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Basal Body Structures Differentially Affect Transcription of RpoN-
and FliA-Dependent Flagellar Genes in Helicobacter pylori

Jennifer Tsang, Timothy R. Hoover
Department of Microbiology, University of Georgia, Athens, Georgia, USA

ABSTRACT

Flagellar biogenesis in Helicobacter pylori is regulated by a transcriptional hierarchy governed by three sigma factors, RpoD
(6®), RpoN (¢>*), and FliA (¢*®), that temporally coordinates gene expression with the assembly of the flagellum. Previous
studies showed that loss of flagellar protein export apparatus components inhibits transcription of flagellar genes. The FigS/FIgR
two-component system activates transcription of RpoN-dependent genes though an unknown mechanism. To understand better
the extent to which flagellar gene regulation is coupled to flagellar assembly, we disrupted flagellar biogenesis at various points
and determined how these mutations affected transcription of RpoN-dependent (flaB and fIgE) and FliA-dependent (flaA) genes.
The MS ring (encoded by fliF) is one of the earliest flagellar structures assembled. Deletion of fliF resulted in the elimination of
RpoN-dependent transcripts and an ~4-fold decrease in flaA transcript levels. FliH is a cytoplasmic protein that functions with
the C ring protein FliN to shuttle substrates to the export apparatus. Deletions of fliH and genes encoding C ring components
(fliM and f1iY) decreased transcript levels of flaB and fIgE but had little or no effect on transcript levels of flaA. Transcript levels
of flaB and fIgE were elevated in mutants where genes encoding rod proteins (fliE and flgBC) were deleted, while transcript levels
of flaA was reduced ~2-fold in both mutants. We propose that FlgS responds to an assembly checkpoint associated with the ex-

port apparatus and that FliH and one or more C ring component assist FIgS in engaging this flagellar structure.

IMPORTANCE

The mechanisms used by bacteria to couple transcription of flagellar genes with assembly of the flagellum are poorly under-
stood. The results from this study identified components of the H. pylori flagellar basal body that either positively or negatively
affect expression of RpoN-dependent flagellar genes. Some of these basal body proteins may interact directly with regulatory
proteins that control transcription of the H. pylori RpoN regulon, a hypothesis that can be tested by examining protein-protein

interactions in vitro.

he bacterial flagellum is a complex nanomachine powered by

an ion-driven rotary motor consisting of about 30 different
types of proteins whose copy numbers range from a few to thou-
sands (Fig. 1). The flagellum consists of three basic structures
referred to as the basal body, hook, and filament (1). The basal
body is an intricate complex that consists of the flagellar rod, rings,
a motor, a switch complex, and a specialized type III secretion
system (T3SS) that transports flagellar proteins across the cell
membrane (1-3). The T3SS, also referred to as the flagellar protein
export apparatus, consists of integral membrane proteins (FlIhA,
FIhB, FliO, FliP, FliQ, and FliR) which form an export pore lo-
cated within the inner membrane, as well as cytoplasmic compo-
nents (Flil, FliH, and FliJ) that deliver protein substrates to the
export pore (4, 5). During flagellar assembly, the export apparatus
initially transports rod- and hook-type substrates across the cell
membrane into the lumen of the nascent flagellum (6, 7). Upon
completion of the mature hook-basal body (HBB) structure, the
export apparatus undergoes a conformational change that is ac-
companied by a switch in substrate specificity to filament-type
substrates.

Biogenesis of the bacterial flagellum involves a transcriptional
hierarchy that is responsive to checkpoints in assembly so that
expression of specific flagellar genes occurs as their products are
needed for formation of the nascent flagellum. In Salmonella en-
terica serovar Typhimurium (the model organism for flagellar
biogenesis studies), flagellar genes needed early in assembly re-
quire the primary sigma factor RpoD (¢”°) for their transcription,
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while the late flagellar genes (e.g., the flagellin gene) require the
alternative o factor FliA (%) for their transcription (reviewed in
reference 8). Flagellar biogenesis in H. pylori and Campylobacter
jejuni (both members of the subphylum Epsilonproteobacteria)
similarly involves RpoD and FliA but also involves the alternative
o factor RpoN (o°*). Transcription of H. pylori and C. jejuni genes
required early in flagellar assembly is dependent on RpoD (c*°),
while transcription of genes needed midway through flagellar bio-
genesis is dependent on RpoN, and transcription of genes needed
late in the assembly process is dependent on FliA (9-11). The
organization of H. pylori flagellar genes into regulons based on the
o factor needed for transcription suggests a framework for a tran-
scriptional hierarchy that operates in conjunction with assembly
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FIG 1 Structure of the H. pylori flagellum. The major components of the
flagellum and the proteins that comprise these components in H. pylori are
indicated. Proteins that were targeted for deletion are labeled in red. Relative
positions of the outer membrane (OM), inner membrane (IM), and pepti-
doglycan (P) are indicated.

of the flagellum. The assembly checkpoints and mechanisms
which regulate such a hierarchy, however, are poorly understood.
In H. pylori, the RpoN-dependent genes encode rod proteins
(FlgBC), hook protein (FIgE), hook-associated proteins (FIgL
and FlgK), hook-length control protein (FliK), a minor flagellin
(FlaB), and enzymes required for flagellin glycosylation (9, 12,
13). Transcription of the RpoN regulon is regulated by a two-
component system composed of a cytoplasmic sensor kinase,
FlgS, and the response regulator FIgR (9, 12, 14, 15). In addition to
FlgS and FIgR, several components of the flagellar export appara-
tus are required for transcription of the RpoN regulons in H. pylori
and C. jejuni (16), although the export apparatus does not need to
be competent for secretion to stimulate transcription of the
RpoN-dependent genes (17, 18). FlgS is thought to respond to a
signal within or near the flagellar T3SS to initiate signal transduc-
tion resulting in transcription of the RpoN regulon, though the
exact signal that stimulates FIgS kinase activity is currently un-
known. Boll and Hendrixson recently proposed a model in which
the flagellar export apparatus is required for multimerization of
FliF and FliG into the MS ring and rotor component of the C ring,
respectively, and formation of this structure is sensed by FlgS to
initiate signal transduction in C. jejuni (19). The signal sensed by
FlgS may involve interactions of the sensor kinase with FliF, and
FliG as FlgS can be cross-linked to these proteins in vivo (19).
Transcription of the FliA-dependent flagellar genes in Salmo-
nella and Escherichia coli is also intimately linked with the flagellar
T3SS, although in this case the flagellar T3SS must be competent
for protein secretion for transcription of the FliA regulon. In the
Salmonella/E. coli paradigm, the anti-o*® factor, FlgM, inhibits
transcription of the FliA-dependent genes by binding FliA and
preventing it from engaging the promoter (20). Upon completion
of the HBB complex, FIgM is exported from the cytoplasm by the
flagellar T3SS, thereby allowing o**-RNA polymerase holoen-
zyme to bind its target promoters to initiate transcription (21). H.
pylori possesses a FlgM homolog (22), but the inhibitory effect of
FlgM on FliA is thought to be alleviated through interactions be-
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tween FlgM and the cytoplasmic domain of FIhA (FIhA) rather
than by secretion of FIgM (23).

To understand better the connection between flagellar gene
expression and assembly of the flagellum in H. pylori, genes en-
coding various basal body components were disrupted, and mo-
tility, flagellar biogenesis, and transcript levels of selected flagellar
genes were assessed in the resulting mutants. Genes targeted for
mutagenesis included the MS ring protein (fIiF), a soluble com-
ponent of the flagellar T3SS (fliH), C ring elements (fliM and fliY),
and axial components of the flagellum (fliE and flgBC, which en-
code the MS ring/rod linker and proximal rod proteins, respec-
tively) (Fig. 1). In general, transcription of the FliA-dependent
gene flaA was inhibited by mutations that blocked formation of
the MS ring or rod but not by mutations that interfered with
assembly of the C ring. Mutations that blocked formation of the
MS or C rings inhibited transcription of RpoN-dependent genes,
whereas mutations that blocked rod assembly stimulated tran-
scription of RpoN-dependent genes. These findings contrasted
with those reported for C. jejuni, where mutations in fliM and fliY
either had no effect or stimulated expression of an RpoN-depen-
dent reporter gene, and mutations in fliE, flgB, or flgC inhibited
expression of the reporter gene (19). We postulate that FliH and
the C ring facilitate interactions between FlgS and a target associ-
ated with the flagellar T3SS to initiate signal transduction in H.
pylori but not in C. jejuni.

MATERIALS AND METHODS

Bacterial strains and growth conditions. Escherichia coli DH5« was used
for cloning and plasmid construction. E. coli strains were grown in Luria-
Bertani broth or agar medium and were supplemented with ampicillin
(100 pg/ml) and kanamycin (30 wg/ml) when appropriate. H. pylori
strains were grown microaerobically at 37°C under an atmosphere con-
sisting of 2% O,, 5% CO,, and 93% N, on tryptic soy agar (TSA) supple-
mented with 10% horse serum or shaking under an atmosphere consisting
of 8.3% O,, 4.6% CO,, 9.2% H,, and 77.9% N, in brain heart infusion
(BHI) broth supplemented with 0.4% B-cyclodextrin. Kanamycin (30
pg/ml) or chloramphenicol (30 pg/ml) was added to the medium used to
culture H. pylori when appropriate.

Mutant construction. Mutations in fliF, fliM, fliH, fliY, fliE, and flgBC
were generated in H. pylori B128 by the following general procedure. HP
locus numbers are included in Table 1. For each mutation, overlapping
PCR was used to generate an amplicon that contained a chloramphenicol

TABLE 1 Strains constructed for this study

Strain Function of gene

genotype Description” deleted

WT H. pylori strain B128 None

AfliF B128 Ahp0351::cat MS ring

AfliM B128 Ahp1031::cat Cring

AfliM/pfliM B128 Ahp1031::cat/pfliM

AfliM/pfliMY  B128 Ahp1031::cat/pfliMY

Afliy B128 Ahp1030::cat Cring

AfliY/pfliMY  B128 Ahp1030::cat/pfliMY

AfliH B128 Ahp0353::cat Soluble component of
export apparatus

AfliE B128 Ahp1557:cat MS ring-rod linker
protein

AfLE/pflE B128 Ahp1557::cat/pfliE

AflgBC B128 Ahp1559-hp1558::cat Proximal rod

AflgBClpflgBC  B128 Ahp1559-hp1558::catlpflgBC

“ HP locus numbers reference those in H. pylori strain 26695.
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acetyltransferase (cat) gene flanked by ~500-bp regions located upstream
and downstream of the target gene. The cat cassette carries its own pro-
moter and does not have a transcriptional terminator. The cat gene was
inserted in the same orientation as the targeted gene. iProof high-fidelity
DNA polymerase (Bio-Rad) was used for all PCR procedures. Primers
used for PCR are listed in Table S1 in the supplemental material. The
region upstream of the target gene was amplified using the upstream for-
ward and the upstream reverse primers. The 5" end of the upstream re-
verse primer contained sequence corresponding to one end of the cat
cassette. The region downstream of the target gene was amplified using the
downstream forward and the downstream reverse primers. The 5" end of
the downstream forward primer contained sequence corresponding to the
other end of the cat cassette. Genomic DNA from H. pylori B128 was
prepared using the Wizard genomic DNA purification kit (Promega) and
was used as the template to amplify regions upstream and downstream of
the target gene. The cat cassette was amplified from pUC20cat (24) using
the cat forward and cat reverse primers. Overlapping PCR via the comple-
mentary regions of the amplified cat cassette and the amplicons of the
regions flanking the target gene generated a PCR product with the cat
cassette between the flanking regions. The resulting amplicons were in-
troduced into H. pylori B128 by natural transformation using the follow-
ing protocol. H. pylori cells were spotted onto a TSA plate and grown for 6
h. The amplicon was mixed with the cells and incubated for 18 h before
cells were transferred onto TSA plates containing the appropriate antibi-
otics for selection. Plates were incubated for 5 days to allow colonies to
appear. Replacement of the target gene with the caf cassette was confirmed
by PCR using genomic DNA from chloramphenicol-resistant transfor-
mants as a template. The resulting amplicons were sequenced to verify
that the mutant alleles were correct.

Mutations in fIgR and rpoN were constructed by transformation and
allelic exchange of plasmids containing the deletion alleles. The plasmid
used to create the fIgR insertion mutant was described by Brahmachary et
al. (15) and contains the cat cassette inserted in a unique restriction site
within flgR. This plasmid was transformed into H. pylori B128 for allelic
exchange with the wild-type fIgR allele. The rpoN mutant was created
using a plasmid containing rpoN interrupted with a cat cassette. The rpoN
gene was amplified from H. pylori 26695 and cloned into the Ndel and
HindIIT sites of pET28a. A unique EcoRI site was introduced into rpoN as
described by Pereira et al. (25). The cat cassette was inserted into this site,
and the resulting plasmid was transformed into H. pylori B128. Mutants
were confirmed by PCR and sequencing of the resulting amplicons. Three
different transformants were tested for all mutants. Mutants generated
did not affect any experimentally verified sSRNAs from Sharma and co-
workers (26).

Complementation of mutants. fliM, fliMY, fliE, and flgBC were am-
plified from genomic DNA isolated from H. pylori B128 using their re-
spective forward and reverse primers indicated in Table S1 in the supple-
mental material. The fliE and flgBC regions amplified contained their
native promoters. For the fliM and fliMY complementation plasmids,
overlapping PCR was used to create a fusion which introduced the fliN
promoter region upstream of these genes. The forward primer for each of
the final PCR products contained a Xhol site at the 5 end, and the reverse
primer for each of the final PCR product contained a BamHI site at the 5’
end. All resulting PCR products were cloned into pGEM-T Easy, se-
quenced, and introduced into pHel3 by cloning the DNA into the unique
Xhol and BamHI restriction sites in pHel3. The resulting plasmids were
introduced into the deletion mutants by natural transformation. Plasmids
pfliM, pfliMY, pfliE, and pflgBC contained the PCR products P;-fliM,
Pin-fliMY, P fliE, and P p-flgBC, respectively.

Motility assay. Motility was assessed using a semisolid medium con-
sisting of Mueller-Hinton broth and 0.4% Noble agar. After autoclaving,
the medium was supplemented with sterile 10% heat-inactivated horse
serum and 20 mM 2-(N-morpholino)ethanesulfonic acid (pH 6.0) to buf-
fer the medium. The medium was also supplemented with 10 uM FeSO,,
which we observed to enhance migration of H. pylori from the point of
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inoculation in the semisolid medium (our unpublished data). Kanamycin
(30 pg/ml) or chloramphenicol (30 pg/ml) was added when appropriate.
Sterile toothpicks were used to stab inoculating cells into the agar. Plates
were incubated at 37°C under an atmosphere consisting of 2% O,, 5%
CO,, and 93% N,. Diameters of the spreading H. pylori cells were mea-
sured after 7 days. Statistical significance was determined using the two-
sample 7 test.

RNA extraction and cDNA synthesis. H. pylori cells were grown on
TSA plates supplemented with 10% horse serum for 18 h before harvest-
ing and resuspended into 1 ml of nuclease-free water. Alternatively, H.
pylori strains were grown in BHI liquid medium supplemented with 0.4%
B-cyclodextrin to mid-log to late log phase, and 1 ml of cells were har-
vested. Cells were pelleted and resuspended in 100 wl of nuclease-free
deionized water. The Aurum total RNA minikit (Bio-Rad) was used to
isolate RNA, and the RNA solution was treated with the Turbo DNA-free
kit (Ambion) to remove any contaminating DNA. RNA was quantified
using a BioPhotometer (Eppendorf), and RNA quality was confirmed on
a 1.2% agarose gel. Single-strand cDNA was synthesized from 200 ng of
RNA using the iScript cDNA synthesis kit (Bio-Rad).

Quantitative reverse-transcription PCR. Transcript levels of flaA,
flaB, flgE, flgS, flgR, and fliA were monitored by quantitative reverse-tran-
scription PCR (qRT-PCR) as described previously (27). Primers used are
listed in Table S1 in the supplemental material. gyrA transcript levels were
measured as a reference. Specificity and efficiency of each primer pair was
confirmed by PCR using genomic DNA and by qRT-PCR on a serial
dilution of wild-type RNA. Each qRT-PCR mixture, totaling 20 pl, con-
sisted of 10 pl of iQ SYBR green Supermix (Bio-Rad), 5 pl of 100-fold
diluted cDNA from the cDNA synthesis reaction, and a 200 nM concen-
tration of each primer. A melt curve analysis was performed at the end of
each experiment. Experiments were performed on the Bio-Rad iCycler iQ
system in technical triplicate for three biological replicates of each strain.
Gene expression levels were quantified by the 27427 method (28). Sta-
tistical significance was determined using the two-sample ¢ test.

Electron microscopy. Strains were grown to mid- to late-log phase in
BHI supplemented with 0.4% B-cyclodextrin to an optical density at 600
nm (ODyg,) of 0.5 to 1.0. Kanamycin (30 wg/ml) and chloramphenicol
(30 pg/ml) were included in the growth medium as necessary. Cells were
spun down and resuspended in half-strength Karnovsky’s fixative (2.5%
glutaraldehyde, 2% paraformaldehyde, 0.1 M cacodylate buffer). Cells
were fixed for 5 min and then incubated for 5 min on 300-mesh Formvar/
carbon-coated copper grids. Grids were washed with 0.1 M cacodylate
buffer, followed by a wash with deionized water. Excess liquid was wicked
off with filter paper between washes. One drop of 1% uranyl acetate was
applied to the grids for 30 s and then wicked off with filter paper. Grids
were washed in deionized water and dried at room temperature overnight.
Cells were visualized using the FEI Tecnai20 transmission electron micro-
scope. For each strain, at least 115 cells were included for quantifying
flagellated cells and determining the number of flagella per cell. Statistical
analyses were performed using the Mann-Whitney U test to determine
whether strains differed significantly from one another with regard to the
distribution of the number of flagella per cell.

Detection of FIhA proteins. H. pylori membrane fractions were col-
lected as previously described (27). Cells were grown for 3 days on TSA
plates supplemented with 10% horse serum. Cells were resuspended in a
buffer containing 10% sucrose, 20 mM HEPES, and 1 mM EDTA, pH 7.4.
Cells were passed three times through a French pressure cell at 10,000 kPa.
Cellular debris and unlysed cells were removed by centrifugation two
times for 15 min at 6,000 X g. Membrane fractions were separated from
cytoplasmic proteins by two centrifugations for 60 min at 100,000 X g
each. Protein concentrations were determined using the bicinchoninic
acid protein assay (Thermo Scientific) following the manufacturer’s in-
structions. Twenty micrograms of protein per sample was analyzed by
Western blotting using affinity-purified antibodies directed against the N
terminus of FIhA (18). Four micrograms of protein per sample was ana-
lyzed by Western blotting using antiserum directed against H. pylori KatA
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FIG 2 Effects of fliF deletion on flagellar gene transcription and motility. (A) Motility of AfliF mutant was assessed on 0.4% agar plates after 7 days of incubation
under microaerobic conditions. Measurements indicate the diameter of the halo around the site of inoculation. The halo diameter for the wild type was 36 * 2
mm, and that for the AfliF mutant was 7 = 1 mm. (B) The number of flagella per cell was analyzed by electron microscopy after negative staining of cells. At least
115 cells were visualized per strain. (C) Transcript levels of flaB and fIgE (left) and flaA (right) were detected by qRT-PCR. All results are significantly different
from that for the wild type (P < 0.03). (D) Immunoblot of FIhA from membrane fractions. Each lane contains 20 pg protein. An immunoblot of KatA from the
same membrane fractions was used as a loading control. Each lane contains 4 g protein.

(29). Antigen-antibody complexes were detected by chemiluminescence
using SuperSignal West Pico luminol/enhancer solution and SuperSignal
West stable peroxide solution (Thermo Scientific). Blots were visualized
on the FluoroChem E imager (ProteinSimple). Protein levels were quan-
tified by densitometry using ImageJ (http://rsbweb.nih.gov/ij). Three bi-
ological replicates were analyzed, and statistical significance was deter-
mined using the two-sample £ test.

Detection of RpoN proteins. Antiserum generated against maltose-
binding protein—RpoN (MBP-RpoN) was affinity purified prior to use
using the AminoLink Plus immobilization kit (Thermo Scientific). MBP-
RpoN was purified as previously described (25) and immobilized to the
AminoLink Plus resin following the manufacturer’s protocol. Antiserum
generated against MBP-RpoN was buffer exchanged twice into phos-
phate-buffered saline (PBS) by diluting with 13 ml PBS and reducing the
volume to 0.5 ml using an Amicon Ultra-15 centrifugal filter. The buffer-
exchanged antiserum was incubated in the column to allow for binding to
MBP-RpoN. The column was washed with 10 ml PBS before eluting the
antibody with 8 ml of 0.1 M glycine, pH 2.5. The eluted antibody was
dialyzed into citric acid-phosphate buffer (55 mM citric acid, 50 mM
K,HPO, [pH 5.5]), followed by Tris-buffered saline (50 mM Tris, 150
mM NaCl [pH 7.6]), and stored at —20°C.

H. pylori cytoplasmic fractions were prepared for immunoblotting.
Cells were grown on agar medium for 24 h before resuspending into 3 ml
PBS. Cells were lysed with three passages through a French press at 10,000
kPa. Unlysed cells were removed by centrifugation for 15 min at 6,000 X
g Membranes were separated from cytoplasmic proteins by two centrif-
ugations for 60 min at 100,000 X g. The supernatant containing the cyto-
plasmic proteins was concentrated by trichloroacetic acid precipitation as
described previously (17). Protein concentrations were determined using
the bicinchoninic acid protein assay. Twenty micrograms of protein was
analyzed by Western blotting using the affinity-purified RpoN antibody
and goat anti-rabbit 1gG horseradish peroxidase-conjugated secondary
antibody (Bio-Rad). Western blots were visualized as described above.
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RESULTS

FliF (MS ring) is required for transcription of the RpoN regulon.
The MS ring consists of a complex of FIiF proteins (30) and acts as
a mounting platform for the rotor, the switch complex (31), and
the rod of the flagellum (32). Since the MS ring is one of the
earliest flagellar structures assembled and is a scaffold for assembly
of many of the basal body proteins, we wished to learn how the MS
ring impacts flagellar gene expression in H. pylori.

A AfliF mutant was constructed in H. pylori B128 by replace-
ment of fliF with the cat cassette, and the phenotype of the result-
ing mutant was analyzed. As expected, the resulting strain was
nonmotile on soft-agar plates, and all cells analyzed by transmis-
sion electron microscopy were nonflagellated (Fig. 2A and B).
Transcript levels of flaB and fIgE (both RpoN dependent) and flaA
(FliA dependent) were analyzed in the AfliF mutant and parental
strain by qRT-PCR and normalized to the transcript levels of gyrA.
Cells for the QRT-PCR assays were obtained from cells grown on
agar medium and in broth. The trends in transcript levels were
similar for cells grown under the two conditions, but there tended
to be less variation between biological replicates for cells grown on
agar medium (data not shown), and so for further qRT-PCR as-
says, we used cells grown on agar medium. Transcript levels of flaB
and fIgE in the AfliF mutant were similar to those in a ArpoN or
AflgR mutant (Fig. 2C), indicating that the RpoN regulon is com-
pletely inactivated in the AfliF mutant. Boll and Hendrixson re-
ported that deletion of fliF similarly results in the complete failure
to express an RpoN-dependent reporter gene in C. jejuni (19).

Levels of flaA transcript in the AfliF mutant were ~4-fold
lower than wild-type levels (Fig. 2C), in agreement with results
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from RNA slot blot hybridization assays for a fliF deletion mutant
reported by Allan and coworkers (33). Transcript amounts of a
second FliA-dependent gene (fIiS) showed a trend similar to that
of the levels of flaA transcripts in the AfliF mutant (see Fig. S1 in
the supplemental material). Josenhans and coworkers showed
that flaA transcripts were about 4-fold higher in a flgM mutant
than in the wild type, indicating that FIgM is an antagonist of FiA
activity (34). Colland and coworkers demonstrated that flaA tran-
script levels were increased ~2.5-fold in a flgM deletion compared
to the wild type and decreased only ~2-fold in a flgM overexpres-
sion strain (22). On the other hand, deletion of fliA resulted in
complete inhibition of flaA transcription (see Fig. S2 in the sup-
plemental material), suggesting that FlgM modulates but does not
completely inhibit expression of flaA.

The level of inhibition in the AfliF mutant was similar to that
observed for H. pylori strains bearing deletions of the export ap-
paratus genes flhA (18) or fliO (27), indicating that the phenotypes
seen in the AfliF mutant may be due to a failure of the export
apparatus to assemble properly. To test the hypothesis that FIiF is
required for the formation of the export apparatus, membrane
fractions from the AfliF mutant and the wild-type strain were
probed for FIhA by Western blotting. Levels of FIhA in the mem-
brane fractions from the AfliF mutant were ~3-fold lower than
from those from the wild type (Fig. 2D), suggesting that FIiF is not
essential but may have a role in the assembly of the export appa-
ratus.

The Cring proteins FliM and FliY are required for transcrip-
tion of RpoN-dependent genes. The C ring is a cup-like structure
which extends into the cytoplasm and is localized near the MS ring
and flagellar T3SS. In H. pylori, the C ring is comprised of four
proteins, FliG, FliM, FliN, and FliY. The C ring has roles in rotor
function, switching the rotational direction of the flagellum, and
flagellar protein export (reviewed in reference 4).

Lowenthal and coworkers demonstrated that all four C ring
proteins are required for wild-type flagellation in H. pylori (35)
but did not report on whether the C ring proteins were required
for transcription of the RpoN or FliA regulons. Allan and cowork-
ers reported that FliG is required for flagellar biogenesis in H.
pyloriand showed that flaA transcriptlevels are reduced in the fliG
mutant (33). To determine if other C ring proteins are required
for flagellar gene expression, we individually replaced fliM and fliY
with the cat cassette and analyzed the phenotypes of the resulting
mutants. The AfliM and AfliY mutants were nonmotile (Fig. 3A).
In the AfliM mutant, transmission electron microscopy revealed
that most of the cells (77%) lacked flagella, while approximately
90% of the wild-type cells were flagellated (Fig. 3B). Of the cells
that were flagellated, most possessed one or two flagella, while
most of the flagellated wild-type cells possessed two to four flagella
(Fig. 3B). The effect of the AfliY mutation on flagellar biogenesis
was more severe than that of AfliM mutation. About 96% of the
AfliY mutant cells lacked flagella, and cells that were flagellated
possessed only a single flagellum (Fig. 3B). These results differed
somewhat from those of Lowenthal and coworkers, who found
that fliM mutants were almost completely nonflagellated (1%
flagellated), whereas about 40% of the fliY mutant cells were flag-
ellated (35). These differences between the results from the study
by Lowenthal and coworkers and those of our study may be due to
strain differences. The phenotypic differences between the AfliY
and AfliM mutants in our experiments were unexpected, since
fliM and fliY are in the same operon and the replacement of fliM
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with the caf cassette in the AfliM mutation was expected to have a
polar effect on fliY. Complementation assays were consistent with
the polarity of the AfliM mutation on fliY, as introduction of a
plasmid-borne copy of fliMY into the AfliM mutant restored mo-
tility, but the introduction of a plasmid-borne fliM did not (Fig.
3A). Additionally, the same plasmid restored motility in the AfliY
mutant (Fig. 3A).

Transcript levels of flaB and fIgE were about 3-fold lower in the
AfliM mutant than the wild type (Fig. 3C), whereas flaA transcript
levels in the AfliM mutant were comparable to those in the wild
type (Fig. 3C). Levels of flaB and fIgE transcripts in the AfliY mu-
tant were ~18-fold lower than wild-type levels (Fig. 3C), whereas
flaA transcript levels in the AfliY mutant were ~2-fold lower than
in the wild type (Fig. 3C). Transcript levels of fIiS showed a trend
similar to that of the flaA transcripts in these mutants (see Fig. S1
in the supplemental material).

FliH is required for wild-type transcript levels of RpoN-de-
pendent genes. Flil is an ATPase that functions with FliH to facil-
itate the initial entry of protein substrates to the export gate of the
flagellar T3SS (36). FliH prevents the ATPase activity of Flil when
it is not engaged in secreting proteins (37, 38). FliH,Flil is pro-
posed to deliver chaperone-substrate complexes from the cyto-
plasm to the export gate and is thought to be facilitated through
interactions between FliH and FliN in Salmonella (5). Though
interactions between the soluble components of the export appa-
ratus are not as well characterized in H. pylori, homologs for these
proteins exist and may function similarly to their Salmonella
counterparts (39, 40). Given the interaction of FliH with the C
ring protein FliN, we wished to determine if FliH influenced tran-
scription of the RpoN-dependent genes.

A AfliH mutant was constructed, and the phenotype of the
resulting mutant was analyzed. The AfliH mutant exhibited slight
motility on the soft agar plate (Fig. 3A). Approximately 16% of the
AfliH mutant cells were flagellated, most of which possessed either
one or two flagella (Fig. 3B). Migration of H. pylori cells from the
point of inoculation in the soft agar medium requires both forma-
tion of functional flagella and chemotaxis. The C ring is needed for
chemotaxis (41), which likely explains why the AfliH mutant dis-
played some motility in the soft agar assay while the AfliM mutant
did not, even though a higher proportion of the AfliM mutant cells
were flagellated. Deletion of fliH resulted in an ~6-fold decrease
in flaB and flgE transcripts compared to the wild type but no
change in the transcript levels of flaA or fliS (Fig. 3C; also, see Fig.
S1in the supplemental material). These findings suggest that FliH,
similar to other basal body proteins, facilitates signal transduction
by the FlgS/FIgR two-component system. We attempted to com-
plement the AfliH mutation by introducing fliH carried on the
shuttle vector pHel3 into the mutant but were unable to obtain
transformants for unknown reasons. The gene downstream of fliH
(hp0354; 1-deoxy-D-xylulose-5-phosphate synthase) is not re-
lated to flagellar biogenesis, so any polar effects on this gene are
not expected to have influences on our flagellar gene regulation
studies.

Early flagellar export substrates have different effects on
transcript levels of RpoN- and FliA-dependent genes. FliE, FlgB,
and FlgC are the earliest substrates transported by the export ap-
paratus (32), and we wished to determine how loss of these pro-
teins might impact transcription of the RpoN and FliA regulons.
FliE is a linker protein between the MS ring and rod (32), while
FlgB and FlgC form the proximal rod (42). The fliE and flgBC
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of flagella per cell was analyzed by electron microscopy after negative staining of cells. At least 115 cells were visualized per strain. (C) Transcript levels of flaB and
fIgE (left) and flaA (right) were assessed by qRT-PCR. All transcript levels of flaB and fIgE are significantly different from that of the wild type (P < 0.006).
Transcript levels in the AfliY strain that are significantly different from those in the AfliM strain are marked with a circle (P < 0.05). The asterisk indicates

significance relative to wild-type transcript levels of flaA (P < 0.05).

genes were replaced with the cat cassette, and the phenotypes of
the resulting mutants were analyzed. As expected, the AfliE and
AflgBC mutant strains were nonmotile and nonflagellated (Fig. 4A
and B). Motility was partially restored in the AfiE and AflgBC
mutants by introducing fliE and fIgBC, respectively, into the mu-
tants via the shuttle vector pHel3 (Fig. 4A), verifying that deletion
of the genes was responsible for loss of motility.

The effects on flagellar gene transcript levels in the AfliE
mutant were more pronounced than in the AflgBC mutant. The
AfliE mutant showed an ~9-fold increase in the levels of flaB
and fIgE transcripts, whereas the AflgBC mutant displayed an
~4-fold increase in flaB and fIgE transcripts compared to wild-
type levels (Fig. 4C). Levels of flaA transcript in both the AfliE
and the AflgBC mutants were ~2-fold lower than that in the
wild type (Fig. 4C), and levels of fIiS transcript showed a trend
similar to that of flaA transcript levels in these mutants (see Fig.
S1in the supplemental material). These results suggest that the
axial structures of the flagellum affect transcription of the
RpoN regulon in a manner different from that of the export
apparatus and the C ring.
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Mutations in basal body genes minimally affect expression of
genes encoding regulatory proteins for the RpoN and FliA regu-
lons. To examine the possibility that the changes in flagellar gene
expression observed for the various mutant strains were due to
altered levels of regulatory proteins, transcript levels of fIgS, fIgR,
and fliA and protein levels of RpoN were quantified in all mutants
analyzed (Fig. 5). All strains used in this study had similar growth
rates (see Fig. S3 in the supplemental material), so any differences
in the levels of these flagellar regulatory proteins can be attributed
solely to the mutations made in the flagellar biosynthesis pathway.
With few exceptions, levels of fIgS, fIgR, and fliA transcripts in the
mutants were similar to those in the wild-type strain. Transcript
levels of fIgS in the AfliE and AflgBC mutants were ~2-fold higher
than in the wild type (Fig. 5A), which may have, at least partially,
accounted for the apparent upregulation of the RpoN-dependent
genes in these mutants (Fig. 4C). Transcript levels of flgS were also
slightly elevated (~1.5-fold) in the AfliF mutant (Fig. 5A). H.
pylori flgSis in an operon with two other class I flagellar genes (i.e.,
early flagellar genes transcribed by the ®°-RNA polymerase ho-
loenzyme): flgl, which encodes P ring protein, and HP0245, whose
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significantly different from that for the wild type (P < 0.05) with the exception of flaA levels in the AflgBC strain (P = 0.08).

product shares homology with the flagellar rod assembly protein/
muramidase FlgJ. The apparent upregulation of flgS in the fliE and
flgBC mutants may indicate that expression of at least some of the
class I flagellar genes in H. pylori is coupled with rod assembly.
This would be an interesting line of inquiry to pursue, as we are
unaware of any reports of regulatory proteins that control expres-
sion of the class I flagellar genes in H. pylori. Transcript levels of
flgR were slightly elevated (~1.5-fold) in the AfliF mutant com-
pared to the wild type (Fig. 5B) but not in any of the other mu-
tants. Unlike fIgS, flgR does not appear to be in an operon with
other flagellar genes. Levels of fliA transcript were ~2-fold lower in
the AfliM mutant than in the wild type (Fig. 5C), but this decrease in
the level of fliA transcript did not affect transcript levels of flaA (Fig.
3C). Western blot analysis of the H. pylori mutants indicated that
levels of RpoN were unaffected by the mutations (Fig. 5D). Taken
together, the results suggest the regulatory proteins that are
known to control transcription of the RpoN-dependent and FliA-
dependent genes are present at normal levels in the flagellar basal
body mutants. These findings indicate that the downregulation of
the RpoN-dependent genes in the fliF, fliM, fliY, and fliH mutants
likely results from either the failure to create the flagellar structure
which acts as the regulatory checkpoint for expression the RpoN
regulon or the inability of the FIgS/FIgR two-component system to
respond effectively to the regulatory checkpoint.
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DISCUSSION

We show here that in addition to the export apparatus, other
flagellar basal body substructures have potential roles in modulat-
ing transcription of the RpoN and FliA regulons, possibly by af-
fecting the structure and/or activity of the export apparatus. Given
the conformational changes that occur within the basal body dur-
ing flagellar biogenesis, it is reasonable to speculate that such con-
formational changes communicate the status of flagellar assembly
to the transcription machinery that controls expression of the
RpoN and FliA regulons.

Effects of basal body proteins on the FliA flagellar regulon.
One of the earliest events in flagellar biogenesis is the coordinated
assembly of the MS ring and the flagellar protein export apparatus
(43). The export apparatus protein FlhA is proposed to promote
oligomerization of FliF monomers into the MS ring in E. coli (44).
We show here that in the absence of FliF, the amount of FIhA in
the membrane is significantly reduced (Fig. 2D), suggesting that
FIiF is needed to support assembly or stability of the export appa-
ratus. Deletion of fliF in H. pylori resulted in reduced amounts of
transcripts of two FliA-dependent genes, flaA and fliS (Fig. 2C;
also, see Fig. S1 in the supplemental material). The inhibitory
effect of FlgM on the H. pylori FIhA regulon is proposed to be
alleviated by interactions between FlgM and FlhA (23). Since FliF
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FIG 5 Transcript and protein levels of fIgS, flgR, fliA, and RpoN among mutants. (A to C) Transcript levels of fIgS (A), flgR (B), and fliA (C) were quantified by
qRT-PCR. Asterisks indicate significant differences from the value for the wild type (P < 0.05). (D) Immunoblot of RpoN from H. pylori wild-type and mutant
cytoplasmic protein fractions. Each lane contains 20 g protein. The immunoblot was probed with affinity-purified antibody directed against the MBP-tagged

RpoN.

is needed for normal expression or localization of FIhA to the
membrane (Fig. 2D), we postulate that the reduced expression of
the FliA regulon in the AfliF mutant results from the failure of
FIhA to assemble properly.

In contrast to the loss of FIiF, loss of FliM or FliH had no effect
on expression of the FliA-dependent genes flaA and fliS (Fig. 3C;
also, see Fig. S1 in the supplemental material). Loss of FliY did
appear to inhibit expression of the FliA-dependent genes, but this
inhibition was modest compared to the inhibition observed for
the RpoN-dependent genes in the AfliY mutant (Fig. 3C; also, see
Fig. S1). Taken together, these findings suggest that these C ring
components and soluble components of the export apparatus do
not play a significant role in alleviating FlgM inhibition of FliA in
H. pylori.

Loss of the exported flagellar structures FIiE and FlgBC re-
sulted in an ~2-fold reduction of flaA transcript levels (Fig. 4C).
We postulate that in the absence of FIiE or FIgBC, FIhA does not
interact appropriately with FIgM to alleviate its inhibitory effect
on FliA.

Effects of basal body proteins on the RpoN flagellar regulon.
Transcripts of RpoN-dependent genes were abolished in the AfliF
mutant (Fig. 2C), suggesting that the MS ring is essential for tran-
scription of the RpoN regulon. FIiF could have a direct role in
controlling transcription of the RpoN regulon through interac-
tions with FlgS, a hypothesis consistent with the observation that
C. jejuni FlgS can be cross-linked to FliF in vivo (19). Alternatively,
FIiF could have an indirect effect on expression of the RpoN regu-
lon, as the assembly of the MS ring and the export apparatus may
occur simultaneously.

The H. pylori C ring is comprised of FliG, FliM, FliN, and FliY
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subunits (35). The organization of the C ring proteins has not
been examined in H. pylori. In Salmonella, however, FliG is located
closest to the cell membrane and interacts with FliF (45), while
FliN is most peripheral protein in the C ring, and FliM is situated
between FliG and FliN, where it interacts with both proteins (46).
Unlike H. pylori, Salmonella does not possess a FliY homolog.
Given that FliY shares homology with FliN and that some bacteria
that have FliY homologs lack FliN (35, 47), we postulate that FliY
and FliN both interact with FliM at the periphery of the C ring.
Based on the arrangement of C ring proteins in Salmonella, we
believe that FliY and FliN are unable to assemble onto the Cringin
the H. pylori AfliM mutant, leaving FliG as the only protein assem-
bled into the C ring. If this is the case, it is somewhat puzzling why
the loss of fliY had a more profound effect on flagellar biogenesis
and expression of RpoN-dependent genes than did disruption of
fliM. One possible explanation is that FliN and FliY compete for
binding to FliM and in the absence of FliY, extra copies of FliN are
incorporated into the C ring, which interferes with signal trans-
duction.

In contrast to our results, where deletions of fliM and fliY in-
hibited expression of the RpoN regulon (Fig. 3C), Boll and Hen-
drixson observed that deletion of fliM or fliY either had no effect
or stimulated expression of an RpoN-dependent flaB::astA tran-
scriptional reporter in C. jejuni (19). The phenotypic differences
between H. pylori and C. jejuni C ring protein mutants were un-
expected, since mechanisms for flagellar biogenesis in these two
bacteria appear to be quite similar. One possible explanation for
this distinction is that there is a greater demand for synthesis of
flagellar proteins in H. pylori, since it produces multiple flagella
per cell while C. jejuni produces only a single flagellum per cell. H.

June 2015 Volume 197 Number 11


http://jb.asm.org

pylori may require a more robust signal transduction response by
the FIgS/FIgR two-component system to ensure that enough fla-
gellar subunits are made for the simultaneous assembly of multi-
ple flagella. To elicit this robust signaling response, the C ring in H.
pyloribut not C. jejuni may facilitate protein-protein interactions
needed for activation of the FlgS/FIgR two-component system.

FliN interacts with the soluble export apparatus component
FliH to help shuttle protein substrates to the export apparatus (5).
Studies in E. coli and Salmonella have shown that Flil forms a
heterotrimer with FliH (FliH,-Flil) which forms a hexameric ring
(48) around FliJ (FliH,,-Flil¢-FliJ complex) (49). FliH is also
thought to interact with FIhA to anchor the FliH,,-Flil,-Fli] com-
plex to the export platform of the flagellar T3SS (50). Bai and
coworkers and proposed a model in which the FliH,,-Flil,-Fli]
complex in Salmonella remains associated with the export gate
and FliH,-Flil complexes carrying flagellar substrates are inter-
changeable to deliver new substrates to the export gate (51). Since
loss of fliH resulted in reduced amounts of transcripts from
RpoN-dependent genes (Fig. 3C), we hypothesize that the activity
of the FliH,,-Flil;-Fli] complex may enhance expression of the
RpoN regulon by facilitating interactions between components of
the basal body and FlgS or FlgR.

Among the basal body mutants we have analyzed, mutants in
fliE and flgBC were the only ones that resulted in elevated tran-
script levels of RpoN-dependent genes. In contrast to our results,
Boll and Hendrixson reported that disruption of fliE, flgB, or flgC
in C. jejuni inhibits expression of the RpoN-dependent flaB::astA
reporter gene (19). It is not clear why disrupting fliE or flgBC has
such radically different effects on expression of the RpoN-depen-
dent genes in H. pylori and C. jejuni. Given that FliE and the rod
proteins are external to the cell membrane, they likely exert their
effects on expression of the RpoN regulon through interactions
with the MS ring or membrane components of the export appa-
ratus. The observation that disruption of fliE had the most pro-
found effect on expression of the RpoN regulon in both H. pylori
and C. jejuni is consistent with this hypothesis since FIiE is located
more proximal to the MS ring and export apparatus than the rod
proteins.

Proposed mode for activation of the RpoN regulon. Based on
our results, we propose a model for how H. pylori couples the
expression of the RpoN regulon with assembly of the flagellum.
We postulate that FlgS is in an inactive state prior to assembly of
the MS ring, C ring, and flagellar T3SS. Formation of these struc-
tures creates a regulatory checkpoint sensed by FlgS and results in
astimulation of FIg$ autokinase activity, culminating in transcrip-
tional activation of the RpoN regulon. FlhA, FliF, and FliG are
potential components for such a regulatory checkpoint, as FlgS
can be cross-linked to FIiF and FliG in C. jejuni in vivo (19), and
FlgS binds a peptide corresponding to the N terminus of FIhA with
high affinity (52). Since FIhA, FliF, and FliG are located at the base
of the cavity formed by the C ring, we postulate that FliH and one
or more of the C ring proteins facilitate interactions between FlgS
and the regulatory checkpoint. Alternatively, FlgS may remain
bound to the regulatory checkpoint, where FliH and C ring pro-
teins assist FIgR in interacting with FIgS. Once the flagellar sub-
units encoded by RpoN-dependent genes are no longer needed for
flagellar assembly, the signal sensed by FlgS is presumably
switched off. Formation of the HBB may be a cellular cue that
turns off expression of the RpoN regulon when the proteins en-
coded by RpoN-dependent genes either are incorporated into the
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nascent flagellum or are awaiting transport at this point in flagellar
biogenesis. We plan to test the validity of the proposed model by
examining interactions of Flg$ and FIgR with flagellar proteins.
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