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ABSTRACT

Helicobacter pylori is a gram-negative, mi-
croaerophilic, pathogenic bacterium and a
widespread colonizer of humans. H. pylori has
developed mechanisms that enable it to overcome
the harsh environment of the human stomach,
including reactive oxygen species (ROS). Interest-
ingly, up to now no typical regulator dedicated to the
oxidative-stress response has been discovered. In
this work, we reveal that the inhibitor of replication
initiation HP1021 functions as a redox switch protein
in H. pylori and plays an important role in response
to oxidative stress of the gastric pathogen. Each
of the two predicted HP1021 domains contains
three cysteine residues. We show that the cysteine
residues of HP1021 are sensitive to oxidation both
in vitro and in vivo, and we demonstrate that HP1021
DNA-binding activity to oriC depends on the redox
state of the protein. Moreover, Zn?>* modulates
HP1021 affinity towards oriC template DNA. Tran-
scription analysis of selected H. pylori genes by
RT-qPCR indicated that HP1021 is directly involved
in the oxygen-dependent control of H. pylori fecA3
and gluP genes, which are implicated in response to
oxidative stress. In conclusion, HP1021 is a redox
switch protein and could be a target for H. pylori
control strategies.
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INTRODUCTION

Helicobacter pylori is a gram-negative, microaerophilic,
pathogenic bacterium and a widespread colonizer of hu-
mans. Untreated, H. pylori infection usually lasts for life
and increases the risk of peptic ulcer and gastric carcinoma
development (1). H. pylori is one of the very few bacterial
species that can survive in the harsh environment of the hu-
man stomach. In this environment, bacteria are exposed
to detrimental factors, such as variable levels of acidity,
occasionally reaching pH 2.5 and reactive oxygen species
(ROS) produced as by-products of aerobic oxidation and
metabolism or directly by host immune cells (1-3). Thus,
H. pylori has developed mechanisms that enable it to re-
spond to environmental stimuli effectively. However, the
H. pylori repertoire of regulatory proteins is relatively small
compared to that of other bacteria. According to the MiST
database (4), the H. pylori genome encodes only approx-
imately thirty signal transduction proteins, including two
pleiotropic regulators, NikR and Fur, three two-component
systems (FIgRS, ArsRS and CrdRS), two orphan regulators
(HP1043 and HP1021) and a chemotactic system, Che (5—
7). NikR and Fur control the transcription of genes critical
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for nickel and iron homeostasis, respectively, and genes in-
volved in the bacterial response to acid stress, virulence fac-
tors, non-coding RNAs and toxin—antitoxin systems (6,8—
11). FIgRS controls the transcription of flagellar genes (12—
14); ArsRS regulates the transcription of genes involved in
acid resistance (15-18); and CrdRS controls the transcrip-
tion of genes important for copper homeostasis and nu-
merous genes involved in a variety of cellular responses,
including motility, ion transport and nitrosative stress re-
sponses (6,19,20). The orphan response regulator HP1043
(also known as homeostatic regulator HsrA) is an essen-
tial H. pylori gene. It has been shown to regulate the tran-
scription of as many as 70 genes encoding proteins with dis-
parate functions, such as protein synthesis, gene transcrip-
tion, energy metabolism, chemotaxis and virulence (21-25).
Therefore, HP1043 has been proposed to be a key regula-
tor in H. pylori, likely involved in sensing and coordinating
the response to environmental conditions. The HP1021 re-
sponse regulator is not essential for H. pylori viability; how-
ever, the depletion of HP1021 reduces the H. pylori growth
rate (26-28). HP1021 has been shown to control the tran-
scription of 79 genes involved in many cellular activities,
including metabolic processes, transcription and the syn-
thesis of cofactors (27). HP1021 was also proposed to con-
trol the replication of the H. pylori chromosome by com-
peting with the initiator DnaA protein for binding to the
origin of chromosome replication (oriC). In turn, the initial
DNA unwinding by DnaA is inhibited (28). Comprehen-
sive biochemical studies have suggested that HP1021 activ-
ity is phosphorylation-independent (29). However, the exact
mechanism of HP1021 regulation is unknown.
Interestingly, no typical regulator dedicated to the oxida-
tive stress response has been discovered thus far in H. pylori.
Oxidative stress is triggered by ROS, which induce dam-
age to proteins, lipids, enzyme cofactors (Fe-S clusters) and
DNA (via the Fenton reaction) (30). Therefore, bacteria en-
code several enzymes that help to neutralize ROS. However,
these antioxidant systems must be adjusted to the ROS level
by redox switches (e.g. OxyR and PerR) that transmit in-
formation on the redox state of the cell to mediate cellu-
lar processes and trigger appropriate cell responses (31,32).
Redox sensors usually contain reactive, often reversibly ox-
idized, cysteine residues that change the conformation of
the sensor protein, leading to altered activity (e.g. DNA
binding, protein—protein interactions and chaperone activ-
ity). Additionally, redox sensor activity might be affected
by the complexation of metal ions. For example, Strepto-
myces coelicolor RsrA and Bacillus subtilis SpxA bind Zn*,
Escherichia coli NorR and SoxR bind Fe?* and Fe** /Fe’*,
respectively, Pseudomonas syringae CopC binds Cu*/Cu’*,
and B. subtilis PerR binds Zn**, Fe>* or Mn?* (32-35).
The H. pylori response to oxidative stress has also been
extensively studied ((3,36,37) and references therein). H. py-
lori encodes proteins that directly detoxify ROS or regener-
ate ROS-modified proteins (KatA, SodB, AhpC, Tpx, BCP,
MdaB and Trx), protect molecules from damage (Dps ho-
molog NapA) or repair damaged molecules (e.g. MsrAB
and MutY) (for details about H. pylori response to oxida-
tive and nitrosative stress see a recent review (3)). Interest-
ingly, in addition to the classical antioxidant defense mech-
anism, H. pylori uses chemotaxis to avoid ROS-abundant

gastric microniches (38) or decreases the generation of NO
by macrophages to attenuate the host immune response
(39). It was also proposed that the pathogen incorporates
large amounts of DNA by active uptake of free foreign
DNA and uses it as a ‘shield’ to protect its own DNA from
oxidative damage (40). However, H. pylori lacks common
regulators for a response to oxidative stress, such as the re-
dox switches OxyR and SoxR, the general stress response
regulator RpoS and a glutathione—glutaredoxin reduction
system (GSH/Grx).

In this work, we propose that HP1021 is a redox switch
protein involved in the H. pylori response to oxidative stress.
A structure prediction analysis suggested that HP1021 is
composed of two functional domains, the N-terminal reg-
ulatory domain and the C-terminal domain containing a
helix-turn-helix (HTH) DNA-binding motif. We show here
that the cysteine residues of HP1021 are sensitive to oxida-
tion both in vivo and in vitro. Consequently, HP1021 DNA-
binding activity depends on the redox state of the regula-
tor. Moreover, HP1021 activity is modulated by Zn?". Tran-
scription analysis of selected H. pylori genes indicated that
HP1021 is involved in the control of the H. pylori response
to oxidative stress.

MATERIALS AND METHODS
Materials and culture conditions

The strains, plasmids and proteins used in this work are
listed in Supplementary Table S1. The primers used in this
study are listed in Supplementary Table S2. H. pylori was
cultivated at 37°C under microaerobic conditions (5% O3,
10% CO; and 85% N») generated by the jar evacuation-
replacement method. H. pylori plate cultures were grown on
Columbia blood agar base medium supplemented with 10%
defibrinated horse blood (CBA-B) or 10% FCS (CBA-F).
The liquid cultures were prepared in Brucella broth contain-
ing 10% fetal calf serum (BB-F) or 2% B-cyclodextrin (BB-
C). All H. pylori cultures were supplemented with an antibi-
otic mix (41). The growth of the liquid cultures was moni-
tored by measuring the optical density at 600 nm (ODgg).
E. coli was grown at 37°C on solid or liquid lysogeny broth
supplemented with 50 wg/ml kanamycin or 100 pg/ml
ampicillin where necessary. E. coli DH5« and BL21 were
used for cloning and recombinant protein synthesis, respec-
tively, while E. coli MC1061 was used for the propagation
of plasmids used to transform H. pylori.

Protein expression and purification

The purification of wild-type HP1021 and cysteine-less
HP1021ACys variants of the recombinant Strep-tagged
HP1021 proteins was carried out according to Strep-Tactin
manufacturer’s protocol (IBA Lifesciences). Briefly, BL21
cells (1 1) harbouring the expression vector (Supplemen-
tary Table S1) were grown at 37°C until an optical density
(ODygo) of 0.8 was reached. Then, protein synthesis was in-
duced with 0.05 mM IPTG. The synthesis was continued
for 3 h at 37°C and the cultures were harvested by centrifu-
gation (10 min, 5 000 x g and 4°C). The cells were sus-
pended in 20 ml of ice-cold sonication buffer W (100 mM



Tris—-HCI, pH 8.0; 300 mM NaCl and 1 mM EDTA) supple-
mented with complete, EDTA-free protease inhibitor Cock-
tail (Roche)), disrupted by sonication and centrifuged (30
min, 31 000 x g and 4°C). The supernatant was applied
onto a Strep-Tactin Superflow high capacity Sepharose col-
umn (1 ml bed volume, IBA). The column was washed with
buffer W until Bradford tests yielded a negative result (ap-
proximately 6 ml) and then washed with 5 ml of buffer W
without EDTA. The elution was carried out with approx. 6
x 0.8 ml of buffer E (100 mM Tris—HCI, pH 8.0; 300 mM
NaCl and 5 mM desthiobiotin). The fractions were stored
at —20°C in buffer E diluted with glycerol to a final concen-
tration of 50%.

Zincon assay

To estimate the Zn?*-binding properties of HP1021, a com-
petition assay with 2-carboxy-2'-hydroxy-5'-sulfoformazyl-
benzene monosodium salt (Zincon) was performed. Stock
solutions of Zincon (96440, Sigma Aldrich) were prepared
in DMSO (9.25 mg/ml). The affinity of Zincon for Zn>* was
analyzed by titrating 100 wM Zincon in buffer Z (100 mM
Tris—HCI, pH 8.0; 300 mM NaCl; 5 mM desthiobiotin and
10 wM ZnSOy4, with 5 mM TCEP present when indicated)
with HP1021 diluted in buffer E (see the protein expression
and purification protocol), with S mM TCEP present when
indicated, in a 1-cm path length quartz cuvette and reading
the absorbance at 618 nm at 25°C using a Hitachi U-2900
spectrometer. The absorption of the Zn’*—Zincon complex
was transformed to the species concentration using its mo-
lar absorption coefficient, 25 970 M~! cm~!. The dissocia-
tion constant of the Zn?>*—Zincon complex at pH 8.0 is 2.14
x 1077 M, as previously determined (42).

Isothermal titration calorimetry (ITC)

Binding of Zn?*, Co?" and Ni** to HP1021 were moni-
tored using the Nano-ITC calorimeter (TA Waters, USA)
at 25°C with a cell volume of 1 ml. All experiments were
performed in buffer E with 1 (Zn**, Ni**) or 3 mM (Co*")
TCEP. The HP1021 (titrate) concentration was 0.05 mM,
whereas the metal (titrant) concentration was 0.5 mM. Con-
centrations of titrate and titrant were adjusted to obtain
the best isotherms for proper analysis of equilibria and to
highlight different processes throughout the titration ex-
periment. After temperature equilibration, successive injec-
tions of the titrant were made into the reaction cell with
5.22 l increments at 300 (Zn?* and Ni2*) or 400 s (Co?*)
intervals with stirring at 250 rpm. Control experiments to
determine the heats of titrant dilution were performed us-
ing identical injections of Zn?*/Co?*/Ni?** in the absence
of protein. The net reaction heat was obtained by sub-
tracting the heat of dilution from the corresponding total
heat of the reaction. The titration data were analyzed using
NanoAnalyze (version 3.3.0), NITPIC (version 1.2.7) (43)
and SEDPHAT (version 15.2b) (44). Firstly, data were pre-
processed using NanoAnalyze software dedicated to Nano-
ITC calorimeter. Secondly, data integration and baseline
subtraction were conducted using NITPIC freeware. After-
wards, integrated data were fitted with SEDPHAT.
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Surface plasmon resonance (SPR)

The Biacore system (Biacore T200, GE Healthcare) was
used to study DNA-protein and protein—protein interac-
tions by SPR (45). SPR response values are expressed in
resonance units (RU), and for most molecules, 1 RU cor-
responds to the binding of 1 pg of the molecule per mm?
of the surface chip. The analysis was conducted following
the protocols previously developed for determining DnaA-
DNA interactions (46), with minor modifications. Biotiny-
lated DNA fragments were obtained by polymerase chain
reaction (PCR) with the following primer pairs: oriC2 (P53-
P54 using the pori2 plasmid template; 300 bp) and non-
box DNA (P55-P56 using H. pylori 26659 genomic DNA
template; 191 bp) (Supplementary Table S2). DNA was im-
mobilized on a Series S Sensor Chip SA (approx. 90-140
RU) according to the supplier’s instructions (GE Health-
care). The measurements were performed in Tris buffer (50
mM Tris—-HCI, pH 8.0; 100 mM NaCl; and 0.2% Tween
20) at a continuous flow rate (15 wl/min). When indi-
cated, H. pylori HP1021 and HP1021ACys protein sam-
ples were reduced with 5 mM TCEP or supplemented with
ZnSOy4. At the end of each cycle (180 s of the association
phase followed by 180 s of dissociation), the bound pro-
teins were removed by washing with 0.05% SDS (30 s),
and the flow channels were equilibrated with Tris buffer
until the baseline was stabilized. The BIAevaluation 4.1
and Excel 2019 software programs were used for the data
analysis.

Electrophoretic mobility shift analysis (EMSA)

The oriC2 region was amplified by PCR using P17-P18
or P83-PI8 primer pairs and a specific pori2 template
(Supplementary Tables S1 and S2) giving FAM-oriC2 or
Cy5-0riC2 probes. DNA probes representing putative pro-
moter regions of selected genes and the control non-specific
DNA fragment were amplified by PCR in two steps. In
the first step, unlabeled DNA fragments were amplified us-
ing primer pairs: P67-P68 (26695 phyuA), P69-P70 (N6
pkatA), P73-P74 (N6 pgluP) and P75-P56 (26695 HP0180).
Primers P68, P70, P74 and P75 contained overhangs com-
plementary to P17 FAM-labeled primer. The unlabeled
fragments were purified and used as templates in the sec-
ond round of PCR using the FAM-labeled P17 primer
and the unlabeled primer of each primer pair used in the
first step. FAM-labeled DNA (5 nM) was incubated with
the HP1021 protein at 37°C for 20 min in Tris buffer (50
mM Tris—HCI, pH 8.0; 100 mM NacCl and 0.2% Triton X-
100). TCEP, metal ions (ZnSOy, NiCl,, CuCl,, Co(NO3),),
EDTA or DNA competitor (Poly(dA-dC)-Poly(dG-dT),
P0307, Merck; 1:7.5 labeled DNA:competitor ratio of
weight) were added to the reaction mixture when indicated.
The complexes were separated by electrophoresis on a 4%
polyacrylamide gel in 0.5 x TBE (1 x TBE: 89 mM Tris,
89 mM borate and 2 mM EDTA) or 0.5 x TB buffer
(1x TB: 89 mM Tris, 8 mM borate) at 10 V/cm at room
temperature (20-25°C). The gels were analyzed by a Ty-
phoon 9500 FLA imager and ImageQuant software. The
densitometric analysis of the gels was done using ImageLab
(BioRad).
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Monitoring HP1021 thiol redox state in vitro and in vivo

To monitor HP1021 redox state in vitro and in vivo,
a thiol-reactive probe 4-acetamido-4’-maleimidylstilbene-
2,2’-disulfonic acid (AMS, A485, Thermo Fisher Scientific)
was applied (47). In vitro, HP1021 was diluted in Tris buffer
(2.72 uM, see EMSA for Tris buffer composition). When in-
dicated, samples contained 2 mM tetramethylazodicarbox-
amid (TMAD, diamide), 5 mM TCEP or 6.25 pM metal
ions (ZnSOy, NiCl,, CuCl,, Co(NOs),). HP1021 oxidation
by diamide was carried for 30 min on ice, while other sam-
ples were incubated for 30 min at 37°C. When indicated,
protein samples (5 pl) were subsequently added to 10 pl
of AMS solution (20 mM AMS; 50 mM Tris—HCI pH 7.5;
0,1% SDS and 10 mM EDTA) and incubated in the dark
in a thermoblock for 30 min at 37°C. The samples were
supplemented with Laemmli buffer without any reducing
agent, heated at 95°C and separated by electrophoresis on a
10% SDS-PAGE gel. PageRuler Prestained Protein Ladder
(Thermo Fisher Scientific) was used as a protein standard.
The gels were transferred to nitrocellulose membranes and
then incubated with an anti-HP1021 antibody (28) and anti-
rabbit IgG (rabbit IlgG HRP-linked whole Ab, NA934, GE
Healthcare). The membranes were visualized upon chemi-
luminescent reaction, and the images were captured on X-
ray film. In vivo AMS labeling was carried out according to
the E. coli protocol (47), with the following modifications.
H. pylori strains were cultured overnight in BB-C to ODyg
~1.0 under microaerobic conditions. At time 0, the cultures
were moved to the aerobic conditions and incubated at 37°C
with shaking (N6 strain for 10 min, 26695 strain for 60 min).
After the aerobic shock, the cultures were moved back to
microaerobic conditions for 230 min (N6 strain) or 180 min
(26695 strain). During the experiment, aliquots (1.8 ml) of
cultures were taken at time points 0, 5, 10, 60 and 240 min.
In addition, an aliquot of the culture grown under microaer-
obic conditions, supplemented with 10 mM DTT for 5 min,
was taken and served as a control of a redox state of HP1021
in cells under fully reducing conditions. Aliquots of cul-
tures were immediately mixed with 200 w1 of 100% ice-cold
trichloroacetic acid (TCA) to quench protein thiols and pre-
vent cysteine shuffling (48), and incubated for 30 min on ice.
All steps starting from TCA precipitation were done under
aerobic conditions. After the 30 min incubation time, the
samples were centrifuged (5 min, 15 000 rpm and 4°C), and
the protein pellets were washed with 200 wl of cold 100%
acetone, centrifuged (5 min, 15 000 rpm and 4°C) and dried
at 37°C for 15 min. The pellets were suspended in AMS so-
lution (20 mM AMS; 50 mM Tris—HCI pH 7.5; 0,1% SDS,
and 10 mM EDTA) and incubated in the dark in a ther-
moblock mixer for at least 60 min (37°C, 1 400 rpm). The
samples were further processed as described in the in vitro
AMS protocol.

Analysis of H. pylori gene transcription by RT-qPCR

H. pylori was grown under microaerobic conditions (12
ml) to the logarithmic phase (ODgy ~1.0), and then, the
cultures were moved to aerobic conditions (normal atmo-
sphere at 37°C with orbital shaking) for 20 min. Samples
(1 ml) were collected by centrifugation (13 000 x g, 15's,

room temperature) before and after oxidative stress induc-
tion. Then, the cell pellet was suspended in Fenozol Plus
(A&A Biotechnology). RNA was extracted using a Total
RNA Mini Plus kit (A&A Biotechnology) according to the
manufacturer’s protocol and further treated with RNase-
free DNase I (Thermo Scientific). The RNA quality and
quantity were determined by a NanoDrop Lite spectropho-
tometer and agarose gel electrophoresis. Reverse transcrip-
tion (RT) reactions were carried out using 0.5 g of total
RNA in a 20 pl volume reaction mixture of iScript cDNA
Synthesis Kit (Bio-Rad), as described by the manufacturer.
The mRNA levels of the selected H. pylori genes were quan-
tified by qPCR, which was performed on a CFX96 Touch
Real-Time PCR detection system (Bio-Rad) using Sensi-
FAST SYBR No-ROX (Bioline) and the following parame-
ters: 95°C for 3 min, followed by 40 three-step amplification
cycles consisting of 5sat 95°C, 10 s at 60°C and 20 s at 72°C.
The reaction mixtures (15 pl) contained qPCR mix (7.5 ul),
cDNA (2 pl of the RT reaction mixture diluted 10x) and
primers (0.4 wM each). The following primer pairs were
used: P25-P26, gluP (HP1174 in H. pylori 26695); P27-P28,
fecA3 (HP1400in H. pylori 26695); P21-P22, katA (HP0875
in H. pylori 26695); and P35-P36, 16S rRNA. The relative
quantity of mRNA for each gene was determined by refer-
ring to the mRNA levels of H. pylori 16S rRNA.

RESULTS
HP1021 DNA binding activity depends on redox conditions

A structure prediction analysis, performed with Phyre2
((49), see Supplementary Information for details), sug-
gested that HP1021 (298 amino acids and 35.2 kDa) is com-
posed of two functional domains, the N-terminal regulatory
domain and the C-terminal domain containing a helix-turn-
helix (HTH) DNA-binding motif (Figure 1A). Each of the
two domains contains three cysteine residues (C27, C51,
C56 and C216, C238, C270, respectively). BLAST analy-
sis of the HP1021 amino acid sequence from 486 H. pylori
strains indicated that the number and position of the cys-
teine residues are conserved (Supplementary Figure S1).
Using a cysteine-reactive probe AMS (Materials and
Methods) we analyzed whether cysteine residues in a re-
combinant, purified HP1021 protein are redox-active. AMS
exclusively reacts with reduced cysteine residues and in-
creases the molecular mass of a labelled protein by 0.5 kDa
for each fully reduced cysteine. We labeled three protein
fractions: (i) TCEP-reduced (HP1021red), (ii) air-oxidized
(HP10210x) and (iii) diamide-oxidized (HP1021dia). The
AMS-treaded HP1201 protein from each fraction migrated
slower than untreated HP1021; thus, the protein was suc-
cessfully labelled by AMS. All HP1021red and the major-
ity of the HP1021ox protein migrated as monomers (Mw
~35-40 kDa) (Figure 1B), while some of the HP1021o0x
and HP1021dia protein formed higher molecular weight
complexes (dimers and oligomers). Each of the monomeric,
AMS-labeled HP10210x or HP1021dia had lower molec-
ular weight than the AMS-labelled HP1021red, which in-
dicated that fewer AMS molecules reacted with oxidized
HP1021 than with the reduced HP1021 protein. Thus,
we assumed that HP1021red represented a fully reduced
protein while in HP1021ox or HP1021dia some cysteine
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Figure 1. The H. pylori HP1021 protein. (A) A model of the HP1021 protein structure predicted by Phyre?. Cysteine residues are highlighted in yellow,
while the HTH motif is red. (B) Analysis of the thiol redox state of HP1021 incubated with reducing or oxidizing agents. HP1021 (2.72 wM) was incubated
in Tris buffer containing TCEP or diamide or without any reducing or oxidizing agents. Where indicated, samples were subsequently labeled with AMS.
HP1021 was resolved in a 10% SDS-PAGE gel under non-reducing conditions, transferred onto PVDF membrane and detected by a rabbit polyclonal
anti-6HisHP1021 IgG. Digital processing was applied equally across the entire image, including controls.

residues were oxidized. Thus, oxidation in vitro leads to cys-
teine residue oxidation resulting in inter- and possibly intra-
molecular disulfide bridge formation. Diamide, a strong
and specific cysteine-residue oxidizer, increased the number
of oxidized cysteine residues compared to the air-oxidized
protein fraction. Thus, the oxidizing agents may differently
shape the molecular structure of the oxidized HP1021. Fur-
ther studies are required to determine which oxidation pat-
tern(s) may happen in vivo (see also below). Nonetheless,
we conclude that HP1021 contains redox-reactive cysteine
residues, which may control HP1021 activity in response to
oxidative stress.

HP1021 binds DNA and regulates the transcription of
genes (27). The response regulator may also control the
initiation of H. pylori chromosome replication by bind-
ing to the oriC2 subregion containing three HP1021 boxes
(28). Since HP1021 was shown to be sensitive to oxida-
tion, we analyzed how the redox state affects HP1021 DNA-
binding activity using an electrophoretic mobility shift as-
say (EMSA) and surface plasmon resonance (SPR) (Ma-
terials and Methods). For the EMSA, we analyzed the
interactions of TCEP-reduced and air-oxidized HP1021
(HP1021red and HP10210x, respectively) with the FAM-
labeled oriC2 DNA probe (FAM-oriC2) (Figure 2A).
HP1021red interacted with oriC2 similarly, as shown by
previously published reports (28). It formed distinct nucle-
oprotein complexes (types I-1V) at lower protein concen-
trations (40-80 nM), and undefined high-molecular-weight
complexes at higher HP1021 concentrations (160 nM).
HP10210x exhibited a 2- to 4-fold lower affinity towards
oriC2 than did the HP1021red protein (40 nM HP1021red
and 80-160 nM HP1021ox bound approximately the same
amount of oriC2). In addition, only one predominant type
of nucleoprotein complex was formed by HP10210x (type
I), which possibly represented the most stable or the least
redox-sensitive complex (Figure 2A). These results indi-
cated that HP1021 DNA-binding activity is affected by the
redox state of the cysteine residues.

To determine whether cysteine residues are involved in
the direct binding of the protein to DNA or are alter-
natively involved in the modulation of the protein struc-
ture, we produced and purified a recombinant, strep-tagged
HP1021ACys protein—a version of HP1021 in which all
cysteine residues were exchanged for alanine residues (Ma-
terials and Methods, Supplementary Figure S2). Accord-
ing to the EMSA results, HP1021ACys bound FAM-
oriC2 with an affinity similar to that of the HP1021red
protein irrespective of the presence or absence of TCEP
(Figure 2A). Thus, cysteine residues are not necessary
to establish direct contact with DNA. However, our re-
sults indicate that cysteine residues are specifically re-
quired to control the conformational changes of the pro-
tein, possibly via the formation of intramolecular cysteine
bridge(s) (Figure 1), which affects protein DNA-binding
activity.

To confirm our results, we used SPR, which allows mea-
suring HP1021-0riC2 interactions in real-time in a more
quantitative manner than does EMSA (Figure 2BC). The
SPR results indicated that HP1021red binds 0riC2 more ef-
ficiently (up to 150 RU at 200-250 nM) than does its oxi-
dized version (up to 80 RU at 150-250 nM). Thus, approx.
50% more HP1021red molecules than HP1021ox bound
to chip-immobilized oriC2. Moreover, HP1021red dissoci-
ated from oriC2 slower than did HP1021ox, which indi-
cates that the stability of the HP1021red-oriC2 complex is
greater than that of the HP10210x-0riC2 complex. Mutated
HP1021 ACys bound oriC2 and dissociated from DNA, ir-
respective of the redox state. Therefore, the SPR analysis re-
sults agree with the EMSA results, indicating that the redox
state of the HP1021 protein is important for its interactions
with DNA.

HP1021 binds divalent cations

Cysteine residues are not only redox-sensitive but also play
important roles in the coordination of divalent metal ions
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units.

(e.g. Zn**, Cu?*, Ni**, Co?*), which are important for
the structure and/or catalytic activity of a given protein
(50,51). We used isothermal titration calorimetric (ITC) as-
say to study the interactions between recombinant, purified
HP1021 and metal ions. We tested only Zn>*, Co>*, Ni**,
which are located in the stronger binding end of the Irving—
Williams series and are bound by the proteins with high
affinities (51). We did not test highly redox reactive metal
ions such as Cu*/Cu?* and Fe>* /Fe* due to their impact
on cysteine residues and required totally oxygen-free condi-
tions (52). The redox reactivity of Co?* and Ni** was con-
trolled by the presence of TCEP during titration. Impor-
tantly, it was shown that divalent metal ions do not interact
tightly with TCEP (53) with the exception of Co**, which
demonstrates a moderate affinity for TCEP and Tris-HCI
buffer as observed in ITC experiments. The comparison of
ITC thermograms of HP1021 titrated with Zn?>*, Co?* and
Ni’* (Figure 3) indicated that only Zn>* and Co®* interact

with HP1021 protein, while no Ni** binding was observed
(Figure 3, bottom panel - lower AH'T® changes indicates
weaker coordination of metal ion to protein molecules).
Binding isotherms plotted as a metal-to-protein molar ra-
tio show that Zn* interacts with stoichiometry 1:1, while
for Co®* this stoichiometry is slightly higher. Fitted disso-
ciation constants (red lines) for those ions are almost iden-
tical and are 4.7 x 107° and 4.0 x 10~® M, respectively.
However, it should be underlined that unspecific interac-
tion of Co?* with TCEP and Tris-HCI may somehow af-
fect obtained constant value. Co®* is isostructural to Zn>*
metal ion and is commonly used for studying Zn>*-binding
sites in proteins due to d-d transitions (in contrast to Zn>*)
observable in UV-Vis spectra which inform on ligand com-
position and geometry of metal-binding site (54). It is also
known that Co?* forms weaker complexes to Zn>* what is
here somehow confirmed by a significantly lower change of
AH'TC, This parameter does not change for Ni>*. To con-



2+

Nucleic Acids Research, 2021, Vol. 49, No. 12 6869

2+

Zn Ni

z‘ 0.0 0.0+ 0.0-W
©

Q

= 0.1 0.1 0.1

2

© 02- 02- 02

§

£ 034 0.3 0.3

0 50 100 150 200 250 O 50 100 150 200 250 O 50 100 150 200 250
Time [s] Time [s] Time [s]

= PRUCEUFUULLL L L Co)
o

E

S

=, 4 4

o

-

E: N .

00 05 10 15 20 00 05 10 15 20 25 00 05 10 15 20 25
Zn*'/protein Co”/protein Ni*/protein

Figure 3. ITC analysis of Zn2*, Co?" and Ni** binding to HP1021. The top panels show baseline-subtracted thermograms. The bottom panels represent
the binding isotherms. All measurements were obtained in buffer E (100 mM Tris—-HCI; pH 8.0; 300 mM NaCl and 5 mM desthiobiotin) at 25°C in the

presence of TCEP (1 mM (Zn?*, Ni?*) or 3 mM (Co?")).

clude, HP1021 binds Zn?* specifically with the highest affin-
ity, while Co?* and Ni** are bound either with lower affinity
or do not bind at all.

Next, to further analyze Zn>* binding by HP1021, we
used a Zincon competition assay ((42), Materials and Meth-
ods). Zincon is a metallochromic indicator that, upon metal
binding, shifts the optical absorption from 488 nm to ~620
nm. It competes with a protein for metal; therefore, it is ap-
plied to multiple studies of Zn?>* binding and dissociation
from proteins; (42) provides an example. We titrated par-
tially saturated Zincon with Zn?>* (Zn?>*—Zincon complex)
by the HP1021 TCEP-reduced and air-oxidized proteins.
We observed that absorption at 618 nm decreased systemat-
ically with increasing concentration of the HP1021red pro-
tein (Figure 4, yellow triangles, blue outline). This indicated
that the reduced HP1021 protein bound Zn?*, which con-
firmed our ITC results. Under similar conditions, the air-
oxidized HP1021 protein also competed with Zincon for
Zn>* but with much lower efficiency (Figure 4, yellow tri-
angles, red outline). As expected, HP1021 ACys did not ef-
ficiently compete with Zincon for Zn>* (gray triangles, red
and blue outlines). Altogether, the Zincon assay proved that
HP1021 binds Zn>* in a cysteine-dependent manner and
that HP1021-Zn?" interactions are related to the redox state
of HP1021.

Divalent cations modulate HP1021 DNA-binding activity

Next, we sought to determine whether Zn>* binding af-
fects HP1021-DNA interactions. We incubated HP1021red
and HP1021ox with oriC2 in the presence and absence
of Zn?* and analyzed the nucleoprotein complexes with
the EMSA. We observed that Zn>* reduced the affinity of

HP1021red for oriC2; only the complex I was still stable in
the presence of Zn>* (Figure 5A). The partial stability of
the complex I resulted from the presence of EDTA in the
TBE running buffer because when EDTA, a metal chelat-
ing agent, was eliminated from the TBE running buffer,
the stability of this complex was further diminished by
Zn** (Supplementary Figure S3; please note that resolu-
tion of the gels run in TB buffer (without EDTA) was lower
than that of gels run in TBE buffer; thus we present re-
sults of the TB gels as complementary to standard gels re-
solved in TBE buffer). Consequently, upon the chelation
of Zn?>* by EDTA during DNA binding reaction (20 min
at 37°C), the affinity of HP1021red for oriC2 was fully
restored (Figure 5A). Zn>* also destabilized HP1021ox —
oriC2 interactions. The weak effect of enhancing the inter-
action of HP1021ox (and HP1021ACys, see below) with
oriC2 along with the increase in ZnSOy4 concentration was
probably caused by the interaction of Zn>* ions with amino
acid residues other than cysteine residues (55) or interac-
tions of SO4> ions with HP1021. As previously observed,
the affinity of HP1021ox for DNA was lower; thus, the
7Zn** effect was more pronounced for HP1021red than for
HP1021ox. The EMSA results were also verified by the
SPR analysis. Consistently, the presence of Zn>* reduced
the affinity of HP1021red for oriC2 in a Zn** concentration-
dependent manner (Figure 5B). We also observed that
the addition of Zn>* inhibited HP10210x-0riC2 interac-
tions, but as observed with the EMSA, this effect was less
pronounced than for HP1021red-oriC2 interactions. Using
HP1021ACys (Figure 6AB), we observed only a marginal
reduction in HP1021ACys binding to 0riC2 in the presence
of Zn?*, confirming the important role of cysteine residues
in the efficient binding of Zn>* (Figure 4) and the role of
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Zn** binding in HP1021 on HP1021 interactions with DNA
(Figures 5 and 6).

ITC analysis indicated that metal ions other than Zn>*
may also interact with HP1021; therefore, we used EMSA
to test if Ni?*, Co** and Cu?' can also destabilize
HP1021-0riC2 complexes. The HP1021-0riC2 complexes
were formed in the presence or absence of metal ions and
then resolved in polyacrylamide gels in 0.5 x TBE or 0.5 x
TB buffers. Cu®*, which usually tightly binds to metallopro-
teins, had only a marginal influence on the complexes’ sta-
bility (Supplementary Figure S4A, B). Ni** and Co?* par-
tially destabilized the complexes (Co®>* > Ni?*), but none
of them fully destabilized the complexes as Zn>" did (Sup-
plementary Figure S4AB, 0.5 x TB buffer, 6.25 uM Zn>*,
Ni?* and Co”"). None of the metal ions oxidized HP1021
under test conditions (in the presence of 5 mM TCEP, Sup-
plementary Figure S4C); thus, destabilization of HP1021-
oriC2 complexes was possibly driven by structural changes
in HP1021 resulting from metal binding.

Altogether, our EMSA, ITC and Zincon results indicated
that HP1021 binds divalent transition metal ions with Zn>*
being bound with the highest affinity. Accordingly, Zn>* ex-
hibits the highest potential to affect HP1021red-oriC2 inter-
actions.

Redox states of native HP1021 in H. pylori cells

To test the redox state of HP1021 directly in H. pylori cells
and its putative change upon exposure to aerobic stress, we
labelled H. pylori proteins by AMS (Materials and Meth-
ods and (47)). Briefly, H. pylori was grown under stan-
dard microaerobic conditions to the logarithmic phase of
growth, then moved to aerobic conditions for the indicated
period and transferred back to microaerobic conditions (see
Materials and Methods for details). To establish a con-

trol for the completely reduced HP1021, we used H. py-
lori cells grown under microaerobic conditions and treated
them with DTT before AMS labelling. At the indicated
time points (Figure 7 and Supplementary Figure S5), sam-
ples of the H. pylori culture were precipitated with TCA,
and total precipitated H. pylori proteins were labelled by
AMS. H. pylori proteins were separated by non-reducing
SDS-PAGE, and HP1021 was detected by anti-HP1021 an-
tibodies as previously described (28). In the H. pylori N6
and 26695 cells grown under microaerobic conditions, the
HP1021 cells and DTT-treated controls migrated similarly
(Figure 7 and Supplementary Figure S5). Thus, under mi-
croaerobic conditions, HP1021 in the H. pylori cells was al-
most exclusively reduced. The HP1021 protein detected in
the H. pylori cells moved to aerobic culture conditions mi-
grated faster than that from the cells grown microaerobi-
cally. This finding indicated that HP1021 was not labelled or
less efficiently labelled by AMS than was the HP1021 pro-
tein detected in the cells grown microaerobically. We con-
clude that HP1021 had become oxidized at cysteine residues
when moved from the 5% to 21% O, atmosphere. We did not
observe any HP1021 dimers, indicating that no intermolec-
ular cysteine bridges were formed (Supplementary Figure
S5); thus, cysteine residue oxidation in HP1021 in vivo pos-
sibly leads to intramolecular bridge formation. The oxi-
dation occurred within the initial 5 min of incubation at
21% O,, and the protein stayed in the oxidized form for
the entire period it was exposed to air. In cells reverted to
microaerobic culture conditions, the reduced state of the
HP1021 protein was partially restored. Thus, we concluded
that the cysteine residues of HP1021 are sensitive to oxi-
dation in H. pylori cells. HP1021 becomes oxidized upon
exposure to oxygen stress, while the reduced form is re-
stored after the cells are re-exposed to microaerobic culture
conditions.
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HP1021 controls the transcription of specific genes in an
oxygen-dependent manner

Previous studies showed that the phenotype of the HP1021
deletion mutant depended on the parental H. pylori strain
used for mutagenesis (26,27). Results of microarray analy-
sis, that was performed by Pflock and co-workers to deter-
mine the H. pylori gene transcription in the 26695 wild-type
(WT) strain and compare it with that of the isogenic H. py-
lori 26695/HP1021::km mutant, revealed that HP1021 ac-
tivates the transcription of 51 genes while repressing the ex-
pression of 28 genes (27). However, the signalling that con-
trols HP1021 activity was not identified. Our analyses indi-
cate that HP1021 may respond to oxidative stress. Thus, to
better characterize the HP1021 response to oxidative stress
in the cultured H. pylori cells, using two parental strains,
N6 and 26695, we constructed H. pylori strains lacking
HP1021 (AHP1021) and HP1021-complemented strains
(COM) (Supplementary Figure S11B, C). In addition, we
constructed two other types of strains: (i) COM ACys strain
in which AHP1021 strains were complemented by the mu-
tated HP1021 gene encoding a cysteine-less protein vari-

ant, and (ii) ACys strain in which the mutated gene encod-
ing a cysteine-less protein variant replaced HP1021 in the
WT strain (Supplementary Materials and Methods, Sup-
plementary Figures S2 and S11ED). We took care to mini-
mize the number of passages between the mutagenesis steps
to reduce the incidence of possible suppressor mutations.
The expression of HP1021 in the mutated strains was an-
alyzed by Western blotting. No HP1021 was observed in
AHP1021 strains, while in COM, COM ACys and ACys
strains the expression of HP1021 was comparable to that in
the wild-type strain (Supplementary Figure S6). We com-
pared the growth of the mutant strains with H. pylori wild-
type strains in liquid culture under microaerobic conditions.
The growth of the AHP1021 strains was retarded compared
to the growth of the wild-type strains, as observed previ-
ously (26-28). Generation times (G) of the N6 AHP1021
and 26695 AHP1021 mutants were 269 £ 15 min and 305
=+ 22 min, respectively, while the G of the WT strains were
171 &+ 7 min (N6) and 152 £+ 10 min (26695) (Supple-
mentary Figure STAB). The COM, COM ACys and ACys
strains grew similarly to the cognate WT strains, which in-
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dicates that wild-type or cysteine-less mutant HP1021 com- ide (organic hydroperoxide), paraquat dichloride (generat-

plemented growth defects of AHP1021 strains. ing O,°*’), and sodium hypochlorite (a source of hypochlor-

To test whether HP1021 helps H. pylori respond to ox- ous acid). In each strain and oxidizer, the sensitivity of WT
idative stress, we applied a disc diffusion assay (Materials and COM strains were comparable; thus, HP1021 comple-
and Methods). We tested H. pylori growth in the presence mented the AHP1021 strain (Figure 8). Mutant AHP1021,
of five different oxidizers: diamide (inducing general disul- COM ACys and ACys of both strains were more sensi-

fide stress), H, O, (inorganic peroxide), cumene hydroperox- tive to diamide than were the cognate wild-type and COM
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strains. It indicated that HP1021, via cysteine-dependent re-
sponse, is important to overcome the stress that disturbs
the cellular thiol-disulfide redox balance and may trigger
a global transcriptomic response (56,57). 26695 AHP1021,
COM ACys and ACys strains and N6 AHP1021 and COM
ACys were more sensitive to H,O, than the WT and COM
strains. When sensitivity to paraquat was analyzed, H. py-
lori AHP1021 and COM ACys were more sensitive than
WT and COM strains. The sensitivity of HP1021 mutant
strains to cumene hydroperoxide or sodium hypochlorite
was similar to that of the WT and COM strains; therefore,
HP1021 is possibly not involved in sensing hypochlorous
acid and organic hydroperoxides (Figure 8). Thus, we con-
clude that HP1021 responds to reactive oxygen species: O,*
and HzOz.

0,°*" (which undergoes dismutation to H,O,) and H,O,
are oxidants which, unless decomposed by a catalase, may
eventually be transformed into highly toxic hydroxyl radi-
cal (30). Thus, catalase plays an important role in O,°* and
H,O0, detoxification. Pflock and co-workers had shown that
both kat A transcription and catalase synthesis were reduced
in the 26695/HP1021::km strain in comparison to the wild-
type strain (27). Thus, we tested catalase activity in HP1021

mutant strains. Catalase activity was detected in N6 and
26695 WT strains (Supplementary Figure S8). In AHP1021
strains catalase activity was reduced (N6AHP1021) or not
detectable (26695AHP1021), while it was restored in COM
strains. In COM ACys and ACys strains catalase activity
was observed, albeit slightly reduced compared to the wild-
type strains. Our results corresponded with the results of
the disc diffusion assay, further supporting our hypothesis
that HP1021 is important for H. pylori response to reactive
oxygen species, in particular O,*" and H,O,.

Next, using RT-qPCR, we analyzed the transcription
of three genes that Pflock and co-workers had shown to
be significantly repressed (gluP, fecA3) or activated (katA)
by HP1021 in H. pylori 26695. We tested the transcrip-
tion of these genes in the N6-series strains: WT, AHP1021,
COM, COM ACys and ACys under microaerobic and aer-
obic growth conditions (Figure 9 and Supplementary Ta-
ble S3). In the AHP1021 strain under microaerobic condi-
tions, the transcription of gluP and fecA3 was upregulated
(fold change (FC) of 6.0 £ 2.8 and 23.0 £ 3.4, respectively),
while the transcription of katA4 in the N6 AHP1021 strain
was downregulated (FC of 0.3 £ 0.1) compared to that of
the N6 WT strain. Thus, the RT-qPCR results confirmed
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the previous microarray analysis results and indicated that
HP1021 controls gluP, fecA3 and kat A transcription. Next,
we analyzed the effect of oxidative stress on the transcrip-
tion of these genes. In the WT strain, the transcription of
gluP, fecA3 was upregulated compared to their expression in
the non-stressed cells (FC of 3.6 - 0.4, 2.0 £ 0.4). The tran-
scription of katA did not significantly change (FC of 0.9 +
0.1) upon oxidative stress. However, catalase constitutes ap-
proximately 4% of the total cell protein (58), which suggests
that the katA gene is continuously transcribed, and cata-
lase is synthesized in amounts sufficient to ensure enough
enzyme is always available to allow the cell to respond to
oxidative stress. The transcription of gluP, fecA3 and katA
did not change upon oxidative stress in the AHP1021 strain
compared to the levels under microaerobic conditions. It
suggests that HP1021 controls the expression of gluP and
fecA3 in response to oxidative stress. The transcription of
katA, being dependent on HP1021, is not dependent on ox-
idative stress (see the Discussion section). Analysis of gluP,
fecA3, and katA transcription in the complemented COM
strain showed that the levels and the stimulation/inhibition
pattern of their transcription under microaerobic and aer-
obe conditions were similar to the levels observed in the
wild-type strain. Contrary to the wild-type HP1021 protein
in the COM strain, the cysteine-less HP1021 protein could
not control the transcription of the analyzed genes in COM
ACys and ACys strains, both under microaerobic condi-
tions or in response to oxidative stress. The different expres-
sion of the analyzed genes in both strains, COM ACys and
ACys, producing the cysteine-less HP1021 protein variant
might be caused by unknown suppressor mutations induced
in the AHP1021 strain due to severe homeostasis imbalance
in the cells lacking the HP1021 protein. Nonetheless, in the
COM strain, the homeostasis was restored by the presence
of the wild-type HP1021 protein (i.e., growth, catalase ac-
tivity and the expression of fecA4, gluP and katA genes were

similar to the WT strain). Thus, the lack of proper gene ex-
pression control in COM ACys and ACys strains is due to
the improper activity of cysteine-less HP1021.

Our results indicated that HP1021 controls the transcrip-
tion of gluP and fec3, but no direct interactions between
the putative promoter regions of these genes and HP1021
have been shown thus far. Interactions of the HP1021 pro-
tein with a few promoter regions (hyuAd and katA) were re-
ported before (27,28). We determined that sequences similar
to the consensus sequence of HP1021 box (5-KGTWDCD-
3’, Materials and Methods) were found in each of these
putative promoter regions (up to 275 bp upstream or up
99 bp downstream of the translation start site, Figure 10).
Thus, we applied EMSA to analyze the binding of HP1021
to fecA3, gluP, hyuA and katA promoter regions. As ad-
ditional controls of the specificity and affinity of interac-
tions, we used oriC2 and a fragment of the HP0180 gene, i.e.
DNA fragments representing specific and high-affinity and
unspecific and low-affinity interactions, respectively (Sup-
plementary Figure S9; HP0180, which contains no HP1021
boxes, was also used in SPR as a control of the anal-
ysis (Materials and Methods)). We observed that all of
the regions but HPO180 were bound by HP1021 (Figure
10). The TCEP-reduced protein bound the promoter re-
gions of hyuA, katA and gluP more readily than the air-
oxidized protein, while Zn>* destabilized HP1021-DNA
complexes (Supplementary Figure S10; HP1021-fecA3 in-
teractions were not analyzed). Thus, we confirmed that
the redox state and Zn>* affects HP1021 interactions with
DNA similarly as observed in HP1021-0riC2 interactions.

In summary, we have shown that HP1021 controls the
transcription of the gluP, fecA3 and katA genes; the con-
trol of fecA3 and gluP is redox-dependent. HP1021 likely
controls the katA transcription in a way independent of the
oxidative stress. Further studies are needed to determine the
entire regulon of HP1021.
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DISCUSSION

H. pylori, living in the human stomach, is exposed to ox-
idative stress generated by host cells or microbiotic bacte-
ria (59,60). Moreover, it is proposed that H. pylori actively
shapes the redox state of its niche. For example, nitrosative
stress is highly toxic to H. pylori; therefore, the bacterium
reduces NOS2 expression and, consequently, NO produc-
tion in the host to enhance its own survival ((39) and refer-
ences therein). In parallel, H. pylori elevates the production
of H,O; or O,, to which it is more adapted. This H,O, or O,
overproduction leads to ROS-induced mutations in DNA,
which increase H. pylori genetic variation and adaptability
to human hosts, especially during the acute infection phase
(39,61,62). It has been recently shown that H. pylori senses
and migrates towards HCIO-rich niches, which are charac-
teristic of inflamed tissues — an efficient source of nutrients,
especially iron (63). Therefore, taking into account the con-
stant exposure of H. pylori to ROS, it is surprising that the
overall repertoire of H. pylori proteins to combat oxidative
stress is relatively underdeveloped (3,37). One of the H. py-
lori defence system’s striking features is the apparent lack of
identified redox-switch transcriptional regulators.

However, we propose that the H. pylori HP1021 orphan
response regulator is, in fact, the redox switch regulator that
controls the H. pylori response to oxidative stress.

HP1021 as a redox switch

H. pyloriHP1021 is characterized by the classical features of
a redox switch. HP1021 possesses cysteine residues that are
oxidized upon exposure to atmospheric oxygen and diamide
(Figures 1, 7 and Supplementary Figure S5). Cysteine oxi-
dation suppresses HP1021 affinity for DNA (Figure 2 and
S10A). The presence and redox state of the cysteine residues
are also important for metal binding by HP1021, which

eventually also affects HP1021 interactions with DNA (Fig-
ures 3-6, Supplementary Figures S3, S4 and S10C). How-
ever, the molecular mechanism of HP1021 redox control is
still unknown, especially because the (i) reactive cysteine
residues have not been defined, (ii) metals bound by HP1021
in vivo have not been identified and (iii) reactivation mech-
anism of HP1021 remains unknown.

Invitro, oxidized cysteine residues likely form intramolec-
ular disulfide bridges that change the HP1021 protein struc-
ture and lower its affinity to DNA. No inter-subunit cys-
teine bridges were observed in vivo, while only a frac-
tion of air- or diamide-oxidized HP1021 formed dimers in
vitro. The cysteine residues and their oxidation states are
both critical for Zn?>* binding. However, it is not known
which cysteine residues are involved in the redox control of
HP1021. Usually, in redox switches, only two (2-Cys-type
regulators) and, in some cases, only one (1-Cys-type reg-
ulators) of the cysteine residues in a particular molecule
are critical for redox sensing (32). For example, of the six
cysteine residues in the E. coli OxyR redox switch, C199
and C208 are important for OxyR activity control (64);
upon oxidation, they form an intramolecular disulfide bond
that remodels the protein and changes its DNA-binding ac-
tivity and interaction with RNA polymerase (RNAP). In
Deinococcus radiodurans OxyR, only C210 is modified to a
sulfenic acid, which changes OxyR activity (65). In HP1021,
there are six cysteine residues at conserved positions in the
amino acid sequence of the regulator in different H. pylori
strains (Figure 1 and Supplementary Figure S1). However,
only one cysteine residue (C27) is conserved in HP1021 ho-
mologs in several species of Campylobacterales (29). This
finding suggests that C27 might be involved in the redox
control of not only HP1021 but also its homologs in other
closely related species, while the involvement of other cys-
teine residues is more species-specific. Moreover, the local-
ization of cysteine residues in HP1021 is bimodal (C27,
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C51 and C56 in the N-terminal domain and C216, C238,
and C270 in the C-terminal domain), which suggests that
the cysteine residues of each domain may be subjected to
redox modification and might be important for HP1021 ac-
tivity. It is tempting to hypothesize that each of the two pu-
tative domains, the N-terminal regulatory and C-terminal
DNA-binding domains, are redox controlled and eventu-
ally cross-talk to control the expression of H. pylori genes
in response to oxidative stress.

We demonstrated that HP1021 is capable of binding Zn>*
(Figures 3 and 4). During our study, we found that Zn>*
binding to HP1021 is cysteine- and redox-dependent and
consequently affects protein binding to DNA (Figures 5,
6 and Supplementary Figure SI0AB). Figure 4 shows that
both reduced and oxidized HP1021 wild-type variants bind
Zn>*; however, the coordination is significantly more effi-
cient in the case of the first variant, indicating the forma-
tion of Zn>*-protein complex with stoichiometry 1:1. This
means that oxidation of the protein (for example, in one do-
main or specific cysteine residues) decreases affinity for this
metal ion, for example, in an allosteric mechanism. An esti-
mation of the dissociation constants based on known Zn?>*-
to-Zincon binding affinity shows that the stability of the
Zn**-protein complex drops by at least one order of magni-
tude, as demonstrated by the K4 value increase from ~10~°—
1078 t0 1078-10~7 M for the reduced and oxidized forms, re-
spectively. Moreover, the elimination of all cysteine residues
from HP1021 caused total metal ion binding disruption re-
gardless of whether the protein had been incubated with
TCEP or not. This finding clearly shows that the strength
of metal binding greatly depends on the redox status of cys-
teine residues. Currently, we know neither the exact mecha-
nism of HP1021 oxidation nor the number of oxidized cys-
teine residues in the protein. Although Zn>* is one of the
candidates that bind to HP1021 in a redox-dependent man-
ner, as demonstrated in the cases of other redox switches
(32,66), it is not clear whether Zn>* is the native metal ion
for H. pylori. However, its impact on protein function and
obtained affinity constant strongly suggest that it may func-
tion as a regulatory metal ion shown in the past for many
other Zn>* and DNA-binding proteins in all domains of life
(67). In addition to Zn>*, Fe** or Fe-S clusters are often
found in redox switches, while Mn?* and Cu™/?" are less
commonly found (32-35). We have shown that, although
less evident than Zn%", Co*" and Ni?* binds to HP1021
(Figure 3), which destabilizes HP1021-DNA complexes to
some extent (Supplementary Figure S4). Therefore, to de-
termine the critical metal ion, additional more accurate
metal-oriented investigations are required in the future.

Recombinant HP1021 is reversibly oxidized, i.e., oxida-
tion of HP1021 by atmospheric O, can be reversed by treat-
ing HP1021 with the reducing agents DTT or TCEP. In the
H. pylori cells incubated in 21% O, for 60 min and then
switched back to microaerobic conditions, only a partially
reduced form of HP1021 was detected. This finding indi-
cates that the cells recovered from oxidative stress; however,
it does not allow us to determine the reactivation mecha-
nism of HP1021. In principle, redox sensors can be reacti-
vated by other redox-active proteins, usually thioredoxin or
glutaredoxin systems, while the redox sensors that are ir-
reversibly oxidized can be degraded by cellular proteases
(e.g. B. subtilis PerR oxidized at histidine residues is de-

graded by LonA) (32,68). The HP1021 protein that is re-
versibly modified may be reactivated by the thioredoxin sys-
tem (there is no glutaredoxin system in H. pylori). Irre-
versibly oxidized HP1021 may be subjected to proteolysis,
and the resulting reduction in HP1021 would stimulate de
novo synthesis.

Redox-dependent transcriptional control

HP1021

At the time when a comparative analysis of genes expressed
in the 26695 wild-type and HP1021 knockout strains was
conducted by Pflock and co-workers (27), the putative stim-
ulus that mediates HP1021 activity was unknown. Thus,
the results apparently depict transcriptional changes at a
certain oxidative status. In this work, we analyzed that the
N6 and 26695 AHP1021 and COM ACys mutants were
more sensitive to oxidative agents such as diamide, H,O, or
paraquat than the WT strain; in addition, the 26695 ACys
mutant strain was more sensitive to diamide and H,O,
while the N6 ACys strain to diamide than the cognate WT
strains (Figure 8). The cysteine residues of HP1021 pro-
tein were oxidized in H. pylori cells under oxidative stress
(Figure 7), which is typical for redox sensors. Thus, we pro-
posed that HP1021 responds to oxidative stress. Indeed, we
demonstrated that the transcription of selected genes (gluP
and fecA3), which have been previously identified as genes
belonging to the HP1021 regulon (27), was induced upon
oxidative stress in the WT and COM strains but not in
the AHP1021, COM ACys and ACys strains. Thus, these
genes are controlled by HP1021 in a redox-dependent man-
ner. HP1021 controlled katA but in a redox-independent
manner, even though HP1021 per se binds katA promoter
in a redox-dependent manner (Supplementary Figure S10).
However, it has been already reported that karA expression
is relatively high and constant irrespective of redox condi-
tions (58,69,70). It suggests that H. pylori, living in an envi-
ronment of near-constant oxidative stress, produces an ex-
cess of catalase to be ready for an immediate detoxifying
response either using catalase as an H,O, decomposing en-
zyme or a protector protein quenching harmful oxidants via
methionine sulfoxide formation (71,72). Moreover, it was
shown that katA expression and/or catalase activity are de-
pendent on Fur and/or iron availability (73,74). Thus, cata-
lase expression regulation is probably complex, and addi-
tional studies are necessary to reveal the regulatory circuits
in details.

Further studies are also required to determine the en-
tire redox controlled HP1021 regulon precisely. However,
although relatively limited, our transcription analysis has
already indicated additional putative H. pylori response
mechanisms to oxidative stress that involve the regulation of
genes encoding membrane transporters GluP and FecA3.
The glucose/galactose transporter GluP has been shown
to transport sugars through a Na*-dependent mechanism
(75-79). Although glucose metabolism is still not fully rec-
ognized in H. pylori, it has been proposed that both the
glucose uptake and usage pathways depend on growth cul-
ture conditions (e.g. CO,/O; tensions but also glucose avail-
ability) (80-83). Interestingly, the GluP transporter has also
been shown to act as an efflux pump critical for cell resis-
tance to drugs (amoxicillin and tetracycline) and biofilm

mediated by



formation (84). The transcription of gluP depends on a
stringent response, and it was proposed that sigma 54-
dependent control may be involved (84); however, gluP tran-
scription has also been shown to be upregulated upon acid
stress (85). It has been previously shown that a stringent
response is required for H. pylori survival during aerobio-
sis (86). The transcription of g/uP is upregulated upon ox-
idative stress ((83) and Figure 9), and it is constantly up-
regulated in the HP1021 deletion mutant, regardless of the
oxygen level ((27) and Figure 9). This finding suggests that
HP1021 either increases glucose uptake to adjust the H. py-
lori metabolism to oxidative stress conditions or activates
the efflux of toxic compounds produced during oxidative
stress. It should be noted that some other metabolic genes
were differentially regulated in the HP1021 deletion mutant
(27). Many metabolic genes are also activated upon aerobio-
sis (83). Therefore, further studies are required to determine
whether HP1021 controls metabolic or toxic compound ef-
flux systems in H. pylori and the mechanisms involved.
FecA3 is a putative outer membrane Ni’* transport pro-
tein (87). fecA3 transcription is repressed by a pleiotropic
NikR regulator in the presence of Ni** (holo-NikR) as
a part of a multistep, hierarchical NikR-dependent tran-
scriptional response that allows H. pylori to control nickel
homeostasis (10). However, holo-NikR also directly con-
trols iron homeostasis by downregulating the expression of
genes encoding iron uptake proteins (fipb2/frb3/frpb4 and
exbB-exbD-tonB) or the ferric uptake regulator Fur (fur)
(10,11,41); via Fur, holo-NikR also controls iron storage or
the activity of iron-dependent enzymes (10,11,41,88). The
maintenance of nickel and iron homeostasis is very impor-
tant since the ions of both are crucial for the activities of
the few H. pylori enzymes (e.g. urease and hydrogenase),
while their excess may lead to cell damage, especially un-
der oxidative stress (6). Our results show that fecA43 is up-
regulated upon oxidative stress (2-fold), and the transcrip-
tion is further increased in the AHP1021 mutant strain (ap-
proximately 20-fold, irrespectively of the oxidative stress).
Since holo-NikR downregulates the expression of genes en-
coding iron transporters and Fur, it is reasonable to pro-
pose that, upon oxidative stress, increased expression of
fecA3 ultimately increases nickel uptake by H. pylori cells.
An increased Ni** concentration activates NikR to influ-
ence iron homeostasis by decreasing the expression of genes
encoding proteins associated with iron uptake and facilitat-
ing the Fur-induced increase in the expression of genes en-
coding iron storage proteins (Pfr) or Fe-dependent enzymes
(e.g. SodB or HydA), previously observed to be induced
during oxidative stress (88). The role of HP1021 might be
to limit excessive nickel uptake during oxidative stress.
Interestingly, HP1021 possibly represents a type of reg-
ulator that not only regulates gene expression but also co-
ordinates the bacterial cell cycle with the physiological state
of the cell by controlling the initiation of chromosome repli-
cation. The HP1021 regulator activity resembles that of the
Mpycobacterium tuberculosis MtrA protein (response regula-
tor of the essential MtrAB two-component system) (89,90).
It was proposed that MtrA interactions with key factors
of chromosome replication (the promoter region of dnaA4
and oriC) regulate M. tuberculosis cell cycle progression
and contributes to M. tuberculosis survival in macrophages.
Thus, further comprehensive studies on the HP1021 regu-
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lator may help to characterize dual role regulators, such as
MtrA, which are pivotal for bacterial survival under differ-
ent, not always optimal, growth conditions.

In conclusion, we propose that HP1021 is a novel redox-
sensor regulator that enhances H. pylori in combatting ox-
idative stress. Further research should help to determine the
exact molecular mechanism of redox-dependent HP1021
activity regulation and the HP1021 regulon. In a more gen-
eral context, characterization of the HP1021 regulon will
help to determine the oxidative stress modulon that has not
been characterized at a satisfactory level.
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