosine in the wobble position. (Paper I) 

2. To isolate and study mutants defective in the modification uridine-5-

oxyacetic acid (cmo5U) in the wobble position of five tRNA species in 

S. enterica. (Paper II)  

3. To investigate the importance of uridine-5-oxyacetic acid (cmo5U) on 

coding capacity and viability by deleting various tRNA species. (Paper 

III)  

4. To understand the mechanism of +1 frameshift suppression by 

, which contains a bulky modification in the wobble position 

in sufY204 mutant. (Paper IV)  

Gln
UC*UtRNA
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III. RESULTS AND DISCUSSION 
 

3.1 Unmodified adenosine in the wobble position reads non-

complementary nucleoside cytidine (Paper I) 

 

3.1.1 Mutant proL207 has an unmodified adenosine at the wobble 

position. 

A mutant (proL207) was isolated as a frameshift suppressor due to deficiency 

of m1G37 in proL tRNA at CCC-UGA site in hisD3749 (Qian and Björk, 

1997). When the proL tRNA gene was sequenced, the mutation was at 

position 34, having an A instead of G at the DNA sequence. Since in most 

cases, adenosine in the wobble position is converted to inosine (I) by 

deaminase, the mutant proL tRNA was isolated and modified nucleosides 

were investigated by thin-layer-chromatography (TLC). Surprisingly, no 

inosine was observed, suggesting that the cell has a cytosolic unmodified A34 

variant on this minor proline tRNA (Qian and Björk, 1997). This leaves no 

apparent reader of the CCC proline codon, which is normally read by the G34 

containing wild type proL tRNA. The consequence of having such a tRNA on 

cell physiology and on translation were investigated. 

 

3.1.2 A34 is not detrimental to cell physiology 

By measuring both growth rate and polypeptide elongation rate, there is no 

significant difference between the proL207 mutant and the wild type. It has 

been proposed that the prevalent conversion of A to I in wobble positions was 

to extend the coding capacity from reading only U to reading U, C and A 

(Crick, 1966). Also, the presence of an unmodified A is avoided perhaps 

because of some detrimental effect. This is apparently not the case. Why 
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unmodified A is avoided in general is not understood, but in this case a proL 

tRNA having an unmodified adenosine has no major effect on cell physiology. 

 

3.1.3 A34 containing  is efficiently selected at the CCC codon. Pro
AGGtRNA

Two systems were exploited to investigate the effect of having unmodified 

A34 on translation. A: The selection rates at proline codons on the ribosomal 

A site. B: The P site interference assay was used to measure the influence of 

P site tRNA on read-through of a stop codon by A site suppressor tRNA. 

B 

 
 

In system A, the reporter gene lacZ reflects the level of +1 frameshift 

mediated by leucyl-tRNA reading a CUU codon (has a tendency to shift to 

UUX when the selection rate at the XYZ test codon is not fast enough). 

Therefore, the faster selection at the XYZ test codon, the lower β-

galactosidase activity one would expect. The selection rate at all four proline 

codons was compared between strains having G34, A34, or proL deletion in 

combination with an aroD mutation which causes hypomodification on proM 
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tRNA (Björk, 1980; Näsvall et.al., 2004), another proline tRNA isoacceptor 

that reads all four proline codons. The result is very surprising: contrary to the 

knowledge we had before, the A34 variant reads its non-complementary CCC 

codon efficiently but decodes the apparent cognate CCU codon inefficiently 

(Fig.2 in Paper I).  

 

Recently we have isolated mutants that block specific steps in the synthesis of 

cmo5U (paper II). One of the null mutants in the cmoB gene results in 

accumulation of ho5U in the wobble position of the tRNAs normally 

containing cmo5U. Also we found that aroD mutant has low amounts of both 

ho5U and mo5U (intermediates in the synthesis of cmo5U). The wobble 

nucleoside present on proM tRNA in aroD mutant can be a mixture of both, 

and the hypomodified proM tRNA reads CCU and CCC codons less 

efficiently (paper II). This does not change the conclusion in Paper I that A34 

containing proL tRNA can read the C-ending codon: both in Aro+ and in 

Aro- backgrounds the selection rate (Rt/Rs) at CCC codons is higher in 

strains carrying both proL207(A34) mutant tRNA and proM tRNA than in 

strains carrying only proM tRNA. Therefore the presence of proL207(A34) 

mutant tRNA contributes to the reading of CCC codon. 

 

Results obtained from system B lead to a similar conclusion. Instead of 

frameshifting, this system monitors read-through of a UAG stop codon by the 

suppressor . The assay records the interference by P site located 

peptidyl-tRNA on the decoding in the A site. For example, cmo

Ser
CUAtRNA

5U34 on proM 

tRNA enhances termination, because removal of cmo5U by the introduction 

of an aroD mutation decreased termination. When reading CCC codons, 

termination was higher (represented as a lower transmission value (T) in 
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Fig.3 of Paper I) in wild type strain than in proL207 mutant, suggesting that 

in the wild type strain more cmo5U containing proM tRNA is reading CCC, 

i.e. in proL207(A34) mutant less cmo5U containing proM tRNA is reading 

CCC. This suggests that A34 containing tRNA  out-competes proM tRNA 

more efficiently than does G34 containing proL

Pro
AGG

+ tRNA when reading CCC. 

The mechanism of A-C base paring may be mediated by protonation of A 

(A+). An A+34-C(III) has a similar conformation as a G34-U(III) wobble pair 

and is only slightly different from a Watson-Crick base pair. In contrast, 

protonated A can only form one hydrogen bond with U, explaining the data in 

both assays. 

 

 

  

  O H

N H

N H O 
N 
U(III) HN

N H NNC(III)

O H N Ribose NG34 N 
N Ribose

N H 
H 

ORibose

N 
A+34 +

N H N

Ribose
 

C(III)-A+34 base pair U(III)-G34 wobble pair 

N 
N 

O Ribose 

N 
H 

O H N

H N G34 NC(III)  
RiboseN

H N 
H 

C(III)-G34 Watson-Crick base pair 
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3.2 The modified wobble nucleoside uridine-5-oxyacetic acid in 

promotes reading of all four proline codons in vivo (Paper II) Pro
cmo5UGGtRNA

The following results in papers II and III focus on the study of uridine-5-

oxyaceitc acid (cmo5U) which is present in the wobble position of five tRNA 

species (specific for proline, alanine, valine, threonine, and serine) in 

Salmonella enterica serovar Typhimurium. 

 

3.2.1 Isolation of mutants defective in the synthesis of cmo5U. 

The phenotype used in the isolation of mutants lacking cmo5U is 

frameshifting suppression mediated by proM tRNA. In a strain that lacks 

proL tRNA, the proM  can read CCC codons (in the CCC-UGA 

codon context of hisD3749) but subsequently leads to frameshifting due to a 

imperfect codon-anticodon interaction. This frameshift suppression will give 

a His

Pro
cmo5UGGtRNA

+ phenotype, but removal of cmo5U by introduction of an aroD mutation 

will abolish suppression. His- clones were screened and one mutant was 

isolated which had no cmo5U as judged by high-performance-liquid-

chromotography (HPLC) analysis of total tRNA. The mutation was a 

transposon insertion in yecO (later named cmoA) gene in a dicistronic operon 

containing another gene, yecP (later named cmoB), downstream of yecO. 

Both of them have been predicted to be SAM-dependent methyltransferases. 

Null mutants of cmoA and cmoB accumulate intermediates in the synthetic 

pathway of cmo5U: ho5U in cmoB null mutant and mo5U in cmoA null mutant, 

respectively. 

 

3.2.2 cmo5U is required for efficient reading of all four proline codons by 

. Pro
cmo5UGGtRNA
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In the strain lacking proL tRNA (which normally reads CCU and CCC 

codons), proM tRNA has to take over the job. The modified wobble 

nucleoside uridine-5-oxyacetic acid has been shown to extend the coding 

capacity from reading A and G to at least U, A and G (Yokoyama and 

Nishimura, 1995). In this case it must also read C since the strain is viable. So 

then what is the coding capacity for the mutant having ho5U or mo5U instead 

as the wobble nucleoside on proM tRNA? 

 

As an estimate of the impact on overall cell physiology, we measured growth 

rates for various mutants having ho5U, mo5U, or cmo5U in the wobble 

position of proM tRNA. In a strain carrying only the proM tRNA, the 

presence of ho5U or mo5U instead of cmo5U resulted in a 16-27% reduction 

in growth rate compared to the control strain, suggesting that cmo5U is 

required for efficient reading of all four proline codons (Table 3 in Paper II). 

The reduction was mainly due to an inefficient reading of the CCU and CCC 

codons, since a larger decrease in growth rate was observed when the proL 

 was lacking than when the proK  was absent in the 

mutant having ho

Pro
GGGtRNA Pro

CGGtRNA
5U in the wobble position of proM tRNA.  

 

3.3 Uridine-5-oxyacetic acid (cmo5U) present in the wobble position of a 

subset of tRNAs has a tRNA dependent influence on coding capacity and 

cell physiology (Paper III) 

Uridine-5-oxyacetic acid (cmo5U) is present in the wobble position of five 

tRNA species (specific for alanine, valine, proline, threonine, and serine) in 

Salmonella enterica serovar Typhimurium. These amino acids are encoded by 

family boxes (a codon box containing four codons with the same nucleoside 

on the first and second positions). When we try to isolate the genes 
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responsible for the synthesis of cmo5U, we are also studying the influence of 

this wobble nucleoside on the coding capacity of various tRNAs. Because we 

previously had only aro mutants that influence the synthesis of cmo5U, early 

work was done in the background (aroD, shi-1) in which we can regulate the 

presence or absence of cmo5U by providing shikimic acid (an intermediate in 

the synthetic pathway of aromatic acids and vitamins) or not in the growth 

medium (Björk, 1980). Absence of shikimic acid results in a complete 

absence of cmo5U and the accumulation of low levels of ho5U and mo5U 

whereas the majority of cmo5U is left as an unmodified U or an unknown 

derivative of uridine (Hagervall et.al., 1990; Näsvall et.al., 2004). The null 

cmoB mutant which results in the accumulation of ho5U instead of cmo5U on 

corresponding tRNAs is also used in this study. 

 

3.3.1 Only cmo5U-containing tRNA in a family box: the presence of 

cmo5U34 is very important for tRNA , less for tRNA and 

, and not for  as judged by cell growth. 

Ala
cmo5UGC

cmo5UGU

Val
cmo5UAC

Pro
cmo5UGGtRNA ThrtRNA

Strains were constructed which have only cmo5U-containing tRNA in the 

family boxes coding for alanine, valine, proline or threonine. When the other 

tRNA isoacceptors are deleted, one would expect a growth defect due to one 

tRNA isoacceptor’s insufficient capacity to cope with all four codons. This is 

certainly the case for alanine, valine, and proline boxes, which showed a 30-

70% reduction of growth rates in liquid medium; but not for threonine box, 

which grew almost the same as wild type (Table 3, Paper III).  

 

In mutants lacking the other isoacceptors tRNAs and therefore only cmo5U 

containing-tRNA, lack of cmo5U34 in  as induced by the absence of Ala
UGCtRNA
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shikimic acid in the medium drastically reduced the growth rate. Lack of 

cmo5U34 (either by the absence of shikimic acid or by the introduction of 

cmoB null mutation) in tRNA or  reduced the growth rate by 

15-25%, whereas absence of cmo

Val
UAC

Val
cmo5UAC

Pro
UGGtRNA

Pro
cmo5UGGtRNA

Pro

5U34 in tRNA  did not have any 

influence in growth rates (Table 3, Paper III). Introduction of cmoB null 

mutation into a strain lacking the other alanine tRNA isoacceptors, which 

should result in a mutant having a ho

Thr
UGU

ho5UGG

5U34 containing tRNA , is 

extremely sick and could be recovered as a stable strain. Therefore the 

presence of cmo

Ala
ho5UGC

Ala
cmo5UGC

5U34 is very important for the activity of tRNA , less 

for the activity of tRNA  and , and not at all for the 

activity of  as judged by growth rate. Thr
cmo5UGUtRNA

 

3.3.2 A site selection rate in the presence or absence of cmo5U. 

The selection rate at alanine, proline and valine codons was investigated. 

Because ∆alaWαβ, ∆cmoB double mutant is extremely slow growing (see 

above), data for the alanine codon box is only available in (aroD, shi-1) 

background. Measurement of the selection rate at threonine codons is in 

progress. 

 

In the strains carrying only cmo5U-containing tRNA, absence of this 

modification reduces the A-site selection in a codon dependent manner (Table 

6, Paper III). For alanine codons, there was a significant decrease for the 

GCG codon in the absence of shikimic acid. The selection rate of the ternary 

complex containing ho5U34 containing tRNA  to the CCC codon was 

30% slower than that of the fully modified tRNA, although no difference was 
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observed in the (aroD, shi-1) background. Hypomodification of valine tRNA 

induced either by the absence of shikimic acid or by the introduction of cmoB 

null mutation reduced selection rate of the ternary complex to all valine 

codons.  

 

Although the composition of valine codon box is similar to the alanine codon 

box, we found phenotypic differences both upon deletion of the G34 

containing isoacceptors and upon removal of cmo5U34 from tRNA  or 

. The relative amount of tRNAs versus codon usage does not 

explain the differences observed between these two codon boxes, since the 

abundance of cmo

Val
cmo5UAC

Val

Ala
cmo5UGCtRNA

5U containing tRNA in alanine and valine codon boxes is 

comparable, while GCN (including GCC) codons are used slightly more 

frequent than GUN (including GUC) codons (Table 7, Paper III). One 

difference between tRNA  and  is the modification status 

at position 37: tRNA  has an unmodified A37 whereas tRNA  

has t

Ala
cmo5UGC

Ala
cmo5UGC

Ala
cmo5UGC

Val
cmo5UACtRNA

Val
cmo5UAC

cmo5UAC

6A. The presence of a modified nucleoside at position 37 may stabilize 

the anticodon loop structure of tRNA  while the conformation of the 

anticodon loop of tRNA  might be more sensitive to the removal of 

wobble nucleoside modification.  

 

3.4 A “gain of function” mutation in a protein mediates production of 

novel modified nucleosides (Paper IV) 

Instead of treating unmodified state (Paper I) or hypomodification of wobble 

nucleosides (Paper II and III), this paper address the issue of 

hypermodification. The work started as a study of the frameshifting 

suppressor sufY, which turns out to change the modification of 
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Gln
cmnm5s2UUGtRNA

Gln
cmnm5s2UUGtRNA

. The most interesting finding is that the mutation is a 

dominant, gain of function in the YbbB protein, which has been identified by 

other researchers as the selenouridine synthetase responsible for exchanging 

sulfur for selenium in mnm5s2U in the wobble position of three tRNA species 

in E.coli. However this activity is not involved in the “hypermodification” of 

, which normally has cmnm5s2U as the wobble nucleoside. 

 

3.4.1 The sufY204 mutation is a dominant mutation resulting in a Gly67 

to Glu67 alteration in YbbB proteins 

The sufY frameshifting suppressor was isolated together with sufX (Riddle 

and Roth, 1970), which is mutant proL tRNA (Sroga et.al., 1992). The 

suppressed frameshift mutation is hisC3737. No other frameshift mutations 

tested can be suppressed by sufY, in contrast to sufX and many other 

frameshift suppressors derived from mutant tRNAs that can suppress at 

multiple sites. The sufY204 mutation changes Gly67 to Glu67 in YbbB 

proteins. The other two sufY mutants had amino acid substitution at the same 

position; sufY205 had the same mutation as sufY204, while sufY206 was a 

mutation changing Gly67 to Arg67. The genetic approach used to locate the 

mutation showed that it is a dominant mutation, since a transposon MudCam 

inserted in the sufY gene abolished suppression.  

 

Relevant genotype Growth on E+Glu Frameshift 

suppression 

sufY+, hisC3737 - - 

sufY204, hisC3737 + + 

sufY::MudCam, hisC3737 - - 
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Dominance of the sufY204 mutation was verified by having sufY204 on the 

chromosome and sufY+ on a plasmid, a situation where the phenotype is the 

same as sufY204 mutant (His+). A strain having sufY+ on the chromosome but 

sufY204 allele on a plasmid had stronger frameshift suppression, suggesting a 

“gene dosage” effect on the efficiency of suppression. 

 

3.4.2 Frameshifting occurs at CCC-CAA 

The sequence of hisC3737 was determined. It had a C insertion creating a 

stop codon after a proline codon (CCC) and a glutamine codon (CAA).  

   
       
5’-GGC G[TA GAG CGC CGG ACG GTT CCC GCG CTT GAA AAC TGG CAG CTG 
0            V        E       R       R       T       V      P      A       L      E       N      W      Q       L         
+1              *       S       A       G       R       F      P       R       L      K       T      G       S       W 
      
     
     GAT CTA CAG GGG ATT TCC GAC AAC CTT GAC GGC ACA AAA GTG GTG  
0   D       L      Q      G       I        S       D      N       L      D      G       T       K       V       V         
+1    I       Y      R       G       F      P       T       T       L       T      A       Q       K      W      C 
 
   
     TTC GTT TGT AGC CCC CAA TAA]-3´ 
0   F      V      C       S       P       Q       * 
+1   S       F      V      A       P       N      N 

 
   Sequence around the C insertion site in hisC3737. 

 

The fact that hisC3737 can also be suppressed by sufX (mutant proL tRNA) 

and sufA (mutant proK tRNA) indicates that frameshifting might occur on 

proline codons. This suggestion is strengthened by the fact that aroD 

mutations, which result in hypomodification of proM tRNA, abolished the 

frameshift suppression. Therefore we tested the two possible frameshifting 

sites containing proline codons: CCC-GCG and CCC-CAA. Only in the latter 

site did we observe a four fold increase of frameshifting in sufY204 mutants 

compared to wild type. No frameshifting was observed for CCC-CAU, CCC-
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CAG and CCC-CAC codon contexts, suggesting that frameshifting is specific 

for the CAA codon. 

 β-galactosidase activity (Miller Units)  

Frameshifting site sufY+ sufY204 Fold of increase 

CCC CAU 62 59 1.0 

CCC CAC 40 39 1.0 

CCC CAA 56 195 3.5 

CCC CAG 36 46 1.3 

 

3.4.3 The sufY204 mutation results in novel modified nucleosides of 

 and also reduced aminoacylation of this tRNA. Gln
cmnm5s2UUGtRNA

Based on the results above we had reason to believe that something happened 

to  which normally reads CAA. According to the “dual error” 

model of frameshifting, a slow entry at CAA codons in the ribosomal A site 

can result in a pause, allowing P site proM tRNA reading CCC to frameshift. 

Gln
cmnm5s2UUGtRNA

 

We analyzed total tRNA digests to check modified nucleosides in this mutant. 

There were two novel modified nucleosides (later at least one was found to be 

a dinucleotide) in total tRNA digests. We have named them UK1 and UK2. 

The amounts of UK1 and UK2 also respond to the gene dosage of the 

sufY204 allele, along with the efficiency of frameshift suppression towards 

hisC3737. When we purify tRNA  from this mutant, we found a similar 

(if not identical) modified nucleoside with the same UV spectrum as UK1 

from the sufY204 mutant. According to the result that is presented later in 

Paper IV, it should be UK1. We also investigated aminoacylation of 

 and the result showed that in sufY204 mutant only 26% of 

 was charged, compared to 87% in the wild type. Two factors may 

Gln
UG*U

Gln
UG*UtRNA

Gln
UG*UtRNA
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lead to the decreased ability to read CAA codons: one is the reduced level of 

aminoacylated , the other is that even the aminoacylated 

 carrying UK1 (or a similar modified nucleoside) might not read 

CAA codons very well. Indeed, the wobble nucleoside of  is one of 

the positive recognition elements for GlnRS synthetase (Jahn et.al., 1991). 

Gln
UG*UtRNA

Gln
U

Gln
UG*UtRNA

Gln
UG*UtRNA

LystRNA

 

3.4.4 Connection between the modification of cmnm5s2U and the 

synthesis of UKs. 

When we purified tRNA  and examined the modified nucleosides, we 

found the presence of UK1 (or a similar compound) and also a decreased 

amount of cmnm

UG*

5s2U. On total tRNA digest, the amount of (c)mnm5s2U that 

is normally present on tRNA , tRNA  and  is 

reduced to 50% in the sufY204 mutant. To further test if these UKs are 

derivatives of mnm

Gln
cmnm5s2UUG

Glu
mnm5s2UUC mnm5s2UUU

5s2U, we used E.coli mutants in the biosynthetic pathway 

of mnm5s2U.  

 
A plasmid carrying the sufY204 allele was introduced into various E.coli 

mutants. The parent strain (mnm+/psufY204) has UK2 as the major unknown 

compound. The mnmA mutant which leads to deficiency of s2-group results in 

no detectable level of UKs. The mnmE mutant contains only s2U and very 

little (1.1%) of UKs. In the mnmC1 mutant, which accumulates cmnm5s2U, 

mnm5s2U 
MnmA MnmE MnmC1 MnmC2 

nm5s2U cmnm5s2U s2U U 

Note: The thiolation step is independent of the mnm5-side chain formation and may 

therefore occur on any intermediate in the synthesis of mnm5s2U 
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UK1 became the major unknown compound; whereas in the mnmC2 mutant, 

which accumulates nm5s2U, UK3 became the major one (in the HPLC 

chromatograph UK3 migrates just before UK2 and has a similar UV 

spectrum). Therefore, the various UKs are related to different derivatives in 

the mnm5s2U pathway, varying only on the side chain at position 5: UK1 with 

cmnm5s2U, UK2 with mnm5s2U and UK3 with nm5s2U.  

CH3
NH

N

NH

O

O

OHO P

N

NH

O

O

O
O

OHOH

O
OH

OH

S
137Da

NH2

N
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O

O

OHO P

N
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O

O

O
O

OHOH

O
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NH

N

NH

O

O

OHO P

N

NH

O

O

O
O

OHOH

O
OH

OH

O

OH

S
137Da

 
           UK1  

(with cmnm5s2U) 
          UK2  
(with mnm5s2U) 

       UK3  
(with nm5s2U) 

 

 

LC/MS experiments confirmed these results with the observation that the 

difference of mass between UKs corresponds well to the difference of mass 

on the side chain at position 5 of the uracil ring. 

 

The Mr of UK2 is 745, which consists of mnm5s2UpU (dinucleotide) and a 

fragment with 137Da of unknown structure. The 137Da fragment is most 

likely associated with the mnm5s2U base through the sulfur group at position 
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2 of uracil. The composition of the 137Da group is C10H17 with no 

exchangeable hydrogen in the side chain. Further NMR study can help to 

resolve the structure of UK2. 

 

3.4.5 Selenium is not involved in the synthesis of UKs. 

The YbbB protein has a rhodanese-homology domain (a.a.3-a.a130) at the N-

terminus, and Cys97 is the catalytic residue for the activity of the enzyme. 

The work done in E.coli showed that the purified protein can catalyze the 

selenation of tRNA, therefore it was named selenouridine synthase (Wolfe 

et.al., 2004). The reaction needs SePO3 as selenium donor, which is 

synthesized by SelD protein. In order to find out if selenation is involved in 

the synthesis of UKs in S. enterica, we made a selD deletion mutant. When 

we then introduced a sufY204 plasmid in the ∆selD mutant, UKs were still 

made, suggesting that selenation is not required. Furthermore there is no 

indication of presence of selenium in LC/MS experiment when determining 

the mass of UK2. However, changing the catalytic Cys97 in the rhodanese 

domain reduced the level of UKs significantly, but still substantial amounts 

remained. Therefore we conclude that Cys97 is important but not absolutely 

required for the synthesis of UKs. 

 

In conclusion, besides the selenouridine synthetase activity, the YbbB protein 

also has an intrinsic activity which synthesizes UKs, although this activity is 

very low so that the trace amounts of those modified nucleosides have not 

been judged as relevant. However, upon one amino acid substitution (in the 

sufY204 mutant Gly67 to Glu67) this activity is elevated to the extent that the 

products are not only noticeable, but also quite prominent. Since the YbbB 

protein can bind to tRNA, it is possible that the amino acid substitution 

 40



increases this low intrinsic activity to synthesize the UKs. This could be an 

example of how a tRNA modifying enzyme evolved: a mutation may be 

“fixed” if the alteration of the protein induces a selective advantage.  
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IV. CONCLUSIONS 
 

1. proL207 tRNA having unmodified adenosine in the wobble position 

can read non-complementary CCC codon. 

2. Uridine-5-oxyacetic acid (cmo5U) at the wobble position of 

is important for efficient reading of CCU and CCC codons.  Pro
cmo5UGGtRNA

3. Uridine-5-oxyacetic acid (cmo5U) present on tRNA , 

, ,  and  influences 

coding capacity and viability in a tRNA dependent manner.  

Pro
cmo5UGG

cmo5UGA
Ala
cmo5UGCtRNA Val

cmo5UACtRNA Thr
cmo5UGUtRNA SertRNA

4. sufY204 is a dominant mutation in the YbbB protein leading to new 

modifications on .   Gln
UG*UtRNA

 42



V. ACKNOWLEDGEMENTS 
 

It’s a long journey from China to Umeå, a lovely and probably the most 

important city in Norrland, the northern part of Sweden. Here I spent the 

golden period of my life, which certainly will be in deep memory for the 

future. I remember very well how I was surprised and moved when I first met 

my supervisor Glenn Björk, who told me that “a supervisor should take good 

care of his students”. He did so and I am very grateful for all these years of 

both his scientific inspiration and his guidance when I was hesitant or 

depressed. Here I have seen a true scientist showing great enthusiasm 

deriving of pure curiosity, and I think there is no better job for doing what 

one loves to do. 

 

Members of group GB have been more than a working group. Thanks to 

Tord Hagervall, Mikael Wikström, Olof Persson, Olafur Olafsson, 

Birgitta Esberg, Jaunius Urbonavicius, Jinong Li and Qiang Qian for the 

early years. Kerstin Jacobsson for all the excellent HPLC work, and keeping 

track of all the strains. Gunilla Jäger for helping me on various projects 

when I was on maternal leave, Kristina Nilsson for showing me how to 

measure millimeters of the tiny colonies. Ramune Leipuviene for being a 

good friend and giving me practical advice on small things. Hans Lundgren 

for all the years of computer maintenance, Joakim Näsvall for being a 

wonderful summer student and turning into co-workers on the same project. 

Our French post-doc Jerome Durand for occasionally bringing us surprise 

and delicious French cheese and wine. Also thanks to Anders Byström, 

Markus Johansson, Anders Esberg, Jian Lu and Bo Huang for helping me 

to know how yeast genetics works. Jörgen Stenvall for introducing nice 

 43



“worms” into the lab, also Mattias Lövgren for being “cool” and a nice 

company in the lab. Thanks to Mike Pollard for editing this thesis just in 

time! 

 

I would like to thank Marita Waern and Berit Nordh, for their kind help 

with all the paper work, and being patient with all my stupid questions about 

the Swedish system. Also thanks to the ladies in the Media department for 

the great job with plates, bottles and solutions. Kerstin Stråby for offering 

lovely autumn “fika” in your beautiful yard. I have a great time with the 

teaching fellows for all the courses I have been teaching, including Lena 

Gunhaga, Åsa Koltelud, Urika Nordström, Matthew Marklund, I really 

miss your UCMM attitude! 

 

All the Chinese friends here provide me a good society being away from 

home. Special thank to Jinong and Qiang for helping me a lot at the 

beginning. Jianming Liu, Suyan Wang, Sa Chen and many others for all 

the good time we had together. 

 

I would be very glad to dedicate this book to my parents. My father, who had 

great influence on me, and my mother, who always loves me so much and 

being proud of how I am. Also my sisters for the great understanding and 

support during my difficult times. 

 

At last but not the least, to Bo and my little boy Joe, for being the best family 

I could ever dream of. 

 

 44



VI. LITERATURE CITED 

 
Agris, P.F. (2004) Decoding the genome: a modified view. Nucleic Acids Res 

32:223-238.  

Åström, S.U. and Byström, A.S. (1994) Rit1, a tRNA backbone-modifying 

enzyme that mediates initiator and elongator tRNA discrimination. 

Cell 79:535-546.  

Bajji, A.C. and Davis, D.R. (2002) Synthesis of the tRNA(Lys,3) anticodon 

stem-loop domain containing the hypermodified ms2t6A nucleoside. J 

Org Chem 67:5352-5358.  

Baumstark, B.R., Spremulli, L.L., RajBhandary, U.L. and Brown, G.M. 

(1977) Initiation of protein synthesis without formylation in a mutant 

of Escherichia coli that grows in the absence of tetrahydrofolate. J 

Bacteriol 129:457-471.  

Björk, G.R. (1980) A novel link between the biosynthesis of aromatic amino 

acids and transfer RNA modification in Escherichia coli. J Mol Biol 

140:391-410.  

Björk G.R. (1995) Biosynthesis and function of modified nucleosides in 

tRNA. In tRNA: Structure, Biosynthesis, and Function. Edited by Söll 

D. and RajBhandary U.L. pp 165-205. ASM Press, Washington, D. C.  

Björk G.R. (1996) Stable RNA modification. In Escherichia coli and 

Salmonella: Cellular and Molecular Biology. Second Edition. Edited 

by Neidhardt F.C., Curtiss III R., Ingraham J.L., Lin E.C.C., Low Jr 

K.B., Magasanik B., Reznikoff W.S., Riley M., Schaechter M. and 

Umbarger H.E. pp 861-886. ASM Press, Washington.  

 45



Björk, G.R. and Nilsson, K. (2003) 1-Methylguanosine-Deficient tRNA of 

Salmonella enterica Serovar Typhimurium Affects Thiamine 

Metabolism. J Bacteriol 185:750-759.  

Buck, M. and Griffiths, E. (1981) Regulation of aromatic amino acid 

transport by tRNA: role of 2-methylthio-N6-(delta2-isopentenyl)-

adenosine. Nucleic Acids Res 9:401-414.  

Buck, M. and Griffiths, E. (1982) Iron mediated methylthiolation of tRNA as 

a regulator of operon expression in Escherichia coli. Nucleic Acids 

Res 10:2609-2624.  

Carter, P.W., Bartkus, J.M. and Calvo, J.M. (1986) Transcription attenuation 

in Salmonella typhimurium: the significance of rare leucine codons in 

the leu leader. Proc Natl Acad Sci U S A 83:8127-8131.  

Chen, G.F. and Inouye, M. (1990) Suppression of the negative effect of minor 

arginine codons on gene expression; preferential usage of minor 

codons within the first 25 codons of the Escherichia coli genes. 

Nucleic Acids Res 18:1465-1473.  

Chen, P., Qian, Q., Zhang, S., Isaksson, L.A. and Björk, G.R. (2002) A 

cytosolic tRNA with an unmodified adenosine in the wobble position 

reads a codon ending with the non-complementary nucleoside cytidine. 

J Mol Biol 317:481-492.  

Crick, F.H.C. (1966) Codon-Anticodon pairing. The wobble hypothesis. J 

Mol Biol 19:548-555.  

Curran, J.F. and Yarus, M. (1989) Rates of aminoacyl-tRNA selection at 29 

sense codons in vivo. J Mol Biol 209:65-77.  

Di Giulio, M. (1998) Reflections on the origin of the genetic code: a 

hypothesis. J Theor Biol 191:191-196.  

 46



Durand, J.M., Dagberg, B., Uhlin, B.E. and Björk, G.R. (2000) Transfer RNA 

modification, temperature and DNA superhelicity have a common 

target in the regulatory network of the virulence of Shigella flexneri: 

the expression of the virF gene. Mol Microbiol 35:924-935.  

Durand, J.M., Okada, N., Tobe, T., Watarai, M., Fukuda, I., Suzuki, T., 

Nakata, N., Komatsu, K., Yoshikawa, M. and Sasakawa, C. (1994) 

vacC, a virulence-associated chromosomal locus of Shigella flexneri, 

is homologous to tgt, a gene encoding tRNA-guanine transglycosylase 

(tgt) of Escherichia coli K-12. J Bacteriol 176:4627-4634.  

Durand, J.M.B., Björk, G.R., Kuwae, A., Yoshikawa, M. and Sasakawa, C. 

(1997) The modified nucleoside 2-methylthio-N-6-

isopentenyladenosine in tRNA of Shigella flexneri is required for 

expression of virulence genes. J Bacteriol 179:5777-5782.  

Farabaugh, P.J. (1996) Programmed translational frameshifting [review]. 

Microbiol Rev 60:103-134.  

Grosjean, H., Edqvist, J., Stråby, K.B. and Giegé, R. (1996) Enzymatic 

formation of modified nucleosides in tRNA: dependence on tRNA 

architecture. J Mol Biol 255:67-85.  

Hagervall, T.G., Jönsson, Y.H., Edmonds, C.G., McCloskey, J.A. and Björk, 

G.R. (1990) Chorismic acid, a key metabolite in modification of 

tRNA. J Bacteriol 172:252-259.  

Hoagland, M.B., Zamecnik, P.C. and Stephenson, M.L. (1957) Intermediate 

reactions in protein synthesis. Biochim Biophys Acta 24:pp215-216.  

Hopfield, J.J. (1978) Origin of the genetic code: a testable hypothesis based 

on tRNA structure, sequence, and kinetic proofreading. Proc Natl 

Acad Sci U S A 75:4334-4338.  

 47



Jahn, M., Rogers, M.J. and S:oll, D. (1991) Anticodon and acceptor stem 

nucleotides in tRNA(Gln) are major recognition elements for E. coli 

glutaminyl-tRNA synthetase. Nature 352:258-260.  

Johnston, H.M., Barnes, W.M., Chumley, F.G., Bossi, L. and Roth, J.R. 

(1980) Model for regulation of the histidine operon of Salmonella. 

Proc Natl Acad Sci U S A 77:508-512.  

Kambampati, R. and Lauhon, C.T. (2003) MnmA and IscS are required for in 

vitro 2-thiouridine biosynthesis in Escherichia coli. Biochemistry 

42:1109-1117.  

Kaneko, T., Suzuki, T., Kapushoc, S.T., Rubio, M.A., Ghazvini, J., Watanabe, 

K., Simpson, L. and Suzuki, T. (2003) Wobble modification 

differences and subcellular localization of tRNAs in Leishmania 

tarentolae: implication for tRNA sorting mechanism. EMBO J 22:657-

667.  

Kiesewetter, S., Ott, G. and Sprinzl, M. (1990) The role of modified purine 

64 in initiator/elongator discrimination of tRNA(iMet) from yeast and 

wheat germ. Nucleic Acids Res 18:4677-4682.  

Kruger, M.K. and Sorensen, M.A. (1998) Aminoacylation of hypomodified 

tRNA(Glu) in vivo. J Mol Biol 284:609-620.  

Kurland, C.G. (1992) Translational accuracy and the fitness of bacteria. Annu 

Rev Genet 26:29-50.  

Kurland C.G., Hughes D. and Ehrenberg M. (1996) Limitations of translation 

accuracy. In Escherichia coli and Salmonella. Cellular and molecular 

biology. Edited by Neidhardt F.C., Curtiss III R., Ingraham J.L., Lin 

E.C.C., Brooks Low K., Magasanik B., Reznikoff W.S., Riley M., 

Schaechter M. and Umbarger H.E. pp 979-1004. American Society for 

Microbiology, Washington, DC.  

 48



Landick R. and Yanofsky C. (1987) Transcription attenuation. In Escherichia 

coli and Salmonella typhimurium. Cellular and Molecular Biology. 

Edited by Neidhardt F.C., Ingraham J.L., Brooks Low K., Magasanik 

B., Schaechter M. and Umbarger H.E. pp 1276-1301. American 

Society for Microbiology, Washington, D. C.  

Li, J.N. and Björk, G.R. (1995) 1-methylguanosine deficiency of tRNA 

influences cognate codon interaction and metabolism in Salmonella 

typhimurium. J Bacteriol 177:6593-6600.  

Näsvall, J., Chen, P. and Björk, G.R. (2004) The modified wobble nucleoside 

uridine-5-oxyacetic acid in tRNA(Pro)cmo5UGG  promotes reading 

of all four proline codons in vivo. RNA 10: 

Perret, V., Garcia, A., Grosjean, H., Ebel, J.P., Florentz, C. and Gieg:e, R. 

(1990) Relaxation of a transfer RNA specificity by removal of 

modified nucleotides. Nature 344:787-789.  

Qian, Q. and Björk, G.R. (1997) Structural requirements for the formation of 

1-methylguanosine in vivo in tRNAProGGG of Salmonella typhimurium. 

J Mol Biol 266:283-296.  

Qian, Q., Li, J.N., Zhao, H., Hagervall, T.G., Farabaugh, P.J. and Björk, G.R. 

(1998) A new model for phenotypic suppression of frameshift 

mutations by mutant tRNAs. Mol Cell 1:471-482.  

Riddle, D.L. and Roth, J.R. (1970) Suppressors of frameshift mutations in 

Salmonella typhimurium. J Mol Biol 54:131-144.  

Roth, J.R. (1981) Frameshift Suppression. Cell 24:601-602.  

Rozenski, J., Crain, P.F. and McCloskey, J.A. (1999) The RNA modification 

database: 1999 update. Nucleic Acids Res 27: 

Samuel, C.E. and Rabinowitz, J.C. (1974) Initiation of protein synthesis by 

folate-sufficient and folate-deficient Streptococcus faecalis R. 

 49



Biochemical and biophysical properties of methionine transfer 

ribonucleic acid. J Biol Chem 249:1198-1206.  

Sprinzl, M. and Vassilenko, K.S. (2003) tRNA sequences and tRNA genes 

database. http://wwwuni-

bayreuthde/departments/biochimie/sprinzl/trna/  

Sroga, G.E., Nemoto, F., Kuchino, Y. and Björk, G.R. (1992) Insertion (sufB) 

in the anticodon loop or base substitution (sufC) in the anticodon stem 

of tRNAProI2 from Salmonella typhimurium induces suppression of 

frameshift mutations. Nucleic Acids Res 20:3463-3469.  

Sylvers, L.A., Rogers, K.C., Shimizu, M., Ohtsuka, E. and Söll, D. (1993) A 

2-thiouridine derivative in tRNAGlu is a positive determinant for 

aminoacylation by Escherichia coli glutamyl-tRNA synthetase. 

Biochemistry 32:3836-3841.  

Tamura, K., Himeno, H., Asahara, H., Hasegawa, T. and Shimizu, M. (1992) 

In vitro study of E.coli tRNAArg and tRNALys identity elements. 

Nucleic Acids Res 20:2335-2339.  

Urbonavicius, J., Qian, Q., Durand, J.M., Hagervall, T.G. and Björk, G.R. 

(2001) Improvement of reading frame maintenance is a common 

function for several tRNA modifications. EMBO J 20:4863-4873.  

Wolfe, M.D., Ahmed, F., Lacourciere, G.M., Lauhon, C.T., Stadtman, T.C. 

and Larson, T.J. (2004) Functional diversity of the Rhodanese 

homology domain: The Escherichia coli ybbB gene encodes a 

selenophosphate-dependent tRNA 2-selenouridine synthase. J Biol 

Chem 279:1801-1809.  

Yanofsky, C. and Soll, L. (1977) Mutations affecting tRNATrp and its 

charging and their effect on regulation of transcription termination at 

the attenuator of the tryptophan operon. J Mol Biol 113:663-677.  

 50



Yokoyama S. and Nishimura S. (1995) Modified nucleosides and codon 

recognition. In tRNA: Structure, Biosynthesis, and Function. Edited 

by Söll D. and Rajbhandary U.L. pp 207-223. ASM Press, 

Washington, D. C.  

 

 51



 52

Appendix: Symbols and common names of modified nucleosides in tRNA  

Symbol Common Name 
Adenosine derivatives  
ms2io6A 2-methylthio-N6-isopentenyladenosine 
t6A N6-threonylcarbamoyladenosine 
m6t6A N6-methyl- N6-threonylcarbamoyladenosine 
Ar(p) 2’-O-ribosyladenosine (phosphate) 
I Inosine 
  
Cytidine derivatives  
Cm 2’-O-methylcytidine 
s2C 2-thiocytidine 
ac4C N4-acetylcytidine 
k2C Lysidine 
  
Guanosine derivatives  
m1G 1-methylguanosine 
m7G 7-methylguanosine 
Q Queuosine 
  
Uridine derivatives  
Ψ Pseudouridine 
D Dihydrouridine 
T (m5U) Ribosylthymine 
s4U 4-thiouridine 
acp3U 3-(3-amino-3-carboxypropyl)uridine 
ho5U 5-hydroxyuridine 
mo5U 5-methoxyuridine 
cmo5U Urdine-5-oxyacetic acid 
mcmo5U Uridine-5-oxyacetic acid methyl ester 
mcm5U 5-methoxycarbonylmethyluridine 
mcm5Um 5-methoxycarbonylmethyl-2’-O-methyluridine 
mcm5s2U 5-methoxycarbonylmethyl-2-thiouridine 
nm5s2U 5-aminomethyl-2-thiouridine 
mnm5s2U 5-methylaminomethyl-2-thiouridine 
cmnm5s2U 5-carboxymethylaminomethyl-2-thiouridine 
mnm5se2U 5-methylaminomethyl-2-selenouridine 
 


