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Abstract

The leuX gene encoding the minor tRNA5
Leu is

important for the expression of several virulence
factors of pathogenic Escherichia coli strains. The
differential usage of minor codons to control the
expression of specialized genes has been proposed
to be a general mechanism of bacteria to regulate
gene expression at the posttranscriptional level.
The minor codon usage theory foots on the biased
codon usage of bacterial genes and the selective
availability of tRNA isoacceptors. We aimed at the
further investigation of the regulatory role of the
tRNA5

Leu for gene expression in pathogenic E. coli.
For this purpose, the molecular mechanism under-
lying the tRNA5

Leu-dependent regulation of differ-
ent virulence-associated genes of pathogenic
E. coli as well as the regulation of leuX transcription
under various growth conditions were investigated
in detail. The global impact of the presence or
absence of the leuX-encoded tRNA on gene expres-
sion of the uropathogenic E. coli strain 536 was
studied by proteome analysis. The obtained results
argue for a general importance of the tRNA5

Leu for
gene expression of E. coli and the involvement of
this tRNA in global regulatory networks.

Introduction

The expression of bacterial virulence-associated genes
is often subject to coordinate global regulation and

determined by a few common regulators in response to
environmental conditions (Andersson et al., 1999; Harel
and Martin, 1999; Hengge-Aronis, 1999; Ibanez-Ruiz
et al., 2000; Wang and Kim, 2000; Winzer et al., 2000).
In bacteria, a broad variety of mechanisms exist to
regulate gene expression resulting in an adaptation to
environmental changes. Transfer RNAs and their
encoding genes are important for several aspects of
bacterial life. tRNAs not only function as amino acid
donors during translation, several biosynthetic pro-
cesses and during the determination of metabolic half
lifes of proteins (Lennarz et al., 1966; Katz et al., 1967;
Roberts et al., 1968a, b; Petit et al., 1968; Stewart et al.,
1971; Tobias et al., 1991; Jahn et al., 1992), they also
seem to be of general importance for the regulation of
gene expression in prokaryotes. It is well known that
tRNAs are involved in the regulation of transcriptional
termination (Williamson and Oxender, 1992; Yanofsky,
2000). In addition, certain transfer RNAs are considered
as possible regulatory molecules participating in the
regulation of gene expression at the posttranscriptional
level (Saier Jr., 1995; Björk et al., 1999). It has been
speculated that the availability of tRNA isoacceptors
together with the codon bias are part of an evolutionary
strategy to control the expression rate of certain genes
and more recent studies in various organisms imply that
differential codon usage may ensure the proper tempor-
al expression of specialized genes by a posttranscrip-
tional mechanism (Leskiw et al., 1991; Saier Jr., 1995).
Several examples of tRNA-dependent gene expression
in bacteria which underline this hypothesis are summar-
ized in Table 1.

There is increasing evidence that transfer RNA-
encoding genes frequently serve as target sites for the
integration of horizontally transferred genetic elements,
such as bacteriophages, plasmids or pathogenicity
islands (PAIs), into the bacterial chromosome and that
they are therefore important for the genetic diversity of
bacteria. One characteristic feature of PAIs is their
association with tRNA genes. (Cheetham and Katz,
1995; Kaper and Hacker, 1999; Kiewitz et al., 2000;
Jackson et al., 2000; Perna, 2001). In the uropathogenic
Escherichia coli strain 536 (O6:K15:H31), the leuX
gene, which codes for the minor tRNA5

Leu, is associated
with the PAI II536 and is required for the expression of a
broad variety of virulence traits. The lack of a functional
tRNA5

Leu results in mutant strains with attenuated
virulence (Blum et al., 1994; Ritter et al., 1995; Susa
et al., 1996; Dobrindt et al., 1998; Hacker et al., 1999). In
order to understand the importance of the tRNA5

Leu,
which recognizes the codon UUG, for the expression of
virulence-associated genes, the influence of this minor
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leucyl-tRNA on virulence gene expression as well as the
regulation of leuX transcription were investigated in
detail in the E. coli strain 536.

Influence of the tRNA5
Leu on Gene Expression

in Pathogenic E. coli Strains

The differential usage of minor codons to control the
expression of specialized genes has been proposed to
be a general mechanism of bacteria to regulate gene
expression at the posttranscriptional level. The minor
codon usage theory foots on the biased codon usage
of bacterial genes and the selective availability of tRNA
isoacceptors (Saier Jr., 1995).

In the uropathogenic E. coli strain 536, a functional
tRNA5

Leu is required for expression of type 1 fimbriae,
enterobactin, motility, serum resistance and in vivo
virulence (Ritter et al., 1995). In order to understand
how the tRNA5

Leu influences the expression of these
virulence factors, we focussed on the molecular
mechanism underlying the influence of this minor
leucyl-tRNA on the expression of different virulence
factors. The availability of the leuX-encoded tRNA

affects expression of type 1 fimbriae by facilitated
translation of fimB transcripts which code for the FimB
recombinase. Transcription of the fimA gene encoding
the major type 1 fimbrial subunit is directed by a
promoter located on an invertible DNA switch. The
orientation of this switch is due to the interplay
between two recombinases, FimB and FimE. FimB is
able to turn the switch on, whereas FimE can only turn
it off. fimB transcripts of E. coli 536 contain five leuX-
specific codons (UUG), but only two UUG codons are
present in the fimE-specific mRNA. By the exchange of
the five leuX-specific codons of fimB transcripts into
codons recognized by the major leucyl-tRNA (CUG), it
has been demonstrated that the loss of the functional
tRNA5

Leu limits translation of fimB- relative to that of
fimE transcripts, in turn influencing fimA transcription
(Ritter et al., 1997). The lack of the leuX gene also
results in a reduced expression of the a-haemolysin
determinant due to a reduced transcription of the
encoding hly operon. Increased expression of the hha
gene whose encoded product acts as a repressor of
hly transcription may be at least partially responsi-
ble for this effect (Dobrindt et al., 2000; Dobrindt,

Table 1. Examples of tRNA-dependent gene expression in bacteria

Function Organism Codon Amino acid specificity Reference

Photosynthesis Rhodobacter capsulatus GCU Ala Wu and Saier Jr., 1991
GUC Val

Fructose utilization R. capsulatus AAU Asn Wu and Saier Jr., 1991
UGU Cys

Production of
acetone and butanol

Clostridium acetobutylicum ACG Thr Sauer and Dürre, 1992

Production of aerial
mycelium, conidiospores
and antibiotics

Streptomyces coelicolor A3(2),
S. lividans, S. alboniger

UUA Leu Lawlor et al., 1987; Guthrie and
Chater, 1990; Tercero et al., 1998

Expression of type 1-fimbriae Salmonella typhimurium, UCU Ser Clouthier et al., 1998
S. enteritidis AGA AGG Arg

Arg
Global gene expression Escherichia coli AGA AGG Arg Chen et al., 1990;

Arg Chen and Inouye, 1994
Expression of type 1-fimbriae-,
enterobactin and flagella,
serum resistence, virulence

E. coli 536 (uropathogenic) UUG Leu Ritter et al., 1995, 1997

Persistence in stationary
phase in cecal or bladder
mucus of CD-1 mice

E. coli F-18, E. coli 536 UUG Leu Newman et al., 1994; Dobrindt et al.,
1998

Cell division E. coli UCA Ser Tamura et al., 1984;
UCG Ser Leclerc et al., 1989; Chen et al., 1991;
CUA Leu Nakayashiki and Inokuchi, 1998
UUG Leu

DNA-Replication E. coli AGA Arg Garcia et al., 1986
Resistence to calmodulin-inhibitor E. coli CUA Leu Chen et al., 1991;

Bouquin et al., 1996
Temperature sensitivity E. coli CUA Leu Chen et al., 1991;

Bouquin et al., 1996
Production of protease
and syringomycin

Pseudomonas syringae AUG Met Rich and Willis, 1997

CUU Leu
CUC Leu

Virulence Shigella flexneri CUG UAC Leu Hromockyj et al., 1992
UAC Tyr
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unpublished). By the use leuX-specific antisense
constructs in different pathogenic E. coli strains
causing urinary tract infections, newborn meningitis
or diarrhea, the expression of type 1 fimbriae, flagella
and siderophore systems has been reduced in analogy
to the phenotype of leuX-negative mutants of the
uropathogenic E. coli strain 536 (Dobrindt et al., 2000;
Dobrindt, unpublished). These results support the
model that the tRNA5

Leu is required for the expression
of several virulence factors of E. coli.

The influence of the tRNA5
Leu on global gene

expression of the E. coli strain 536 was studied by
comparative analysis of proteome patterns of the wild
type strain 536 and different leuX-negative mutants.
The proteome comparison revealed that the expression
of various genes, including many house keeping genes,
is affected by the presence of the tRNA5

Leu. Among
them are also several genes which are involved in iron
acquisition. The fact that the presence or absence of
the leuX-encoded tRNA5

Leu influences the expression
of 31 different genes coding for intracellular proteins
supports the view that this minor tRNA plays an
important role for the expression of a broad variety of
different genes in E. coli which is not restricted to

virulence-associated genes and that it may be part of a
regulatory network (Piechaczek et al., 2000).

Regulation of leuX Transcription

If the leuX-encoded tRNA was important for gene
expression as a part of a regulatory network, its
transcriptional regulation should be affected by envir-
onmental stimuli and should differ from that of other
tRNA genes, i.e. that of the leuV encoded major leucyl-
tRNA. In order to investigate whether the tRNA5

Leu has
a regulatory function as a part of a regulatory network
which coordinately controls the expression of different
virulence associated genes in the E. coli strain 536,
leuX and leuV transcription as a response to several
stress stimuli and growth conditions was compared in
order to gain further insights into the regulation of leuX
transcription (Dobrindt and Hacker, 2001).

The comparison of leuX- and leuV transcript levels
in response to different environmental stimuli and
growth conditions demonstrated that leuX- and leuV
transcription are differently regulated and that the leuX
promoter sequence is important for these regul-
atory characteristics. The ratio of tRNA5

Leu/tRNA1
Leu

Figure 1. Influence of the leuX-encoded tRNA5
Leu on gene expression in the uropathogenic E. coli strain 536. Global regulatory networks affect leuX

transcription in response to environmental stimuli. The availability of the tRNA5
Leu influences the expression of genes with a high percentage of leuX-

specific codons. The expression of a broad variety of different subordinate genes can be affected by tRNA5
Leu-dependent facilitated translation of

genes encoding regulatory proteins. PAI, pathogenicity island; hly, a-haemolysin determinant; prf, P-related fimbriae determinant
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within the tRNA pool increased under several stress
conditions (high growth temperature or high osmolarity
or ethanol concentrations). Under these conditions
leuX transcription was stable or slightly enhanced
concomitant whereas that of leuV was reduced. leuX
transcription has been shown to be specifically affected
by the alternative sigma factor RpoH (Dobrindt and
Hacker, 2001). These results were also supported by
the fact that the leuX promoter sequence exhibits
similarity to heat shock-dependent promoter se-
quences. In stationary phase, leuX- but not leuV
primary transcript levels were also increased in a rpoS
mutant of the E. coli strain 536 in comparison to the wild
type strain. The described alterations of the tRNA5

Leu-
as well as of the tRNA1

Leu transcript levels result in an
increase of the availability of the leuX-encoded minor
tRNA5

Leu within the tRNA isoacceptor pool. This
implies a possible regulatory function of the tRNA5

Leu

for gene expression of E. coli (Dobrindt and Hacker,
2001). Additionally, leuX- and leuV promoter activities
were analyzed upon growth in human urine. The
corresponding ratio of leuX- and leuV promoter activ-
ities resembled those obtained under different stress
conditions (Dobrindt and Hacker, 2001). This under-
lines that under conditions similar to the natural
environment of uropathogenic E. coli the availability
of the tRNA5

Leu can be increased in relation to that of
the tRNA1

Leu and argues for a regulatory role of the
tRNA5

Leu under these conditions according to the minor
codon usage theory.

Conclusions

Many studies dealing with the importance of minor
tRNAs for the expression of certain genes have been
published (see Table 1). A well characterized example
of tRNA-dependent gene expression is the bldA-
dependent sporulation and production of antibiotics
and aerial mycelium of Streptomyces coelicolor A3(2)
which shows a remarkable similarity to characteristics
of leuX-dependent expression of genes in E. coli. The
presence of bldA-specific codons is limited to specia-
lized genes, the bldA-encoded tRNA accumulates in
the stationary phase simultaneously with the occur-
rence of bldA-dependent gene expression (Leskiw
et al., 1991; Kataoka et al., 1999) and bldA transcrip-
tion is affected by an unknown factor (Leskiw and Mah
1995). In case of bldA-dependent production of the
antibiotic undecylprodigiosin, the bldA-encoded tRNA
is essential for the efficient translation of the redZ
transcript coding for a superimposed regulator of the
undecylprodigiosin biosynthesis pathway (White and
Bibb, 1997). This suggests that the availability of the
bldA-encoded tRNA seems to affect gene expression at
the translational level. It has also been published that
in E. coli the transcription of some tRNA genes is
enhanced under special conditions (Espinosa-Urgel
and Kolter, 1998). These results suggest that the
transcription of certain tRNA genes can be specifically
regulated, although in these cases the regulatory
function of a tRNA has not been proven. Our results
demonstrate that the leuX-encoded tRNA is of great

importance in pathogenic E. coli as it influences the
expression of a broad variety of genes including
virulence determinants. The fact that the transcription
of the tRNA gene leuX is specifically affected in
response to environmental conditions is consistent
with the postulated participation of certain minor tRNAs
as regulatory components within global regulatory
networks (see Figure 1). The availability of this tRNA
ensures the expression of genes with a high amount of
leuX-specific codons by facilitated translation. If these
genes code for regulatory proteins, their efficient
expression in turn affects that of other subordinate
genes within these networks.
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