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TusDCB, a sulfur transferase
complex involved in tRNA
modification, contributes to UPEC
pathogenicity
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tRNA modifications play a crucial role in ensuring accurate codon recognition and optimizing
translation levels. While the significance of these modifications in eukaryotic cells for maintaining
cellular homeostasis and physiological functions is well-established, their physiological roles in
bacterial cells, particularly in pathogenesis, remain relatively unexplored. The TusDCB protein
complex, conserved in y-proteobacteria like Escherichia coli, is involved in sulfur modification of
specific tRNAs. This study focused on the role of TusDCB in the virulence of uropathogenic E. coli
(UPEC), a bacterium causing urinary tract infections. The findings indicate that TusDCB is essential for
optimal production of UPEC’s virulence factors, including type 1 fimbriae and flagellum, impacting the
bacterium’s ability to aggregate in bladder epithelial cells. Deletion of tusDCB resulted in decreased
virulence against urinary tract infection mice. Moreover, mutant TusDCB lacking sulfur transfer
activity and tusE- and mnmA mutants revealed the indispensability of TusDCB's sulfur transfer activity
for UPEC pathogenicity. The study extends its relevance to highly pathogenic, multidrug-resistant
strains, where tusDCB deletion reduced virulence-associated bacterial aggregation. These insights
not only deepen our understanding of the interplay between tRNA sulfur modification and bacterial
pathogenesis but also highlight TusDCB as a potential therapeutic target against UPEC strains
resistant to conventional antimicrobial agents.

Keywords Urinary tract infection (UTI), Bacterial pathogenesis, Virulence, tRNA modification, Biofilm,
Drug resistance

Urinary tract infections (UTIs) are very common infectious disease, with an estimated 150 million UTI cases
worldwide annually'2 Uropathogenic Escherichia coli (UPEC) is known to be a major cause of UTIs, with more
than 80% of UTTs attributed to this organism, and when UPEC enters the urinary tract and reaches the blad-
der, it causes cystitis>*. In more severe cases, UPEC further ascends the urinary tract to the kidneys, causing
pyelonephritis and sepsis®. Although various antimicrobial agents are used to treat UTIs caused by UPEC, UPEC
infections are often refractory. It has been reported that 20% to 30% of patients with UTI will relapse within
6 months of antimicrobial therapy®’. Therefore, there is concern that repeated treatment with antimicrobial
agents may increase the risk of emergence of resistant strains. Since 2000, drug-resistant strains, including
quinolone-resistant and ESBL (Extended spectrum B-lactamase)-producing bacteria, have been rapidly increas-
ing and have become a major international problem®°. For this reason, there is a need to create new therapeutic
agents that are effective against various existing drug-resistant strains and new treatment strategies that can
reduce the recurrence rate in the medical field.

UPEC secretes a variety of cytotoxic molecules such as hemolysin (Hly), cytotoxic necrotizing factor (CNF),
and autotransporter toxin (SAT), and also internalizes urothelial cells, where they aggregate and establish biofilm-
like polymicrobial structures, termed intracellular bacterial communities (IBCs)!°-'*. UPEC in IBCs are resistant
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to antimicrobial agents and innate immunity, and this mechanism of IBC formation is thought to be one of the
reasons for the refractoriness of UPEC infections'*'>. Fimbriae are known to be important factors in attach-
ment to and invasion of host epithelial cells and in bacterial aggregation. Among them, type 1 and P fimbriae
are the major fimbriae of UPEC, with type 1 fimbria being essential for infection of bladder epithelial cells, while
P fimbria are proposed to contribute to infection of kidney epithelial cells'¢'”. The flagellum is also important
for UPEC pathogenicity. The flagellum contributes to bacterial migration as well as fitness in the bladder and
ascending from the bladder to the kidneys'®'. In addition, the flagellum has been shown to contribute to bacte-
rial aggregation within both bladder and kidney epithelial cells**?'.

tRNAs are essential for the process of translation, in which amino acids are added based on codon informa-
tion from mRNA. It is known that tRNAs synthesized in the cytoplasm are subsequently modified by various
chemical molecules®?. tRNA modifications are important for post-transcriptional regulation of genes, such as
optimizing translation fidelity and efficiency?. Among these, sulfur modifications are well-studied and have been
shown to play an important role in the regulation of various physiological functions, especially in mammalian
cells. For example, defect of tRNA sulfur modification leads to mitochondrial diseases, while excessive sulfur
modification is known to promote cancer development?*-2°. However, the role of tRNA sulfur modifications in
the regulation of physiological functions in prokaryotes, including pathogenic bacteria, has been less studied
than eukaryotic cells.

TusD, together with TusC and TusB, was identified as a protein constituting a sulfur transferase complex .
The tusD gene is presumed to be transcribed as an operon together with its downstream genes tusC and tusB
genes. One in vitro experiment using TusD, TusC, and TusB recombinant proteins showed that these proteins are
involved in the sulfur modification to the uridine base at the anticodon wobble position (position 34) in tRNAD",
tRNASM and tRNAS"28, This sulfur modification is proposed to be important for discrimination among Lys, Glu,
and GIn codons in tRNAYS, tRNA®™ and tRNA®?, In E. coli, sulfur in cysteine residues is passed to IscS and
then to TusA. TusDCB pulls sulfur from TusA and passes the sulfur molecule to the uridine base at position 34
via TusE and MnmA?. While TusDCB has been functionally analyzed in the above in vitro studies, the role of
this protein within the infected host, including its virulence in E. coli, remains unclear.

We have been studying to identify the factors responsible for bacterial aggregation within urinary tract cells,
leading to IBC formation, that contribute to the refractoriness of UPEC and to analyze their functions. In this
study, we focused on TusDCB. The tusDCB defective strain showed similar growth performance to the parent
strain in artificial urine medium, but had lower bacterial aggregation and UPEC virulence than the parent strain.
Furthermore, the expression of type 1 fimbria and flagellum, which are important for infection of uroepithelial
cells and bacterial aggregation, was decreased in the tusDCB defective strain, indicating that TusDCB is a factor
supporting the expression of type 1 fimbria and flagellum and contributes to bacterial aggregation in uroepi-
thelial cells and UTL

Results
Deletion of the tusDCB gene reduces UPEC colonization in the bladder of mice
Initially, we evaluated the ability of the bacteria to colonize the bladder and kidneys of UTI mice using the
tusDCB mutant and the UTI mouse model to determine the relationship between the TusDCB complex and
the virulence of UPEC. The tusC gene (GU2018CL13_03790) is located immediately downstream of the tusD
gene (GU2018CL13_03780), followed by the tusB gene (GU2018CL13_03800), which form an operon (Fig. 1).
We constructed a tusDCB mutant that deletes the region from the tusD start codon to the tusB stop codon, as
described in the Materials and methods section. The parent strain and the fusDCB mutant were transurethrally
infected in female C3H/HeN mice, and the number of bacteria in the bladder and kidneys was determined at 48 h
postinfection. The number of bacteria in the bladder and kidneys of mice infected with the tusDCB mutant was
significantly lower than that of bacteria when infected with the parent strain (Fig. 2A). Since bacteria ascend the
urinary tract to the kidneys after the bladder is infected, the decrease in the number of bacteria infecting the kid-
neys due to tusDCB deletion is assumed to be due to the decrease in the number of bacteria infecting the bladder.
We compared the growth of the parent strain and the tusDCB mutant. When the tusDCB mutant was cul-
tured in mAUM (modified artificial urine medium)?’, which mimics urine, no clear growth defect was observed,
although the growth rate was slightly lower than that of the parent strain (Fig. 2B). Bacteria in the bladder
are exposed to an iron-deficient environment because bladder epithelial cells produce lipocalins that trap the
bacterial siderophores, then interfere with bacteria’s acquisition of iron (II)*"2. 2,2'-Dipyridyl is an iron (II)
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Figure 1. Locus of dauRtusDtusCtusB on the UPEC GU2018_CL13 chromosome. Arrows indicate
transcription/translation direction. Numbers refer to nucleotide coordinates in the UPEC GU2018_CL13
genome (Accession number: (AP029000).
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Figure 2. Colonization by the parent strain and tusDCB mutant in the bladders and kidneys of UTI mice

and bacterial growth. (A) The female mice were infected with the parent strain (GU2018_CL13 parent) or
tusDCB mutant (fusDCB mut.). At 48 h postinfection, cell numbers of bacteria isolated from the bladder and
kidneys were determined as CFU. Each data point represents a sample from an individual mouse (n=6 for the
parent strain and n=>5 for the tusDCB mutant) (We guessed that the parent strain may be highly toxic then
some of mice may die. Therefore, we used one more animal in the parent group than in the mutant group as a
backup although no mice died in the parent strain infected group in this experiment). Horizontal bars show
median values, *P<0.05. Asterisks denote significance for values relative to the parent strain. The P value was
determined by the Mann-Whitney test. (B) The parent strain and tusDCB mutant were cultured in mAUM
containing 1 g/ L glucose with and without 2, 2’-dipyridyl (Dipy). Bacterial growth was monitored by measuring
ODg. Data are means for two biological replicates; error bars indicate the ranges. We performed this assay
twice, then similar results were obtained.

chelator, and the addition of this compound to the culture medium can deplete iron (II) in the medium. We
compared the growth of the parent strain and the tusDCB mutant by adding 2, 2’-dipyridyl to mAUM. When a
high concentration of 2, 2’-dipyridyl (0.5 mM) was added, growth was completely inhibited in both parent and
tusDCB mutant strains. Growth of the parent strain was slightly inhibited when a low concentration (0.1 mM)
of 2, 2’-dipyridyl was added, and the inhibitory effect of the tusDCB mutant was similar to that of the parent
strain (Fig. 2B). Altogether, we concluded that the decrease in the number of infectious bacteria in the bladder
caused by tusDCB deficiency is not solely due to a growth defect.

The tusDCB gene is required for optimal aggregation of UPEC in bladder epithelial cells

When UPEC infects the bladder, it invades bladder epithelial cells and aggregates'. From the result of experi-
ments in UTT mice, we hypothesized that the tusDCB mutant may have a lower aggregation capacity than the
parent strain. The ability of bacteria to aggregate is related to biofilm formation®?. Therefore, we performed
a biofilm assay using 96-well plates and crystal violet to estimate bacterial aggregation, and found that the
amount of biofilm formed by the tusDCB mutant was significantly lower than the parent strain (Fig. 3). To
confirm the contribution of the tusDCB gene in biofilm formation, the tusDCB gene was complemented by
introducing the tusDCB expression plasmid pTH18kdaurRtusDCB into the tusDCB mutant. Since the dauR gene
(GU2018CL13_03770), which encodes a transcriptional regulator, is located immediately upstream of the tusD
gene in the same direction as tusDCB, and the start codon of tusD and a part of the stop codon of dauR overlap
(Fig. 1), it is assumed that tusDCB and dauR form the same operon. Furthermore, promoter search revealed
the promoter motif sequence upstream of the dauR start codon at positions 72-121. Based on the above, we
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Figure 3. Biofilm formation on 96-well plates in the parent strain (GU2018_CL13 parent), the tusDCB (tusDCB
mut.) and dauR mutants (dauR mut.), or the parent and the tusDCB mutant carrying the pTH18kr empty vector
(Parent/empty and tusDCB mut./empty) or pTH18krdauRtusDCB, the tusDCB expression plasmid (tusDCB
mut./comp.). Bacterial adhesion and aggregation were represented as Ay values normalized to ODy, of 1. Data
plotted are the means of three biological replicates; error bars indicate standard deviations, *P<0.05. Asterisks
denote significance for values relative to parent or parent/empty. The P value was determined by the unpaired ¢
test.

speculated that gene expression of tusDCB depends on the promoter located upstream of dauR. Thus, to construct
the tusDCB expression plasmid pTH18krdauRtusDCB, we cloned from 196 bases upstream of dauR including
this promoter sequence to the region of stop codon of tusB into pTH18kr, a low-copy plasmid. When this plasmid
was introduced into the tusDCB mutant, biofilm formation ability was significantly increased, although it did not
recover to the level of the parent strain with empty vector (Parent/empty) (Fig. 3). To test whether the dauR gene
is involved in biofilm formation, the dauR mutant was constructed and examined for the biofilm level. However,
the mutant formed biofilms at the similar level to the parent strain, indicating that dauR, unlike tusDCB, is not
involved in biofilm formation (Fig. 3).

We introduced the GFP expression plasmid pTurbo-GFP-B together with pTH18kr or pTH18krdauRtusDCB
expression plasmids into the parent strain and the tusDCB mutant, and imaged bacterial cells when these strains
were infected with bladder epithelial cells. In the parent strains, aggregated bacterial cells were observed in
some places in the host cells. On the other hand, the tusDCB mutant carrying the empty vector exhibited fewer
aggregates than the parent strain (Fig. 4A,B). We have confirmed that introduction of the pHT18krdauRtusDCB
plasmid into the mutant restores the defective aggregation ability (Fig. 4A,B). We also compared the number
of bacteria that entered the cells by gentamicin assay. The tusDCB mutant had a lower value than the parent
strain (Fig. 5). The complementation of the tusDCB mutant with the pTH18krdauRtusDCB plasmid promoted
bacterial internalization (Fig. 5). These results indicate that tusDCB contributes to UPEC aggregation in bladder
epithelial cells.

Deletion of tusDCB decreases type 1 fimbrial and flagellar expression

Fimbriae are important for UPEC internalization and aggregation into bladder epithelial cells. Among them,
type 1, P, and S fimbriae are the major fimbriae for UPEC, and groups of ORFs annotated as type 1, P, and S fim-
briae, respectively'®!73, are present on the chromosome GU2019-13. We selected fimH (GU2018CL13_39390),
papG (GU2018CL13_40580) and sfaS (GU2018CL13_28390) from each group of genes encoding fimbriae and
measured the transcript levels of these genes in parent and tusDCB mutant strains by quantitative PCR. The
results showed that the transcript level of fimH in the tusDCB mutant was approximately half that of the par-
ent strain, while the transcript levels of papG and sfaS were not significantly different between the parent and
tusDCB mutant strains (Fig. 6).

Type 1 fimbria agglutinates guinea pig erythrocytes in the absence of mannose®. We compared the agglu-
tination activity of guinea pig erythrocytes in a type 1 fimbria-dependent manner between the parent and the
tusDCB mutant strains. In the absence of mannose, the aggregation titer of the parent strain was 256, whereas
that of the fusDCB mutant was 128 (Table 1). Introduction of pTH18krdauRtusDCB into the tusDCB mutant
increased the titer to the parental level (Table 1). On the other hand, no agglutination was observed in the pres-
ence of mannose in both the parent and mutant strains (Table 1), indicating that the agglutination in the absence
of mannose is due to the activity of type 1 fimbria. These results suggest that tusDCB is involved in the type 1
fimbrial expression and activity.
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Figure 4. Aggregation within bladder epithelial cells (HTB-9) for the parent strain and the tusDCB mutant
carrying the pTH18kr empty vector (Parent/empty and tusDCB mut./empty), and the tusDCB complementation
strain (fusDCB mut./comp.). Bacteria carrying a green fluorescence protein (GFP) expression plasmid,
pTurboGFP-B, and HTB-9 cells (Actin) stained with rhodamine-phalloidin were imaged with green and red
fluorescence, respectively, using a 60 x objective. Images were taken from above (A), and cross-sectional images
correspond to the white boxes (B). We performed this experiment twice, then similar results were obtained.

Flagellum is also important for UPEC aggregation in bladder epithelial cells*'. We measured the transcript
level of the fliC gene (GU2018CL13_19110), which encodes flagellin, the major protein of the flagellar structure?®,
and found that the tusDCB mutant showed approximately 6.5-fold lower level than the parent strain (Fig. 6). To
compare the flagellar-dependent motility of the parent strain and the tusDCB mutant, the bacteria were inocu-
lated on soft agar medium. A clear spread of the bacteria was observed with the parent strain, whereas no spread
was observed with the tusDCB mutant, however bacterial spread was observed when pTH18krdauRtusDCB was
introduced (Fig. 7A,B). Comparison of flagellar production between the parent and tusDCB mutant strains by
flagellar staining showed that the mutant produced fewer flagella than the parent strain, and the ability to produce
flagella was restored by introducing pTH18krdauRtusDCB into the tusDCB mutant (Fig. 7C).

Transcription of fliC is activated by the sigma factor FliA, which is activated by FIhDC, a master regulator
complex of flagellar expression and fIhD and fIhC are co-transcribed as an operon®. Therefore, we measured the
transcript levels of fliA (GU2018CL13_19120), flhD (GU2018CL13_19350), and flhC (GU2018CL13_19360) in
addition to fliC by quantitative PCR analysis and found that, like fliC, the transcript level of fliA was approxi-
mately 4.3-fold lower in the tusDCB mutant than in the parent strain (Fig. 6). On the other hand, the level of
fIhD and fIhC transcripts in the fusDCB mutant was comparable to that of the parent strain (Fig. 6). FThDC also
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Figure 5. Internalization in balder epithelial cells (HTB-9) of the parent strain and the tusDCB mutant carrying
the pTH18kr empty vector (Parent/empty and tusDCB mut./empty), and the tusDCB complementation strain
(tusDCB mut./comp.). Numbers of internalized bacteria are represented. Data plotted are the means of three
biological replicates; error bars indicate standard deviations, *P<0.05. Asterisk denotes significance for values
relative to parent/empty. The P value was determined by the unpaired f test.
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Figure 6. Transcript levels of fimbrial and flagellum-related genes and hlyA in the parent strain (GU2018_CL13
parent) and the tusDCB mutant (tusDCB mut.). Transcript levels were determined relative to that of rpoD.

Data are means for four biological replicates; error bars indicate standard deviations, *P<0.05. Asterisks denote
significance for values relative to parent. The P value was determined by the unpaired ¢ test.

activates transcription of fIgB, a gene encoding a flagellar component, and yecR, a gene not involved in flagellar
production®®?*. As with fliA, the transcript levels of these genes (flgB: GU2018CL13_03790/yecR: GU2018CL13
genome locus numbers 2093569-2,093,892) were lower in the tusDCB mutant than in the parent strain (Fig. 6).
These results suggest that the ability of FIhDC to activate transcription of fliA leading to the fliC gene induction
is reduced by tusDCB deletion.

We also measured the transcript level of the hlyA gene (GU2018CL13_40190) encoding hemolysin, however
observed no significant differences between the parent and tusDCB mutant strains (Fig. 6).
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HA titers of guinea pig erythrocytes
Strains -Mannose +Mannose
Parent (GU2018_CL13) 256 <2
tusDCB mut. (GU2018_CL13AtusDCB) 128 <2
Parent/empty 256 <2
tusDCB mut./empty 128 <2
tusDCB mut./comp 256 <2

Table 1. HA titers of the parent and the tusDCB mutant. Parent/empty : GU2018_CL13 carrying pTH18kr.
tusDCB mut./empty : GU2018_CL13AtusDCB carrying pTH18kr. tusDCB mut./comp. : GU2018_
CL13AtusDCB carrying pTH18krdauRtusDCB.

Sulfate transfer activity of TusD to TusE and MnmaA is required for UPEC biofilm formation
TusDCB passes a sulfur molecule to the uridine base at position 34 in the tRNA', tRNAS"™ and tRNA®" via
TusE and MnmA?,. It is also known that Cys78 of TusD is an active site for sulfur transfer activity to pass
the sulfur molecule to TusE. The TusD mutant (C78S) in which cysteine is replaced by serine has also been
shown to lack sulfur transfer activity”’. We performed biofilm assays using tusE and mnmA deletion mutants
and the C78S mutant of TusD to verify whether the sulfur transfer activity of TusDCB is involved in biofilm
formation. The tusE and mnmA mutants showed similar biofilm formation ability as the tusDCB mutant. The
pTH18krdauRtusD(C78S)tusCB, a dauR-tusDCB complementation plasmid containing the C78S mutation in
TusD, was introduced into the tusDCB mutant strain. However, biofilm formation ability was not restored, unlike
when the pTH18krdauRtusDtusCB plasmid was introduced (Fig. 8A). These results suggest that the decrease in
biofilm formation ability caused by tusDCB deletion is due to the loss of transfer activity of the sulfur molecule
via TusE and MnmA.

Deletion of tusDCB also decreases biofilm formation in the UPEC standard strain and highly
pathogenic endemic multi-drug resistant strains

To test whether the role of TusDCB in pathogenicity and bacterial aggregation is conserved in other UPEC
strains, CFT073 and UTI89, the commonly used UPEC standard strains in UPEC studies***!, and ESBL-pro-
ducing UPEC multidrug-resistant strains, GU2019-E4 and GU2019-E8 were selected. Strains GU2019-E4 and
GU2019-E8 are ST131, a group of human highly pathogenic endemic strains*2. The tusDCB gene sequences of
these strains were compared and found to have more than 97% identity to the GU2018_CL13 strain (Supplemen-
tary Fig. S1). Among these strains, tusDCB gene was deleted in CFT073, GU2019-E4, and GU2019-E8 strains,
and their biofilm forming ability was examined. As with strain GU2018_CL13, loss of tusDCB significantly
reduced biofilm formation ability in CFT073, GU2019-E4 and GU2019-E8 strains (Fig. 8B). These results sug-
gest that TusDCB are required for virulence and aggregation not only in GU2018_CL13 but also in other UPEC
strains, including the highly pathogenic epidemic multidrug-resistant strains.

Discussion

Sulfur modifications of tRNAs contribute to accurate codon recognition and optimization of translation
efficiency®. The sulfur modification of the uridine molecule at position 34 of tRNA™, tRNAS and tRNAC
is important for the identification of the third codon (A or G) of the amino acid***%. The sulfur modification
changes the uridine molecule at position 34 to a stabilized conformation called the 3’-endo form, which allows
accurate recognition of the codons (A and G)**. The sulfur modification of the uridine molecule at position
34 has also been shown to bind more tightly to the A of the third codons of glutamine, glutamic acid, and lysine
due to conformational constraints***’. In other words, the CAA, GAA, and AAA codons are preferred for the
addition of glutamine, glutamic acid, and lysine, respectively, in translation. In many organisms, both bacterial
and eukaryotic, the codons for glutamine, glutamic acid, and lysine are dominated by CAA, GAA, and AAA
compared to CAG, GAG, and AAG. In yeast and nematodes lacking this sulfur modification, significant transla-
tion stagnation at the glutamine and lysine codons was observed*®. This sulfur modification has also been shown
in mammalian cells, including humans, in relation to pathological conditions. For example, it is known that in
humans, defect of sulfur modification of mitochondrial lysine tRNA results in a decrease in the total amount of
mitochondrial proteins and the development of mitochondrial-derived mitochondrial disease (MERRE)*?. In
this study, we found that sulfur modification contributes to the virulence of UPEC.

The enzymes involved in sulfur modification differ between E. coli including UPEC and eukaryotes. In
E. coli, TusDCB plays part of the role, and its homologues have been found in several y-bacteria and several
environmental bacterial species such as Allochromatium vinosum, Chlorobaculum tepidum (previously named
Chlorobium tepidum) and Thiobacillus denitrificans®>*°. However, it has not been confirmed in eukaryotic cells.
In eukaryotic cells, Mtul is known, and although it shows about 37% homology with MnmA, a sulfur mediator
downstream of bacterial TusDCB, it is distinctly different from MnmAZ°!, Therefore, TusDCB is expected to be
a promising potential target for the development of therapeutics to treat UPEC infections.

This study demonstrated that TusDCB is involved in the expression of type 1 fimbriae and flagella in UPEC,
which contribute to infection of bladder epithelial cells and intracellular bacterial aggregation. The cap protein
FimH of type 1 fimbriae binds to the uroplakin receptors of bladder epithelial cells, through its binding, allow-
ing bacteria to adhere and efficiently enter the cell'>'S. On the other hand, flagella contribute to the fitness and
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Figure 7. Motilities and flagellar production for the parent strain (GU2018_CL13 parent), the tusDCB mutant
(tusDCB mut.), or the parent and the tusDCB mutant carrying pTH18kr (Parent/empty and tusDCB mut./
empty) or pTH18krdauRtusDCB (tusDCB mut./comp.). (A) Bacterial migration on LB medium containing
0.25% agar. (B) Diameters reflecting bacterial migration on the agar. Data are means from three independent
experiments; error bars indicate standard deviations, ¥, P<0.05. Asterisks denote significance for values relative
to parent. The P value was determined by the unpaired ¢ test. (C) Flagella and bacterial cells were stained with
Victoria blue/tannic acid were pictured using a 100 x objective. We performed this experiment twice, then
similar results were obtained.
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Figure 8. Biofilm formation on 96-well plates in the parent strain (GU2018_CL13 parent), the tusDCB
(tusDCB mut.), tusE (tusE mut.) mnmA mutants (mnmA mut.), or the parent and the tusDCB mutant

carrying pTH18kr (Parent/empty and tusDCB mut./empty), pTH18krdauRtusDCB (tusDCB mut./comp.) or
pTH18krdauRtusD(C78S)tusCB (the tusDCB expression plasmid but the cysteine residue at the position 78

of TusD was replaced by the serine residue) (A) and the CFT073 strain, ESBL producers (GU2019-E4 and
GU2019-E8) and their tusDCB mutants (B). Bacterial adhesion and aggregation were represented as A;ys values
normalized to ODg, of 1. Data plotted are the means of three biological replicates; error bars indicate standard
deviations, *P<0.05. Asterisks denote significance for values relative to parent or parent/empty. The P value was
determined by the unpaired ¢ test.

the formation of bacterial aggregation in the bladder'®!****2, Therefore, we speculate that the decrease in the
number of bacteria infecting the bladder and the decrease in their aggregation in the epithelial cells caused by
tusDCB defect involves at least the decreased expression of type 1 fimbriae and flagella.

The mechanism by which TusDCB contributes to the expression of type 1 fimbria and flagellum remains
unknown. Transcript levels of fimH, which encodes the cap protein of type 1 fimbria, and fliC, which encodes
flagellin, the major component of flagella, were measured by quantitative PCR, and the tusDCB mutant showed
lower levels than the parent strain. However, since TusDCB is not a transcriptional regulator, it probably does
not directly regulate the expression of the above genes.

Expression of fliC is induced by FIhDC, a master regulator of the flagellar gene expression, via the sigma factor
FliA¥. Our quantitative PCR analysis showed that tusDCB deletion reduced the transcript levels of fliC and fliA,
but not fIhDC. This suggests that TusDCB contributes to the gene expression of fliA in the hierarchical induc-
tion of gene expression in the FTIhDC — FliA — FliC. Previous 3D structural analysis of FIhD and site directed
mutagenesis experiments have identified some amino acid residues that are important for FIhD function®.
Although none of the functional amino acid residues of FIhD contain glutamine, glutamic acid, or lysine, some
of them are adjacent to the functional amino acid residues (e.g., Q27-D28-K29 and N61-Q62). Loss of TusDCB
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function may promote amino acid mutations in glutamine, glutamic acid, and lysine, which may alter the sur-
rounding structure containing the functional amino acids and consequently diminish the function of FIhD. Alter-
natively, the delayed translation of glutamine, glutamic acid, and lysine adjacent to the functional amino acids
might reduce the production of intact FIhD. The resulting reduced ability to induce expression of fliA decreases
the transcript level of fliC. Although transcription of fIhDC is regulated by several transcriptional regulators,
including CytR by TosR?"*, no significant difference in transcript levels of flhDC was observed between the
parent and tusDCB mutant strains, so the above transcriptional regulators are not affected by TusDCB or their
effects are very low. Based on these data, we believe that TusDCB is at least required for normal translation of
FIhD. It will be necessary to validate the amount of translation and frequency of amino acid mutations in FIhD.

Although less affected than flagellar production, measurement of fimH transcript levels and hemagglutination
assay results indicated that defect on tusDCB also reduces the production of type 1 fimbriae. The gene cluster
encoding the type 1 fimbriae structure, including fimH, consists of the fim operon, the transcription of which is
controlled through phase variation by recombinases including FimB and FimE and transcriptional regulators
such as Lrp and ITHF**. TusDCB is assumed to contribute to the translation of any of these regulatory factors,
and to the subsequent support of type 1 fimbrial expression.

In addition to flagellum and type 1 fimbriae, several other minor fimbria and adhesins contribute to UPEC
pathogenicity, and it is not excluded that TusDCB may be involved in the production and activity of any of these
factors. Currently, there does not appear to be any evidence that TusDCB has sulfur transfer targets other than
tRNAYS, tRNAS™ and tRNAC™, The TusDCB-mediated sulfur transfer reaction involves many factors including
MnmaA and TusA along with TusDCB, forming a sulfur transfer relay. Therefore, although the possibility that
TusDCB has other targets cannot be completely excluded, it is speculated that the complexity of this reaction
limits the sulfur transfer target to tRNAs*. The sulfur modification to tRNAs is initiated by the withdrawal of
sulfur from the cysteine molecule by IscS. The pulled sulfur is also used in the biosynthesis of Fe-S clusters that
affect the activity of various metabolic enzymes. The defect of TusDCB may indirectly affect Fe-S biosynthesis,
the other sulfur flow destination, by terminating sulfur flow to tRNA"YS, tRNAS"™ and tRNAS™, Another study
showed that Tus proteins contribute to the expression of the global regulators RpoS and Fis*. Even though
the target of TusDCB’s sulfur transfer activity is confined to tRNAs, it is involved in the regulation of diverse
physiological functions. Therefore, a more comprehensive study is needed to understand the role of TusDCB in
UPEC pathogenesis in more detail, including the identification of a comprehensive set of proteins involved in
pathogenicity that are significantly affected by TusDCB.

The recent development of RNA analysis methods, including post-transcriptional modifications, has advanced
this research field and increased the importance of this research area. This study not only sheds light on the
intricate interplay between tRNA sulfur modification and bacterial pathogenesis but also unveils TusDCB as
a potential target for therapeutic interventions. We believe that our findings will make a valuable contribution
to the understanding of UPEC pathogenesis and have implications for the development of novel antimicrobial
strategies.

Materials and methods

Bacterial strains, host cells and culture conditions

The bacterial strains and plasmids were listed in Table 2. The UPEC GU2018_CL13 strain was originally isolated
from the urine and blood in a patient with pyelonephritis (Accession number: AP029000) (https://www.ncbi.
nlm.nih.gov/nuccore/AP029000). The CFT073 strain is commonly used as an UPEC standard strain. This strain
was originally isolated from the urine and blood of a woman with acute pyelonephritis in the United States*.
GU2019-E4 is an ESBL-producing UPEC strain of the epidemic ST131 type previously reported*>. We also used
another UPEC ESBL producer of the epidemic ST131 type, designated GU2019-E8. This strain was isolated
from the urine and blood in Japan, and is resistant to levofloxacin and gentamicin in addition to piperacillin,
cefotaxime and aztreonam. Unless otherwise indicated, all bacteria were grown in LB (Luria-Bertani) medium.
The cell growth was monitored by absorbance at 600 nm. For marker selection and maintenance of plasmids,
antibiotics were added to growth media at the following concentrations; 30 pg/ml chloramphenicol, 50 pg/
ml kanamycin and 150 pg/ml ampicillin. HTB-9 cells, the bladder epithelial cells were cultured in RPMI1640
medium containing 10% HyClone FetalClone III serum (HyClone Laboratories, Inc., Logan, UT, United States)
at 37 °C and in an atmosphere of 5% CO,.

Cloning and mutant constructions

An in-frame deletion mutant of tusDCB was constructed by sequence overlap extension PCR according to a
strategy described previously®®, with primer pairs, deltal / delta2 and delta3 / delta4 primers for each gene as
described in Table 3. The upstream flanking DNA included 450 bp and the first two amino acid codons for tusD.
The downstream flanking DNA included the last two amino acid codons for tusB, the stop codon, and 450 bp
of DNA. This deletion construct was ligated into BamHI and SalI-digested temperature sensitive vector pKO3
and introduced into the UPEC strains. Then, sucrose-resistant/chloramphenicol-sensitive colonies were selected
at 30 °C. We also constructed dauR, tusE and mnmA mutants using primer pairs dauR-deltal/dauR-delta2/
dauR-delta3/dauR-delta4, tusE-deltal/tusE-delta2/tusE-delta3/tusE-delta4 and mnmA-deltal/ mnmA-delta2/
mnmA-delta3/ mnmA-delta4, respectively.

To construct the tusDCB complementation plasmid pTH18krdauRtusDCB, we PCR-amplified the region from
196 bases upstream of dauR to the stop codon of tusB with dauR-F and pTHtusB-R primers, and ligated into the
BamHI and HindIII sites in pTH18kr, the low-copy-number plasmid®’. The dauR gene is located upstream of
the tusD gene and forms an operon with tusDCB. Therefore, we presumed that the tusDCB is transcribed under
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Strain or plasmid Relevant genotype/phenotype Reference
Strains

GU2018_CL13 Parent strain This work
GU2018_CL13AtusDCB tusDCB mutant from GU2018_CL13 This work
GU2018_CL13AdauR dauR mutant from GU2018_CL13 This work
GU2018_CL13AtusE tusE mutant from GU2018_CL13 This work
GU2018_CL13AmnmA mnmA mutant from GU2018_CL13 This work
CFT073 ATCC700928 ATCC
CFT073AtusDCB tusDCB mutant from CFT073 This work
GU2019-E4 Parent strain 12
GU2019-E4AtusDCB tusDCB mutant from GU2019-E4 This work
GU2019-E8 Parent strain This work
GU2019-E8AtusDCB tusDCB mutant from GU2019-E8 This work
Plasmids

pKO3 Temperature sensitive vector for gene targeting, sacB, Cm® | *
pTHI18kr Low copy plasmid; Km® 7
pTH18krdauRtusDCB tusDCB expression plasmid; Km®* This work
pTH18krdauRtusD(C78S)tusCB tusDCB (TusD C78S) expression plasmid; Km® This work
pTurboGFP-B GFP expression plasmid; Ap* Evrogen

Table 2. Strains and plasmids used in this study. Cm® : Chloramphenicol resistance, Km® : Kanamycin

resistance, Ap® : Ampicillin resistance.

Primer

DNA sequence (5’ - 3’)

Use

tusDCB-deltal

gcgggatccggagcggatagcagcgtttc

tusDCB mutant construction

tusDCB -delta2

caacgatcccgccatcaccaggcacgcattacttatcttgecc

tusDCB mutant construction

tusDCB -delta3

caggggcaagataagtaatgegtgectggtgatggegggatcg

tusDCB mutant construction

tusDCB -delta4

geggtcgactctttaacgecggageagtc

tusDCB mutant construction

dauR-deltal

geggeggecgcetcgacggtaaagagttcgac

dauR mutant construction

dauR-delta2

aacgcattacttatcttgcccctgggttaaaagcgacctggac

dauR mutant construction

dauR-delta3

ttcatgtccaggtcgcttttaacccaggggcaagataagtaatg

dauR mutant construction

dauR-delta4

gcggtcgactaatccctcgcggccagcc

dauR mutant construction

tusE-deltal

gegggatccggaatgggtgacgtaatcege

tusE mutant construction

tusE -delta2

acggattttcgtatccgttaaatctctttaccttcgaagatcag

tusE mutant construction

tusE -delta3

tgctgatcttcgaaggt:

gagatttaacggatacg C

tusE mutant construction

tusE -deltad

gcggtcgacaacggecccggaaaagacce

tusE mutant construction

mnmA-deltal

gcgggatccgttgaagagacgattaatgg

mnmA mutant construction

mnmA -delta2

aaagataataatcagaccggcagggtttcagacattggatcac

mnmA mutant construction

mnmaA -delta3

tgagtgatccaatgtctgaaaccctgecggtctgattattatc

mnmA mutant construction

mnmaA -delta4

gcggtcgaccatagatagcagecatege

mnmA mutant construction

dauR-F gcgggatccgegaaagecgeagactcetge pTH18krdauRtusDCB construction
pTHtusB-R gcgaagctttcaccaggecatctggetgg pTHI18krdauRtusDCB construction
tusD-C78S-F gtggcegctgaatatctccgtageggeggeattac C78S mutant construction
tusD-C78S-R gtaatgccgecgctacggagatattcagegecac C78S mutant construction

Table 3. Primers used in this study.

the promoter control of the dauR gene. For this reason, we included dauR and its upstream region to express
tusDCB on a plasmid.

We also constructed the C78STusD expression plasmid pTH18krdauRtusD(C78S)tusCB by site-directed
mutagenesis of pTH18krdauRtusDCB. The mutation was generated by using the primers tusD-C78S-F and
tusD-C78S-R and.

KOD FX Neo polymerase (Toyobo Co., Ltd., Osaka, Japan) as previously described™. All constructs were
confirmed by DNA sequencing.
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Urinary tract infections in mice

We estimated UPEC virulence using a UTT mouse model as previously described®. Bacterial suspensions in
phosphate-buffered saline (PBS) (1 x 10® CFU) were administered to 8-week-old C3H/HeN female mice via
transurethral catheterization. The numbers of CFU in the bladder and kidneys 48 h postinfection were deter-
mined by counting colonies grown on XM-G agar. All animal studies were approved by the Animal Research
Committee of Gunma University (approval number 19-094).

Static biofilm assay

Levels of biofilm formation on 96-well plates were quantified as described previously with slight modifications™.
Bacteria were cultured at 37 °C for 24 h in LB medium. Each culture was diluted into Dulbecco’s Modified Eagle
Medium at a 1:100 ratio, and 2.4 x 10* cells/well were seeded into the 96-well flat bottom polystyrene plate. The
plate was then incubated at 37 °C and in an atmosphere of 5% CO, for 24 h. Bacterial cells attached to the plate
were stained with crystal violet and absorbance at 595 nm (A5) was measured. Bacterial aggregation ability was
quantified as the Asg; normalized to an ODg, of 1.

Imaging of bacteria invading bladder epithelial cells and quantification of internalized bacteria
The bacteria in HTB-9 cells were imaged using confocal microscopy, as previously described®. A UPEC strain
carrying a green fluorescence protein (GFP) expression plasmid, pTurboGFP-B (Evrogen, Moscow, Russia),
was inoculated into cultured HTB-9 cells. The HTB-9 cells were stained with rhodamine-phalloidin (Life Tech-
nologies, Carlsbad, CA, USA). Fluorescent images were acquired on an Olympus FV10i-DOC microscope and
processed using FV10-ASW software (Olympus Corp., Tokyo, Japan).

The number of bacteria to invade bladder epithelial cells (HTB-9) was determined by gentamicin protec-
tion assay. HTB-9 cells were cultured to confluence in 24-well plates and then we inoculated ~ 5.0 x 10° bacteria
into ~ 5.0 x 10° host cells. After incubation for 2 h, the wells were washed once with PBS* (PBS containing
0.5 mM Mg** and 1 mM Ca?*) and incubated them in the presence of gentamicin at 100 pg/ml for another 2 h.
The wells were washed twice with PBS*, and the cells were lysed by 0.1% Triton X-100 and plated to determine
bacterial numbers.

Hemagglutination assays

To estimate the activity of type 1 fimbria, we tested the hemagglutination titers of guinea pig as previously
described®.

RNA extraction and quantitative real-time PCR analyses

Bacteria were grown to the late-logarithmic growth phase (optical density at 600 nm [ODgg] ~0.7) in LB medium.
Total RNA extraction and cDNA synthesis were performed by using the Monarch Total RNA Miniprep kit (New
England Biolabs, Ipswich, MA) and ReverTra Ace qPCR RT Master Mix with gDNA Remover (Toyobo Co.
Ltd., Osaka, Japan). Real-time PCR mixtures included 2 ng of cDNA and 160 nM primers in Thunderbird Next
SYBR qPCR Mix (Toyobo). Constitutively expressed rrsA and rpoD genes were used as an internal control. The
primers are listed in Table 4.

Motility assay
Bacteria were statically grown overnight at 37 °C. The bacterial cultures (2 ul) were spotted onto LB medium
containing 0.25% agar and incubated for 16 h at 30 °C.

Flagellar stain
Bacteria were cultured for 24 h at 30 °C in Heart Infusion medium containing 1.5% agar. Flagella were stained
with Victoria blue/tannic acid solution as previously described?®.

Primer DNA sequence (5’ - 3’) | Primer DNA sequence (5” - 3’)
rrsA-qPCR-F cggtggagcatgtggtttaa rrsA-qPCR-R | gaaaacttccgtggatgtcaaga
rpoD-qPCR-F caagccgtggtcggaaaa rpoD-qPCR-R | gggcgcgatgcacttct
fimH-qPCR-F tgcccgeaggtttgatte fimH-qPCR-R | ccatggcacaaagcccata
papG-qPCR-F | aagccgaccctggacctt papG-qPCR-R | acggtttgaaccacattttgc
sfaS-qPCR-F cacaatttccggcgctaaa sfaS-qPCR-R gccagtagageggcaaaaag

flhD-qPCR-F gacaacgttagcggcactga flhD-qPCR-R | ttgattggtttctgecagett

flhC-qPCR-F tcaggaagcgcgggatatt flhC-qPCR-R | gagcgeccagggtgate

fliA-qPCR-F cgagcgtggaacttgacgat fliA-qPCR-R cgacggcattaagtaacccaat

fliC-qPCR-F tccatcgacaaattcegttct fliC-qPCR-R gcggaatccagacggttct

flgB-qPCR-F tcaggctcgegatatcgatt flgB-qPCR-R ccgtccacgttgeatgact

yecR-qPCR-F ggcccatgtgagegaagt yecR-qPCR-R | cctgatcataaaccaaccgaaca

hlyA-qPCR-F ggcacggcgattactaaacag hlyA-qPCR-R | cgttcggtgaggccaatg

Table 4. Primers used for quantitative PCR in this study.
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Data availability
GU2018_CL13 whole genome sequence and gene annotations can be obtained from the accession number
AP029000 (https://www.ncbi.nlm.nih.gov/nuccore/ AP029000).

Received: 19 December 2023; Accepted: 12 April 2024
Published online: 18 April 2024

References

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Foxman, B., Barlow, R., D’Arcy, H., Gillespie, B. & Sobel, J. D. Urinary tract infection: Self-reported incidence and associated costs.
Ann. Epidemiol. 10, 509-515. https://doi.org/10.1016/s1047-2797(00)00072-7 (2000).

Foxman, B. Epidemiology of urinary tract infections: Incidence, morbidity, and economic costs. Am ] Med 113(Suppl 1A), 55-13S.
https://doi.org/10.1016/s0002-9343(02)01054-9 (2002).

. Flores-Mireles, A. L., Walker, J. N., Caparon, M. & Hultgren, S. J. Urinary tract infections: Epidemiology, mechanisms of infection

and treatment options. Nat Rev Microbiol 13, 269-284. https://doi.org/10.1038/nrmicro3432 (2015).

. Zhang, L. & Foxman, B. Molecular epidemiology of Escherichia coli mediated urinary tract infections. Front Biosci 8, €235-244.

https://doi.org/10.2741/1007 (2003).

. Harrabi, H. Uncomplicated urinary tract infection. N. Engl. J. Med. 367, 185. https://doi.org/10.1056/NEJMc1205507 (2012).
. Foxman, B. et al. Risk factors for second urinary tract infection among college women. Am. J. Epidemiol. 151, 1194-1205. https://

doi.org/10.1093/oxfordjournals.aje.a010170 (2000).

. Murray, B. O. et al. Recurrent urinary tract infection: A mystery in search of better model systems. Front. Cell Infect. Microbiol.

11, 691210. https://doi.org/10.3389/fcimb.2021.691210 (2021).

. Walker, E. et al. Clinical management of an increasing threat: Outpatient urinary tract infections due to multidrug-resistant

uropathogens. Clin. Infect. Dis. 63, 960-965. https://doi.org/10.1093/cid/ciw396 (2016).

. Mathers, A. J., Peirano, G. & Pitout, J. D. The role of epidemic resistance plasmids and international high-risk clones in the spread

of multidrug-resistant Enterobacteriaceae. Clin. Microbiol. Rev. 28, 565-591. https://doi.org/10.1128/CMR.00116-14 (2015).
Anderson, G. G. et al. Intracellular bacterial biofilm-like pods in urinary tract infections. Science 301, 105-107. https://doi.org/
10.1126/science.1084550 (2003).

Davis, J. M., Rasmussen, S. B. & O’Brien, A. D. Cytotoxic necrotizing factor type 1 production by uropathogenic Escherichia coli
modulates polymorphonuclear leukocyte function. Infect. Immun. 73, 5301-5310. https://doi.org/10.1128/IA1.73.9.5301-5310.
2005 (2005).

Dhakal, B. K. & Mulvey, M. A. The UPEC pore-forming toxin alpha-hemolysin triggers proteolysis of host proteins to disrupt cell
adhesion, inflammatory, and survival pathways. Cell Host Microbe 11, 58-69. https://doi.org/10.1016/j.chom.2011.12.003 (2012).
Paxman, J. J. et al. Unique structural features of a bacterial autotransporter adhesin suggest mechanisms for interaction with host
macromolecules. Nat. Commun. 10, 1967. https://doi.org/10.1038/s41467-019-09814-6 (2019).

Mulvey, M. A., Schilling, J. D. & Hultgren, S. J. Establishment of a persistent Escherichia coli reservoir during the acute phase of
a bladder infection. Infect. Immun. 69, 4572-4579. https://doi.org/10.1128/IAL.69.7.4572-4579.2001 (2001).

Mulvey, M. A. et al. Induction and evasion of host defenses by type 1-piliated uropathogenic Escherichia coli. Science 282, 1494—
1497. https://doi.org/10.1126/science.282.5393.1494 (1998).

Martinez, J. J., Mulvey, M. A., Schilling, J. D., Pinkner, J. S. & Hultgren, S. J. Type 1 pilus-mediated bacterial invasion of bladder
epithelial cells. EMBO J. 19, 2803-2812. https://doi.org/10.1093/emboj/19.12.2803 (2000).

Lillington, J., Geibel, S. & Waksman, G. Biogenesis and adhesion of type 1 and P pili. Biochim. Biophys. Acta 2783-2793, 2014.
https://doi.org/10.1016/j.bbagen.2014.04.021 (1840).

Lane, M. C. et al. Role of motility in the colonization of uropathogenic Escherichia coli in the urinary tract. Infect. Immun. 73,
7644-7656. https://doi.org/10.1128/1A1.73.11.7644-7656.2005 (2005).

Wright, K. J., Seed, P. C. & Hultgren, S. . Uropathogenic Escherichia coli flagella aid in efficient urinary tract colonization. Infect.
Immun. 73, 7657-7668. https://doi.org/10.1128/IA1.73.11.7657-7668.2005 (2005).

Hirakawa, H., Suzue, K., Takita, A., Kamitani, W. & Tomita, H. Roles of OmpX, an outer membrane protein, on virulence and
flagellar expression in uropathogenic Escherichia coli. Infect. Immun. https://doi.org/10.1128/IA1.00721-20 (2021).

Hirakawa, H. et al. The PapB/FocB family protein TosR acts as a positive regulator of flagellar expression and is required for optimal
virulence of uropathogenic Escherichia coli. Front. Microbiol. 14, 1185804. https://doi.org/10.3389/fmicb.2023.1185804 (2023).
Boccaletto, P. et al. MODOMICS: A database of RNA modification pathways. 2021 update. Nucleic Acids Res. 50, D231-D235.
https://doi.org/10.1093/nar/gkab1083 (2022).

Suzuki, T. The expanding world of tRNA modifications and their disease relevance. Nat. Rev. Mol. Cell. Biol. 22, 375-392. https://
doi.org/10.1038/s41580-021-00342-0 (2021).

Kirino, Y., Goto, Y., Campos, Y., Arenas, J. & Suzuki, T. Specific correlation between the wobble modification deficiency in mutant
tRNAs and the clinical features of a human mitochondrial disease. Proc. Natl. Acad. Sci. U S A 102, 7127-7132. https://doi.org/
10.1073/pnas.0500563102 (2005).

Yasukawa, T., Suzuki, T., Ishii, N., Ohta, S. & Watanabe, K. Wobble modification defect in tRNA disturbs codon-anticodon interac-
tion in a mitochondrial disease. EMBO J. 20, 4794-4802. https://doi.org/10.1093/emboj/20.17.4794 (2001).

Barbieri, I. & Kouzarides, T. Role of RNA modifications in cancer. Nat. Rev. Cancer 20, 303-322. https://doi.org/10.1038/s41568-
020-0253-2 (2020).

Numata, T., Fukai, S., Ikeuchi, Y., Suzuki, T. & Nureki, O. Structural basis for sulfur relay to RNA mediated by heterohexameric
TusBCD complex. Structure 14, 357-366. https://doi.org/10.1016/j.str.2005.11.009 (2006).

Tkeuchi, Y., Shigi, N., Kato, J., Nishimura, A. & Suzuki, T. Mechanistic insights into sulfur relay by multiple sulfur mediators involved
in thiouridine biosynthesis at tRNA wobble positions. Mol. Cell. 21, 97-108. https://doi.org/10.1016/j.molcel.2005.11.001 (2006).
Yokoyama, S. et al. Molecular mechanism of codon recognition by tRNA species with modified uridine in the first position of the
anticodon. Proc. Natl. Acad. Sci. U S A 82, 4905-4909. https://doi.org/10.1073/pnas.82.15.4905 (1985).

Sarigul, N., Korkmaz, F. & Kurultak, I. A new artificial urine protocol to better imitate human urine. Sci. Rep. 9, 20159. https://
doi.org/10.1038/541598-019-56693-4 (2019).

Flo, T. H. et al. Lipocalin 2 mediates an innate immune response to bacterial infection by sequestrating iron. Nature 432, 917-921.
https://doi.org/10.1038/nature03104 (2004).

Fischbach, M. A. et al. The pathogen-associated iroA gene cluster mediates bacterial evasion of lipocalin 2. Proc. Natl. Acad. Sci.
U S A 103, 16502-16507. https://doi.org/10.1073/pnas.0604636103 (2006).

Hirakawa, H., Suzue, K., Kurabayashi, K. & Tomita, H. The Tol-Pal system of uropathogenic escherichia coli is responsible for
optimal internalization into and aggregation within bladder epithelial cells, colonization of the urinary tract of mice, and bacterial
motility. Front. Microbiol. 10, 1827. https://doi.org/10.3389/fmicb.2019.01827 (2019).

Dobrindt, U. ef al. S-Fimbria-encoding determinant sfa(I) is located on pathogenicity island II1I(536) of uropathogenic Escherichia
coli strain 536. Infect. Immun. 69, 4248-4256. https://doi.org/10.1128/IA1.69.7.4248-4256.2001 (2001).

Scientific Reports |

(2024) 14:8978 | https://doi.org/10.1038/s41598-024-59614-2 nature portfolio


https://www.ncbi.nlm.nih.gov/nuccore/AP029000
https://doi.org/10.1016/s1047-2797(00)00072-7
https://doi.org/10.1016/s0002-9343(02)01054-9
https://doi.org/10.1038/nrmicro3432
https://doi.org/10.2741/1007
https://doi.org/10.1056/NEJMc1205507
https://doi.org/10.1093/oxfordjournals.aje.a010170
https://doi.org/10.1093/oxfordjournals.aje.a010170
https://doi.org/10.3389/fcimb.2021.691210
https://doi.org/10.1093/cid/ciw396
https://doi.org/10.1128/CMR.00116-14
https://doi.org/10.1126/science.1084550
https://doi.org/10.1126/science.1084550
https://doi.org/10.1128/IAI.73.9.5301-5310.2005
https://doi.org/10.1128/IAI.73.9.5301-5310.2005
https://doi.org/10.1016/j.chom.2011.12.003
https://doi.org/10.1038/s41467-019-09814-6
https://doi.org/10.1128/IAI.69.7.4572-4579.2001
https://doi.org/10.1126/science.282.5393.1494
https://doi.org/10.1093/emboj/19.12.2803
https://doi.org/10.1016/j.bbagen.2014.04.021
https://doi.org/10.1128/IAI.73.11.7644-7656.2005
https://doi.org/10.1128/IAI.73.11.7657-7668.2005
https://doi.org/10.1128/IAI.00721-20
https://doi.org/10.3389/fmicb.2023.1185804
https://doi.org/10.1093/nar/gkab1083
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1038/s41580-021-00342-0
https://doi.org/10.1073/pnas.0500563102
https://doi.org/10.1073/pnas.0500563102
https://doi.org/10.1093/emboj/20.17.4794
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1038/s41568-020-0253-2
https://doi.org/10.1016/j.str.2005.11.009
https://doi.org/10.1016/j.molcel.2005.11.001
https://doi.org/10.1073/pnas.82.15.4905
https://doi.org/10.1038/s41598-019-56693-4
https://doi.org/10.1038/s41598-019-56693-4
https://doi.org/10.1038/nature03104
https://doi.org/10.1073/pnas.0604636103
https://doi.org/10.3389/fmicb.2019.01827
https://doi.org/10.1128/IAI.69.7.4248-4256.2001

www.nature.com/scientificreports/

35. Hagberg, L. et al. Adhesion, hemagglutination, and virulence of Escherichia coli causing urinary tract infections. Infect. Immun.
31, 564-570. https://doi.org/10.1128/iai.31.2.564-570.1981 (1981).

36. Minamino, T. & Imada, K. The bacterial flagellar motor and its structural diversity. Trends Microbiol. 23, 267-274. https://doi.org/
10.1016/j.tim.2014.12.011 (2015).

37. Soutourina, O. A. & Bertin, P. N. Regulation cascade of flagellar expression in Gram-negative bacteria. FEMS Microbiol. Rev. 27,
505-523. https://doi.org/10.1016/S0168-6445(03)00064-0 (2003).

38. Fitzgerald, D. M., Bonocora, R. P. & Wade, J. T. Comprehensive mapping of the Escherichia coli flagellar regulatory network. PLoS
Genet. 10, e1004649. https://doi.org/10.1371/journal.pgen.1004649 (2014).

39. Macnab, R. M. Genetics and biogenesis of bacterial flagella. Annu. Rev. Genet. 26, 131-158. https://doi.org/10.1146/annurev.ge.
26.120192.001023 (1992).

40. Welch, R. A. et al. Extensive mosaic structure revealed by the complete genome sequence of uropathogenic Escherichia coli. Proc
Natl Acad Sci U S A 99, 17020-17024. https://doi.org/10.1073/pnas.252529799 (2002).

41. Chen, S. L. et al. Identification of genes subject to positive selection in uropathogenic strains of Escherichia coli: A comparative
genomics approach. Proc. Natl. Acad. Sci. U S A 103, 5977-5982. https://doi.org/10.1073/pnas.0600938103 (2006).

42. Hirakawa, H. et al. Inactivation of ackA and pta genes reduces GIpT expression and susceptibility to fosfomycin in Escherichia
coli. Microbiol. Spectr. 11, €0506922. https://doi.org/10.1128/spectrum.05069-22 (2023).

43. Ashraf, S. S. et al. Single atom modification (O->S) of tRNA confers ribosome binding. RNA 5, 188-194. https://doi.org/10.1017/
$1355838299981529 (1999).

44. Urbonavicius, ], Qian, Q., Durand, J. M., Hagervall, T. G. & Bjork, G. R. Improvement of reading frame maintenance is a common
function for several tRNA modifications. EMBO J. 20, 4863-4873. https://doi.org/10.1093/emboj/20.17.4863 (2001).

45. Kumar, R. K. & Davis, D. R. Synthesis and studies on the effect of 2-thiouridine and 4-thiouridine on sugar conformation and
RNA duplex stability. Nucleic Acids Res. 25, 1272-1280. https://doi.org/10.1093/nar/25.6.1272 (1997).

46. Agris, P. E. et al. Thiolation of uridine carbon-2 restricts the motional dynamics of the transfer-RNA wobble position nucleoside.
J. Am. Chem. Soc. 114, 2652-2656. https://doi.org/10.1021/ja00033a044 (1992).

47. Munz, P, Leupold, U., Agris, P. & Kohli, J. In vivo decoding rules in Schizosaccharomyces pombe are at variance with in vitro data.
Nature 294, 187-188. https://doi.org/10.1038/294187a0 (1981).

48. Nedialkova, D. D. & Leidel, S. A. Optimization of codon translation rates via tRNA modifications maintains proteome integrity.
Cell 161, 1606-1618. https://doi.org/10.1016/j.cell.2015.05.022 (2015).

49. Dabhl, C. et al. Novel genes of the dsr gene cluster and evidence for close interaction of Dsr proteins during sulfur oxidation in the
phototrophic sulfur bacterium Allochromatium vinosum. J. Bacteriol. 187, 1392-1404. https://doi.org/10.1128/]B.187.4.1392-1404.
2005 (2005).

50. Shigi, N., Horitani, M., Miyauchi, K., Suzuki, T. & Kuroki, M. An ancient type of MnmA protein is an iron-sulfur cluster-dependent
sulfurtransferase for tRNA anticodons. RNA 26, 240-250. https://doi.org/10.1261/rna.072066.119 (2020).

51. Umeda, N. et al. Mitochondria-specific RNA-modifying enzymes responsible for the biosynthesis of the wobble base in mito-
chondrial tRNAs. Implications for the molecular pathogenesis of human mitochondrial diseases. J. Biol. Chem. 280, 1613-1624.
https://doi.org/10.1074/jbc.M409306200 (2005).

52. Campos, A. & Matsumura, P. Extensive alanine scanning reveals protein-protein and protein-DNA interaction surfaces in the
global regulator FIhD from Escherichia coli. Mol. Microbiol. 39, 581-594. https://doi.org/10.1046/j.1365-2958.2001.02248.x (2001).

53. Hirakawa, H., Takita, A., Kato, M., Mizumoto, H. & Tomita, H. Roles of CytR, an anti-activator of cyclic-:AMP receptor protein
(CRP) on flagellar expression and virulence in uropathogenic Escherichia coli. Biochem. Biophys. Res. Commun. 521, 555-561.
https://doi.org/10.1016/j.bbrc.2019.10.165 (2020).

54. Blomfield, I. C., Kulasekara, D. H. & Eisenstein, B. I. Integration host factor stimulates both FimB- and FimE-mediated site-specific
DNA inversion that controls phase variation of type 1 fimbriae expression in Escherichia coli. Mol Microbiol 23, 705-717. https://
doi.org/10.1046/j.1365-2958.1997.2241615.x (1997).

55. Yildiz, T. & Leimkuhler, S. TusA Is a versatile protein that links translation efficiency to cell division in Escherichia coli. ]. Bacteriol.
https://doi.org/10.1128/JB.00659-20 (2021).

56. Link, A.J., Phillips, D. & Church, G. M. Methods for generating precise deletions and insertions in the genome of wild-type
Escherichia coli: Application to open reading frame characterization. J. Bacteriol. 179, 6228-6237. https://doi.org/10.1128/jb.179.
20.6228-6237.1997 (1997).

57. Hashimoto-Gotoh, T. et al. A set of temperature sensitive-replication/-segregation and temperature resistant plasmid vectors with
different copy numbers and in an isogenic background (chloramphenicol, kanamycin, lacZ, repA, par, polA). Gene 241, 185-191.
https://doi.org/10.1016/s0378-1119(99)00434-5 (2000).

58. Kurabayashi, K., Tanimoto, K., Fueki, S., Tomita, H. & Hirakawa, H. Elevated expression of GlpT and UhpT via FNR activation
contributes to increased fosfomycin susceptibility in escherichia coli under anaerobic conditions. Antimicrob. Agents Chemother.
59, 6352-6360. https://doi.org/10.1128/AAC.01176-15 (2015).

59. Kurabayashi, K., Agata, T., Asano, H., Tomita, H. & Hirakawa, H. Fur represses adhesion to, invasion of, and intracellular bacterial
community formation within bladder epithelial cells and motility in uropathogenic Escherichia coli. Infect. Immun. 84, 3220-3231.
https://doi.org/10.1128/IA1.00369-16 (2016).

Author contributions

Y.S, AT, K.S., YH., and H.H. performed the experiments. S.H. and M.M. isolated UPEC strains and evaluated
the drug resistance. Y.H., M.M., H.T., and H.H. analyzed the data. Y.H., H.T., and H.H. designed the research
and wrote the manuscript. All authors contributed to the article and approved the submitted version.

Funding

This research was funded by the Japan Society for the Promotion of Science (JSPS) “Grant-in-Aid for Scientific
Research (B)” (Grant no. 22H02864 to H.H., K.S. and M.M.) and Japan Agency Research and development
[AMED] (Grant No. 24gm1610013s50502 to H.H. and 24fk0108665h0302 to H.T.).

Competing interests
The authors declare that they have no known competing financial interests or personal relationships that could
have appeared to influence the work reported in this paper.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-59614-2.

Correspondence and requests for materials should be addressed to H.H.

Scientific Reports |

(2024) 14:8978 | https://doi.org/10.1038/s41598-024-59614-2 nature portfolio


https://doi.org/10.1128/iai.31.2.564-570.1981
https://doi.org/10.1016/j.tim.2014.12.011
https://doi.org/10.1016/j.tim.2014.12.011
https://doi.org/10.1016/S0168-6445(03)00064-0
https://doi.org/10.1371/journal.pgen.1004649
https://doi.org/10.1146/annurev.ge.26.120192.001023
https://doi.org/10.1146/annurev.ge.26.120192.001023
https://doi.org/10.1073/pnas.252529799
https://doi.org/10.1073/pnas.0600938103
https://doi.org/10.1128/spectrum.05069-22
https://doi.org/10.1017/s1355838299981529
https://doi.org/10.1017/s1355838299981529
https://doi.org/10.1093/emboj/20.17.4863
https://doi.org/10.1093/nar/25.6.1272
https://doi.org/10.1021/ja00033a044
https://doi.org/10.1038/294187a0
https://doi.org/10.1016/j.cell.2015.05.022
https://doi.org/10.1128/JB.187.4.1392-1404.2005
https://doi.org/10.1128/JB.187.4.1392-1404.2005
https://doi.org/10.1261/rna.072066.119
https://doi.org/10.1074/jbc.M409306200
https://doi.org/10.1046/j.1365-2958.2001.02248.x
https://doi.org/10.1016/j.bbrc.2019.10.165
https://doi.org/10.1046/j.1365-2958.1997.2241615.x
https://doi.org/10.1046/j.1365-2958.1997.2241615.x
https://doi.org/10.1128/JB.00659-20
https://doi.org/10.1128/jb.179.20.6228-6237.1997
https://doi.org/10.1128/jb.179.20.6228-6237.1997
https://doi.org/10.1016/s0378-1119(99)00434-5
https://doi.org/10.1128/AAC.01176-15
https://doi.org/10.1128/IAI.00369-16
https://doi.org/10.1038/s41598-024-59614-2
https://doi.org/10.1038/s41598-024-59614-2

www.nature.com/scientificreports/

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports|  (2024) 14:8978 | https://doi.org/10.1038/s41598-024-59614-2 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	TusDCB, a sulfur transferase complex involved in tRNA modification, contributes to UPEC pathogenicity
	Results
	Deletion of the tusDCB gene reduces UPEC colonization in the bladder of mice
	The tusDCB gene is required for optimal aggregation of UPEC in bladder epithelial cells
	Deletion of tusDCB decreases type 1 fimbrial and flagellar expression
	Sulfate transfer activity of TusD to TusE and MnmA is required for UPEC biofilm formation
	Deletion of tusDCB also decreases biofilm formation in the UPEC standard strain and highly pathogenic endemic multi-drug resistant strains

	Discussion
	Materials and methods
	Bacterial strains, host cells and culture conditions
	Cloning and mutant constructions
	Urinary tract infections in mice
	Static biofilm assay
	Imaging of bacteria invading bladder epithelial cells and quantification of internalized bacteria
	Hemagglutination assays
	RNA extraction and quantitative real-time PCR analyses
	Motility assay
	Flagellar stain

	References


