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1 | INTRODUCTION

Helicobacter pylori infections are associated with chronic
gastritis and peptic ulcers which can lead to the develop-
ment of gastric cancer."™ H. pylori is the leading cause
of cancer attributed to infectious agents,” and gastric
cancer ranks fourth in terms of mortality.® The major
virulence factors of H. pylori include secreted toxins that
cause pathological changes in the epithelial cells.””

Sharmin Q. Bonny and Xiaotian Zhou made equal contributions.

Helicobacter pylori encodes homologues of PilM, PilN and PilO from bacteria
with Type IV pili, where these proteins form a pilus alignment complex. Inacti-
vation of pilO changes H. pylori motility in semi-solid media, suggesting a link
to the chemosensory pathways or flagellar motor. Here, we showed that muta-
tion of the pilO or pilN gene in H. pylori strain SS1 reduced the mean linear
swimming speed in liquid media, implicating PilO and PiIN in the function, or
regulation of, the flagellar motor. We also demonstrated that the soluble vari-
ants of H. pylori PiIN and PilO share common biochemical properties with
their Type IV pili counterparts which suggests their adapted function in the
bacterial flagellar motor may be similar to that in the Type IV pili.

bacterial flagellar motor, Helicobacter pylori, motility, oligomeric state, type IV pili

H. pylori also modifies its local environment to be able
to withstand the acidic pH of the stomach,'® defends
itself against the host innate immune response by
degrading innate immune peptides, detoxifies reactive
oxygen species produced by leukocytes,'> and camou-
flages its surface-exposed proteins via glycosylation.'?
Motility by flagella is key to finding critical nutrients
and molecules that protect bacteria from elimination by
host complement.’*'® The flagellar motor is signifi-
cantly larger and more complex in H. pylori in compari-
son to E. coli and Salmonella.'” It contains a large
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periplasmic scaffold that anchors the force-generating
stator units and stabilises the wider stator ring to sustain
a larger turning force.'® The energy released upon bind-
ing of the stator units to the scaffold is thought to pro-
mote their activation via interlinked conformational
changes.'® %2

Although it is now recognised that polar flagellar
motors in many other bacteria are similarly complex,'®*
our understanding of how the assembly and function of
this intricate machine is regulated is still in its infancy.
Identification of motor components in H. pylori often
cannot be achieved solely by genome analysis, because
the bacterium does not group all flagellar genes into
common operons.>* A different approach (extragenic sup-
pressor analysis) has recently led to a discovery that the
soft-agar motility defect of the H. pylori strain G27 lack-
ing the chemotaxis gene cheV1 was reduced by suppres-
sor mutations in the gene HPG27_252 encoding a distant
homologue of the Type IV pili protein PilO.** Deletion of
HPG27_252 similarly resulted in partial recovery of the
soft-agar motility phenotype. The PilO homolog was thus
identified as a new protein with a function associated
with regulation of migration in semi-solid media. The
H. pylori pilO gene is co-transcribed with the genes
encoding homologs of Type IV pili proteins PilM and
PilN (Figure 1A).>>% PilM, PilN and PilO form the Type
IV pilus alignment complex.””>° The discovery of PilM,
PiIN and PilO in H. pylori®® is intriguing because
H. pylori does not possess Type IV pili. The apparent
association with regulation of migration in soft agar is an
interesting lead. Recognising that the diameter of swim-
ming halos in agar can have various causes
(e.g., viscosity, surface sensing), we wished to determine
if the swimming speed is directly impacted when the
genes encoding the membrane-anchored, periplasm-
oriented proteins components PiIN and PilO are mutated.
We therefore assessed the effect of inactivation of these
genes on the linear swimming speed of H. pylori strain
SS1 in liquid medium. Having established that mutants
swim slower than wild-type cells, we generated and
tested different expression constructs for the periplasmic
moieties of H. pylori PiIN and PilO, developed methods
for production of pure recombinant forms of these pro-
teins for functional and structural studies, and compared
their behaviour in solution to those of PiIN and PilO from

Type IV pili.
2 | MATERIALS AND METHODS
The H. pylori strain SS1 ApilN::kan and ApilO::kan

mutants were created by replacing the middle part of pilN
(locus tag HPYLSS1_00261) or pilO (locus tag
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HPYLSS1_00262) gene with the Campylobacter coli kana-
mycin resistance gene aphA3 (Genbank ID HG515011.2).
DNA fragments containing aphA3, flanked by H. pylori
chromosomal DNA sequences corresponding to 200 bp
upstream plus the first 100 bp of the targeted gene, and
the last 100 bp plus 200 bp downstream of the targeted
gene, were synthesized and ligated into pUC18 by
GenScript (USA). The ApilN and ApilO mutants were
generated using natural transformation.

The swimming behaviour of the strains cultured in
BB10 (Brucella broth supplemented with 10 pg/mL van-
comycin and 10% [v/v] foetal bovine serum) was filmed
using a Leica DMi8 microscope in a bright-field mode at
20x magnification. Five 30-sec videos (16 frames per sec-
ond) were captured for each strain, in three independent
biological replicates. The videos were analysed using
ImageJ v.1.53. For each strain, a total of 66 cells that
swam in linear fashion for at least 0.5s were tracked
manually using the MTrack plug-in to allow calculation
of the mean straight swimming speed. GraphPad Prism
(version 10.1.2) was used to carry out one-way analysis of
variance (ANOVA) followed by Dunnett's test to calcu-
late p-values and determine statistical significance of the
observed swimming speed differences between the WT
and mutants.

The membrane topologies and structures of PilN and
PilO were predicted using TOPCONS (http://topcons.net/)*
and AlphaFold2.’"** To generate vectors for expression
of N-terminally Hise-tagged variants that lack the trans-
membrane helix (PilNy; and PilOys), the coding
sequences for PilN residues 41-177 or PilO residues 45-
179 were synthesized and ligated into the pET151/D-
TOPO vector (Invitrogen) by GenScript, with the nucleo-
tides encoding the Hisg tag and tobacco etch virus (TEV)
protease cleavage site at the 5" end. Vectors for expression
of only the C-terminal globular domains of PilN (PilNgs,
residues 88-177) and PilO (PilOgs, residues 95-179) with
a cleavable N-terminal Hises-tag were generated by the
same principle. To produce a vector for expression of
PilO,4s with a C-terminal Hise-tag, the gene encoding resi-
dues 45-179 was inserted into the pET22-b(4) vector.

PilNgg and PilOgs were expressed in soluble forms in
E. coli BL21(DE3) at 16°C in LB with 50 pg/mL ampicil-
lin, with overnight expression with 0.1 mM IPTG. PilN,;
and PilO,s were expressed in inclusion bodies (IBs)
(37°C, 4 h). To prepare IBs for protein refolding trials,
the cell pellet was resuspended in buffer A (10 mM Tris—
HCl pH 8.0, 100 mM NaCl), lysed using an Avestin
EmulsiFlex-C5 high-pressure homogenizer (Avestin) and
centrifuged at 10,000 x g for 15 min at 4°C to pellet
the IBs.

Solubilisation of IBs and refolding of PilN,; and
PilO4s followed the procedure described in Ref. [33]. The
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refolded protein was loaded onto a 5 mL HiTrap Chelat-
ing HP column (Cytiva) equilibrated with buffer B
(200mM NaCl, 20 mM Tris-HCI, pH 8.0, 10 mM

imidazole), and following a wash with the same buffer,
eluted with buffer C (200 mM NaCl, 20 mM Tris-HCl
pH 8.0, 500 mM imidazole), concentrated and passed
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through a Superdex 75 HiLoad 26/60 size exclusion col-
umn (GE Healthcare) in buffer D (20 mM CHES,
pH 10.5, 150 mM NaCl). Recombinant PilNgg and PilOgs
were purified by following the procedure described in
Ref. [34], the size exclusion chromatography step was the
same as for PilNy; and PilO4s. The molecular weight
(MW) was determined from the calibration plot of
log(MW) versus retention volume: Vietention (ML)
= 631.3-104.3 x log(MW).*

Far-UV circular dichroism (CD) spectra were
obtained using a JASCO J600 spectropolarimeter (wave-
length range 200-250 nm; scan rate 20 nm/min, optical
path length 2 mm). The spectra were recorded in tripli-
cate and then averaged. Refolded and purified PilN;
(0.1 mg/mL) was analysed in two buffers, one containing
10 mM sodium phosphate pH 7.0, and the other contain-
ing 20 mM CHES pH 10.5, 150 mM NaCl. The BeStSel
server>® was used to deduce the secondary structure con-
tent of the protein by fitting the ellipticity data. The pre-
diction of secondary structure based on the amino acid
sequence was performed using the Jpred4 server (http://
www.compbio.dundee.ac.uk/www-jpred/).>’

3 | RESULTS

3.1 | H. pylori SS1 ApilN and ApilO
mutants swim slower than WT in
liquid media

To assess if the loss of PilO or PiIN function affects the
rotational speed of the flagellar motor in H. pylori strain
SS1, we generated isogenic ApilN::kan and ApilO::kan
mutant strains by replacing the middle part of either gene
with the kanamycin resistance gene aphA3 and measured
their linear swimming speeds in BB10 using bright-field
optical microscopy. The mean straight swimming speeds
for the WT cells and ApilO and ApilN mutants were
97 +16, 88+9 and 61+ 14 pum/s, respectively
(Figure 1B). The straight swimming speed for WT is com-
parable to the maximum linear speed recorded for this
strain,*® because the data were filtered to only include
cells that swam in linear fashion for at least 0.5s. The
motility of the ApilN mutant in liquid media was signifi-
cantly impaired as compared to WT (30% reduction in
linear swimming speed), while insertional inactivation of
the pilO gene resulted in only a small (9%), albeit statisti-
cally significant (p <.001), reduction in swimming
speed. It has been previously reported that there is a cor-
relation between the swimming speed and rotational
speed of the flagellar motor.>® We therefore speculate
that the observed linear speed reduction is likely to be
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caused by the reduction in the rotational speed of the fla-
gellar motor, suggesting that the loss of functional PilN
or PilO affected the generation of force in the flagellar
motor.

3.2 | Recombinant H. pylori PilN lacking
transmembrane helix forms dimers

H. pylori PiIN and PilO are predicted to have similar
topologies: each contains an N-terminal transmembrane
(TM) helix (with the protein's N-terminus in the cyto-
plasm), connected to a C-terminal globular periplasmic
domain via a helical stalk (Figure 1C,D). To produce and
characterize their soluble variants, we first expressed
genes encoding PiIN and PilO that lack the TM helix
(PilNy; and PilOys) (Figure 1C,D) in E. coli. The cells pro-
duced these recombinant proteins in inclusion bodies,
from which only PilN,; could be recovered by refolding.
Our initial attempt to purify PilN,4; using Ni-NTA affinity
chromatography resulted in extensive precipitation. The
likely cause was that the high ionic strength (500 mM
NaCl) of the standard Ni-NTA buffers created unfavour-
able conditions for the PilN,; protein, the hydrophobic
amino-acid content of which is high (40%; PilNgg and
PilOys similar). Indeed, reduction of the NaCl concentra-
tion in Ni-NTA buffers to 200 mM improved the protein
solubility and yield. We then assessed the protein solubil-
ity in different buffers by measuring the maximum con-
centration that could be achieved using centrifugal
ultrafiltration. We found that the protein solubility
increased dramatically when pH was shifted to highly
alkaline (pH 10.5) (Figure 2A). While the consideration
of the isoelectric point (pI = 6.0) alone cannot explain
the requirement for such a high pH, analysis of the pre-
dicted structure of PilN,; revealed two dense clusters of
residues with basic side chains (Arg (pKa = 12.5), Lys
(pKa = 10.5), His (pKa = 6.0)) (Figure 2A). These likely
destabilise the fold of isolated PilN,; at pH < 10.5.

To test this hypothesis, we investigated the secondary
structure of refolded and purified PilNy; at pH 7.0 and
pH 10.5 using CD. Estimation of the o-helix and B-sheet
content from the CD spectrum recorded at pH 10.5
(Figure 3A) gave values (38% a, 18% ) that were very
close to those predicted from the sequence analysis (40%
o, 17% B), indicating that PilN,; extracted from the inclu-
sion bodies was folded at this pH. In contrast, in the
pH 7.0 buffer, the protein secondary structure contained
only 5% a and 16% p (Figure 3B), confirming that reduc-
ing pH destabilises the fold of PilNy;.

We then determined the oligomeric state of PilNg;
using size exclusion chromatography of the highly
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FIGURE 2 Biochemical characterisation of soluble forms of H. pylori PilN and PilO. (A) Isolated PilNy; is soluble under alkaline
conditions because of the clusters of residues with basic side chains that destabilise the fold at pH < 10.5. (B,E,G) Gel filtration traces of
purified PilNy;, PilNgg and PilOys (peaks corresponding to monomers, dimers or aggregates that elute in the void volume V;, are labelled).
(C,F,H) Achieved purity of PilNy;, PilNgg and PilOgs (Coomassie Blue-stained 15% SDS-PAGE gels).

purified protein. PilN,, eluted as a single peak 3.3 | Globular C-terminal domains of

(Figure 2B) corresponding to MW = 36.1 kDa. The calcu-
lated MW of the PilN,; monomer is 20.1 kDa, which sug-
gested that PilNy; is a dimer in solution. Approximately
3 mg of pure PilNy; (Figure 2C) was obtained from 1 L of
bacterial culture.

H. pylori PiIN and PilO also form dimers in
solution

Aiming to produce a soluble form of the periplasmic
domain of PilO, we redesigned the construct aiming to
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purified using a combination of Ni-NTA affinity and size
exclusion chromatography to >95% electrophoretic
homogeneity based on Coomassie Blue staining of the
SDS-PAGE gels (Figure 2F,H) with the yields of 0.5 and
0.2 mg of pure protein per 1 L of bacterial culture.

Following up on the recent discovery that the H. pylori
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FIGURE 3 Far-UV CD spectra of PilN,; (0.1 mg/mL) prepared
in (A) pH 7.0 buffer and (B) pH 10.5 buffer. Analysis of this data
using the BeStSel server shows that at pH 10.5, the secondary
structure of PilNy; contained 38% o, 18% f and 44% random coil,
consistent with the folded state. At pH 7.0, the secondary structure
contained 5% a, 16% B and 79% random coil, indicative of a protein
fold that has become destabilised.

express only the PilO globular, o/f sandwich-type
domain, named PilOgys (Figure 1D), with the boundaries
matching those of the soluble, crystallisable domain of
PilO from Pseudomonas aeruginosa (PilOay00°"). We also
produced the construct for the expression of the globular,
o/ sandwich-type domain of PilN, PilNgg, by following
the same principle (Figure 1C). This strategy significantly
increased the recombinant proteins solubility in the
E. coli cytoplasm, and the expression conditions were
optimised to yield the highest levels of soluble PilNgg and
PilOgs (16°C, overnight induction with 0.1 mM IPTG).
The solubility of purified PilNgg in several tested buffers
was also higher than that of isolated PilN,4; (Figure 2D),
confirming that removing the long helical stalk stabilised
the protein. According to the results of the size exclusion
experiments, PilNgs was predominantly dimeric
(MW =~ 25.9 kDa, twice the calculated MW of the
monomer = 13.9 kDa) (Figure 2E). In contrast, a signifi-
cant fraction of PilOgs (calculated MW = 13.6 kDa)
eluted as a monomer (MW = 13.3 kDa), although a
dimer (MW = 26.5 kDa) and higher oligomeric species
were also present (Figure 2G). PilNgg and PilOgs were

genome encodes proteins homologous to Type IV pilus
alignment proteins PilM, PilN and Pil0,>>*° and that
inactivation of PilO changes bacterial motility in semi-
solid media,?® we addressed the question of whether PilO,
and the protein that is intimately associated with PilO in
the Type IV system (PilN) have a direct functional link
with the bacterial flagellar motor. We demonstrated that
mutation of the pilO or pilN gene in H. pylori strain SS1
reduced the mean linear swimming speed of the cells in
liquid media. This observation indicates that the previ-
ously observed soft-agar phenotype cannot be explained
by altered chemotactic behaviour—the loss of PilN or
PilO function likely affects the rotational speed of the fla-
gellar motor, possibly due to loss of direct or mediated
interactions with its force-generating component, the sta-
tor. While this study was under review, it was reported
that PilN and PilO do, in fact, form part of the H. pylori
flagellar motor,” and that they were found among
immunoaffinity-purified MotB coisolates,”® which sup-
ports our conclusion. Interestingly, no statistically signifi-
cant difference was observed between the swimming
speeds of WT cells and pilO mutants in H. pylori strain
G27,% which contrasts the outcome of our study. This
can possibly be explained by the differences in how the
pilO mutants were designed (in this study, the first and
the last 100 bp of the SS1 pilO gene were retained, while
the G27 mutant had only 24 bp and 19 bp of the original
gene remaining at the 5’ and 3’ ends, respectively). We
have previously illustrated that for a different component
of the flagellar motor, FIiL, the resulting motility pheno-
type of deletion mutants depends on what part of the fliL
gene was deleted.*’ A similar phenomenon may occur
here with different pilO mutants.

H. pylori does not have Type IV pili, but it may have
acquired genes encoding the Type IV pilus alignment
complex from a different species and adapted it to
enhance or to regulate a completely different membrane-
embedded molecular machine—the flagellar motor. We
produced the soluble variants of PilN and PilO and dem-
onstrated that they share some common key biochemical
properties with their Type IV pili counterparts* **:
(1) they are able to form homodimers; (2) the helical stalk
is not required for homodimerisation; and (3) the
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homodimer formed by the globular C-terminal domain of
PiIN is more stable than the corresponding PilO homodi-
mer. The design with the cleavable affinity tag makes
these constructs suitable for future structural and bio-
physical studies aimed at elucidation of the molecular
mechanism of their adapted function in the bacterial fla-
gellar motor.
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