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Research Summary 

Helicobacter pylori, Campylobacter jejuni and Arcobacter butzleri, are gram-negative, 

microaerophilic human gastrointestinal pathogens of the Campylobacteria class. H. pylori is 

the leading cause of peptic ulcer disease, gastric lymphoma, and gastric adenocarcinoma. 

C. jejuni is the leading cause of bacterial gastroenteritis disease, while A. butzleri is an emerging 

enteric pathogen associated with gastroenteritis, diarrhoea and bacteremia, with increasing 

incidence worldwide. These species face different stress conditions during infection and 

transmission, including changing oxygen levels, pH, temperature and reactive oxygen species. 

Thus, they need to adjust their metabolism and respiration to the changing environment of the 

colonisation sites.  

HP1021, Cj1608, and Abu0127 are homologous proteins of H. pylori, C. jejuni, and 

A. butzleri, respectively. They belong to the orphan, atypical response regulators of signal 

transduction systems; however, their regulatory function has not been well established except 

for HP1021, which was previously partially characterized and defined as a redox switch. 

This research used a comprehensive set of omic techniques (RNA-seq, ChIP-seq, and 

LC-MS/MS) and phenotypic analyses to determine HP1021, Cj1608, and Abu0127 regulons.  

The study indicated that each investigated regulator controls the transcription of more 

than 30% of genes in each species. The regulatory proteins control genes of many clusters of 

orthologue groups (COGs) under microaerobic conditions and upon oxidative stress, indicating 

a pleiotropic character of the regulators. The regulators control the transcription of genes 

involved in similar processes in all species and species-specific processes.  

We have shown that the most impacted COGs in all three species are associated with 

metabolic and energy conservation processes, particularly the tricarboxylic acid cycle and the 

electron transport chain. Using phenotypic analyses, we confirmed that energy conversion 

processes in HP1021/Cj1608/Abu0127 deletion mutants are disturbed. Moreover, our 

combined data indicated that genes controlled by Cj1608 and Abu0127 responded to oxygen 

levels to optimize the energy conversion processes. Thus, we named these response regulators 

Campylobacteria energy and metabolism regulators – CemR. 

In conclusion, this research highlights the crucial role of CemR in the Campylobacteria 

species, showing a tremendous impact on cell physiology. 
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Research summary (in Polish) 

Helicobacter pylori, Campylobacter jejuni i Arcobacter butzleri to Gram-ujemne, 

mikroaerofilne bakterie chorobotwórcze przewodu pokarmowego człowieka, należące do klasy 

Campylobacteria. H. pylori jest istotnym czynnikiem ryzyka rozwoju choroby wrzodowej 

żołądka i gruczolakoraka żołądka. C. jejuni jest główną przyczyną chorób biegunkowych  

o podłożu bakteryjnym, podczas gdy A. butzleri jest bakterią chorobotwórczą, która jest coraz 

częściej rozpoznawana jako przyczyna m.in. biegunek i bakteremii na świecie. Gatunki te 

podczas infekcji i transmisji narażone są na różne warunki stresowe, w tym zmieniający się 

poziom tlenu, pH, temperatury i reaktywne formy tlenu. Dlatego muszą dostosować swój 

metabolizm i oddychanie do zmieniającego się środowiska kolonizacji. 

HP1021, Cj1608 i Abu0127 są homologicznymi białkami, odpowiednio H. pylori, 

C. jejuni i A. butzleri. Należą do grupy sierocych, atypowych regulatorów odpowiedzi, 

jednakże ich funkcja regulacyjna nie została dobrze scharakteryzowana z wyjątkiem białka 

HP1021, którego regulon wcześniej częściowo zidentyfikowano, a białko przypisano do grupy 

regulatorów typu przełączniki redoks. 

W ramach pracy doktorskiej przeprowadzono badania zmierzające do identyfikacji 

i charakterystyki regulonów HP1021, Cj1608 i Abu0127. Wykorzystano techniki omiczne 

(RNA-seq, ChIP-seq i LC-MS/MS), a niektóre uzyskane wyniki potwierdzono 

przeprowadzając odpowiednie eksperymenty fenotypowe.  

Badania wykazały, że wszystkie badane regulatory biorą udział w kontrolowaniu 

transkrypcji ponad 30% genów każdego z badanych gatunków. Regulatory biorą udział  

w kontroli transkrypcji genów należących do wielu grup ortologicznych (COG, ang. Clusters 

of Orthologous Groups), co wskazuje na ich działanie plejotropowe. Kontrolują zarówno geny 

należące do podobnych grup funkcjonalnych we wszystkich gatunkach, jak również są 

odpowiedzialne za regulację procesów bardziej specyficznych dla gatunku. 

Wykazaliśmy, że najbardziej zmienione grupy COG u wszystkich trzech gatunków są 

związane z metabolizmem i procesami przetwarzania energii. Potwierdziliśmy, że procesy 

konwersji energii w zmutowanych szczepach delecyjnych HP1021/Cj1608/Abu0127 są 

zaburzone. Co więcej, uzyskane dane wskazują na to, że transkrypcja genów kontrolowanych 

przez Cj1608 i Abu0127 jest zależna od poziomu tlenu, a regulatory uczestniczą  

w dostosowaniu poziomu energetycznego komórek do warunków tlenowych. Z tego względu 

badane białka zostały nazwane CemR (ang. Campylobacteria energy and metabolism 

regulators – CemR). 

Podsumowując, badania podkreślają kluczową rolę regulatorów CemR dla przebiegu 

procesów fizjologicznych, w tym adaptacji do warunków środowiska, wybranych gatunków 

Campylobacteria.   

11



  

12



1. Research objectives and thesis guide 
 

The Campylobacteria class, formerly the Epsilonproteobacteria class of Proteobacteria 

(Oren and Garrity 2021), includes bacterial species from diverse ecological niches. The  

eco-types vary between three main groups: hydrothermal vent specialists, free-living generalists 

and host-associated bacteria (Mo et al. 2022). The latter group comprises pathogenic bacterial 

species posing a severe or lethal threat to humans: Helicobacter pylori, a major risk factor in 

gastric ulcers and gastric cancer disease (Malfertheiner et al. 2023) and Campylobacter jejuni 

and an emerging pathogen Arcobacter butzleri, both causing gastroenteritis (Ruiz de Alegría 

Puig et al. 2023). C. jejuni has also been associated with autoimmune neurological diseases like 

Guillian-Barré and Miller–Fisher syndromes (Burnham and Hendrixson 2018). Despite being 

related, these species differ in lifestyles. H. pylori inhabits only one niche, the human stomach, 

where microaerobic conditions dominate. C. jejuni is an animal commensal and a human 

gastrointestinal tract pathogen that can survive in a non-host environment (Burnham and 

Hendrixson 2018). A. butzleri can live in multiple ecological niches, including sewage, food 

products and animals. (Chieffi, Fanelli, and Fusco 2020). A. butzleri grows under anaerobic, 

microaerobic and aerobic conditions (Miller et al. 2007). Despite intensive research, many 

regulatory proteins and signal transduction pathways are poorly characterised in these 

pathogens.  

HP1021-like regulators belong to a class of atypical orphan response regulators,  

i.e., response regulators which are not regulated by phosphorylation (Schär, Sickmann, and 

Beier 2005). Our previous work showed that HP1021 is the long-sought redox switch protein 

in H. pylori (Szczepanowski et al. 2021). HP1021 homologs are shared and unique among 

species of the class Campylobacteria. However, an HP1021-like regulon has been partially 

deciphered only in H. pylori (HP1021, (Pflock et al. 2007)). In contrast, the regulons in other 

pathogenic species, such as C. jejuni (Cj1608 regulator) and A. butzleri (Abu0127 regulator), 

have not been determined. Since different lifestyles characterise these three bacterial species, 

each regulator's regulons may vary quantitatively and qualitatively.  

 

This doctoral research aimed at identifying and characterising the HP1021-like regulons of 

selected pathogenic Campylobacteria species, namely H. pylori, C. jejuni, and A. butzleri. 

Moreover, we aimed to determine the cellular functions controlled by these regulators, both 

13



common across species and species-specific, which could indicate how each species adapted to 

its niches. 

 

Detailed steps of research included: 

• generation of deletion and complementation mutants of the genes encoding studied 

regulators, 

• transcriptome, proteome and ChIP-seq analysis of wild-type and deletion mutant strains, 

• experimental confirmation of omic data of selected biological processes, 

• comprehensive data analysis and determination of the primary function of the studied 

orphan response regulators common across species. 

 

The doctoral thesis consists of: 

• two peer-reviewed published research papers presenting coherent results of H. pylori, 

C. jejuni and A. butzleri HP1021-like regulons,  

• unpublished research complementary to the published works presenting Cj1608 and 

Abu0127 ChIP-seq results, 

• research conclusions. 

 

The first research paper presented in this dissertation (Noszka et al. 2023) (Chapter 2.1) 

presents a comprehensive study of the H. pylori HP1021 regulon. The study focuses on 

HP1021's regulatory impact on the transcriptional and proteomic landscape of H. pylori cells 

under microaerobic and oxidative stress conditions. It revealed that HP1021 is a pleiotropic 

regulator, affecting approximately 30% of all genes and proteins, including carbon metabolism 

and citrate cycle processes. We proved that HP1021 regulates typical reactive oxygen species 

(ROS) response pathways (e.g., catalase, arginase) and less canonical processes, namely DNA 

uptake and glucose transport. 

The second research paper (Noszka et al. 2024) (Chapter 2.2) presents data extending our 

previous studies on HP1021 to two additional regulators, Cj1609 and Abu0127. Like HP1021, 

these two regulators have a pleiotropic effect on cell regulation, including translation, 

metabolism, ROS response mechanism, and energy conversation processes. The combined 

results allowed us to conclude the general role of HP1021-like regulators in energy 

conservation. Thus, they are named Campylobacteria energy and metabolism regulators 

(CemR). 

14



The complementary research presented in this thesis (Chapter 3) complements the  

ChIP-seq results define Cj1608 and Abu0127 chromosomal binding sites, which are not shown 

in the research paper (Noszka et al. 2024) (Chapter 2.2). The conclusions of the PhD work are 

presented at the end of this dissertation (Chapter 4). 
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2.1. Publication I 
 

Mateusz Noszka, Agnieszka Strzałka, Jakub Muraszko, Rafał Kolenda, Chen Meng, Christina 

Ludwig, Kerstin Stingl, Anna Zawilak-Pawlik, Profiling of the Helicobacter pylori redox 

switch HP1021 regulon using a multi-omics approach. Nature Communications, 14, 6715, 
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Article https://doi.org/10.1038/s41467-023-42364-6

Profiling of the Helicobacter pylori redox
switch HP1021 regulon using a multi-omics
approach

Mateusz Noszka 1, Agnieszka Strzałka 2, Jakub Muraszko 1,
Rafał Kolenda 3,4, Chen Meng5, Christina Ludwig 5, Kerstin Stingl 6 &
Anna Zawilak-Pawlik 1

The gastric humanpathogenHelicobacter pylori has developedmechanisms to
combat stress factors, including reactive oxygen species (ROS). Here, we
present a comprehensive study on the redox switch protein HP1021 regulon
combining transcriptomic, proteomic and DNA-protein interactions analyses.
Our results indicate that HP1021 modulates H. pylori’s response to oxidative
stress. HP1021 controls the transcription of 497 genes, including 407 genes
related to response to oxidative stress. 79 proteins are differently expressed in
the HP1021 deletion mutant. HP1021 controls typical ROS response pathways
(katA, rocF) and less canonical ones, particularly DNA uptake and central car-
bohydrate metabolism. HP1021 is a molecular regulator of competence in
H. pylori, as HP1021-dependent repression of the comB DNA uptake genes is
relieved under oxidative conditions, increasing natural competence. Further-
more, HP1021 controls glucose consumption by directly regulating the gluP
transporter and has an important impact onmaintaining the energetic balance
in the cell.

Helicobacter pylori is a gram-negative, microaerobic bacterium1

that belongs to the phylum Campylobacterota (formerly
Epsilonproteobacteria)2. H. pylori is an obligate human pathogen and
the leading cause of peptic ulcers, gastric lymphoma, and gastric
adenocarcinoma, and the second leading cause of death from cancer
worldwide3.Moreover,H. pylori is considered byWHOas a species that
poses a threat to human health and for which new antibiotics are
urgently needed4.

H. pylori inhabits the stomach’s harsh environment. The complex
response to environmental conditions crucial forH. pylori survival and
pathogenesis, such as acidic pH, nutrient and metal ion availability or
response to immune cells, has been relatively well-established5,6. The
H. pylori genome encodes only 17 transcription regulators, including

three sigma factors, which form a regulatory, often overlapping net-
work that helps H. pylori to maintain homeostasis and respond to the
environmental signals7,8. Moreover, it has been recently proposed that
post-transcriptional regulation plays a significant role in controlling
H. pylori gene expression. In the H. pylori 26695 strain carrying 1576
ORFs, 1907 transcription start sites (TSS) were identified, out of which
more than900were assigned as non-coding RNAs (ncRNAs), including
small RNAs (sRNAs) and anti-sense RNAs (asRNAs)9,10. Significant
overlap in regulating gene expression at least at two levels (tran-
scription and post-transcription) leads to poor understanding ofmany
H. pylori processes, particularly response to oxidative stress.

Oxidative stress triggered by reactive oxygen species (ROS)
affects pathogens during infection11. ROS are produced endogenously
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in bacteria as by-products of aerobic metabolism or exogenously, e.g.,
by other bacteria or the host’s immune system11. ROS are highly toxic
to cells because they induce damage to proteins, lipids, cofactors of
enzymes and nucleic acids. Therefore, bacteria produce defence fac-
tors that help to neutralise ROS, e.g., superoxide dismutase (Sod),
catalase (Kat)12 or low molecular thiols (e.g., glutathione, mycothiol,
bacillithiol)13. However, recent data indicate that classical pathways of
ROS detoxification are aided by redirecting metabolic fluxes from the
productionof the pro-oxidativemetabolite, NADH, towards increasing
the antioxidative metabolite, NADPH, ultimately increasing cellular
redox potential14. In particular, non-stressed cells inhibit their oxida-
tive pentose phosphate pathway (PPP) by the redox cofactor NADPH
inactivating the glucose-6-phosphate dehydrogenase (G6PDH). During
oxidative stress, this inhibition is relieved to increase the pathway flux
to detoxify ROS15.

H. pylori response to oxidative stress is still enigmatic. On the one
hand, the pathogen possesses a limited repertoire of ROS-combating
enzymes or compounds (details about H. pylori response to oxidative
and nitrosative stress are reviewed elsewhere16). In particular,H. pylori
lacks the general stress response regulator RpoS and
glutathione–glutaredoxin reduction system (GSH/Grx). The bacterium
encodes proteins that directly detoxify ROS or regenerate ROS-
modified proteins (e.g., KatA, SodB, AhpC), protect molecules from
damage (e.g., NapA) or repair damaged molecules (e.g., MsrAB and
MutY). Multiple regulators control genes encoding oxidative stress
response proteins. For example, katA is controlled by the transcrip-
tional regulators Fur, ArsR andHP102117–20, sodB is primarily controlled
by Fur21,22 and HsrA23. On the other hand, H. pylori uses non-classical
strategies to combat or evenbenefit fromoxidative stress.H. pylori can
take up antioxidant ergothioneine (EGT, thiourea derivative of histi-
dine), which, based on studies in mice, may facilitate H. pylori
infection24. It has been recently shown that H. pylori senses and
migrates towards HClO- rich niches characteristic of inflamed tissues—
an efficient source of nutrients, especially iron25. Nitrosative stress is
highly toxic to H. pylori; therefore, the bacterium reduces NOS2
expression and, consequently, NO production in the host26. Moreover,
ROS-induced mutations in DNA may increase H. pylori genetic varia-
tion and adaptability to human hosts, especially during the acute
infection phase25–27. It was also proposed that upon oxidative stress,
the pathogen incorporates large amounts of DNA by active uptake of
free foreign DNA, possibly using it as a shield to protect its DNA from
oxidative damage28. Moreover, H. pylori uses DNA uptake and incor-
poration to evolve during human infection29. However, the molecular
mechanism controlling DNA uptake has not been discovered thus far.

We have recently shown that an atypical HP1021 response reg-
ulator (i.e., not controlled by phosphorylation) acts as a redox switch
protein, thereby sensing and transmitting the cell’s redox state and
triggering the appropriate cell response30. It is one of the least char-
acterised H. pylori regulatory proteins. HP1021 is not essential for
H. pylori viability, but knock-out of HP1021 reduces H. pylori growth
rate20,31. We have shown that in strainH. pyloriN6, HP1021 controls the
expression of fecA3 and gluP in response to oxidative stress while
activating the expression of katA irrespective of the redox
conditions20. Still, the regulon of HP1021 has not been precisely
defined. The available transcriptomic data of H. pylori 26695 wild-type
and ΔHP1021 strains indicated that HP1021 controls the transcription
of 79 genes32. However, the transcriptome was mapped bymicroarray
technology, which has limited qualitative and quantitative capacities
compared to RNA-seq. Moreover, the transcriptome was only defined
under microaerobic growth conditions and did not represent tran-
scriptional changes induced by oxidative stress.

In this work, using a comprehensive approach, we deciphered the
HP1021 regulon. We studied how HP1021 helps H. pylori respond to
oxidative stress using transcriptomic, proteomic, and DNA-protein
interaction analyses. Finally, our studies proved that HP1021 decides

about H. pylori response to oxidative stress and directly controls both
typical ROS response pathways and less canonical ones, i.e., DNA
uptake and central carbohydrate metabolism.

Results and discussion
Identification of HP1021 binding sites on H. pylori genome
The exact positions of only a few HP1021 genomic targets have been
identified thus far, either by ChIP-PCR or EMSA20,32,33. Therefore, to
identify genome-wideHP1021 targets and to revealwhether the targets
are different under microaerobic and aerobic conditions (i.e., optimal
and oxidative stress conditions, respectively), we applied a ChIP-seq
approach. H. pylori N6 wild-type (WT) and ΔHP1021 liquid cultures at
the logarithmic growth phase were incubated under microaerobic
(WT, ΔHP1021) or aerobic stress conditions (WTS, ΔHP1021S), cross-
linked, sonicated, and HP1021 protein-DNA complexes were immu-
noprecipitated (IP) with a polyclonal anti-HP1021 antibody33. A
minimum of 2 million reads, with optimal mapping performances
(>90%) for each sample and biological replicate were obtained and
used to generate the genome-wide binding profiles (Fig. S1a). Com-
bining edgeR and MACS3 algorithms, we identified 100 putative
binding sites (Supplementary Data 1). The binding sites located
between positions −250 and +250 relative to a transcription start site
(TSS) determined previously10 in the H. pylori 26695 strain were asso-
ciated with a promoter region. However, it should be noted that TSS
sites might differ between H. pylori strains (e.g., different TSS sites in
htrA-ispDF-HP1021 operon in the 26695 and G27 strains6). Thus, we
expected some differences in TSS sites assigned for the 26695 strain
compared to the N6 strain used in our analysis. Nonetheless, 84 of 100
identified HP1021 binding sites were located near promoter regions,
which included previously identified katA, gluP, hyuA, and fecA3
binding sites20,32,33 (Supplementary Data 2). The HP1021 protein bound
to the same genomic regions inH. pyloriWTandWTS cells (Fig. S1a, b).
It suggests that HP1021 binds the same genomic regions regardless of
conditions (microaerobic or under oxidative stress) and implicates the
putativemechanismofHP1021 activity regulation similar to that shown
for OxyR34,35. In particular, HP1021 becomes modified at cysteine resi-
dues upon oxidative stress20, which possibly triggers structural chan-
ges in HP1021, remodels the HP1021-DNA complex and activates or
inhibits transcription. However, in the case of four binding sites, the
number of reads decreased in WTS compared to WT cells, indicating
that in some cases, oxidative stress promoted dissociation of the
HP1021-DNA complexes. For example, the binding of HP1021 to the
promoter region of vacA and dissociation of the pvacA-HP1021 com-
plex upon oxidative stress in vivo was detected by ChIP-seq and con-
firmed by ChIP-qPCR (Fig. S2a and S2d); HP1021 bound pvacA probe
in vitro (Fig. S2e). The lack of HP1021 in ΔHP1021 cells and the dis-
sociation of HP1021 upon oxidative stress inWTS cells possibly trigger
increased vacA transcription (Fig. S2a–c).

To conclude, we detected 100 binding sites of HP1021 on the
H. pyloriN6chromosome,mostofwhichwerepromoter-located, likely
affecting gene transcription. However, since many H. pylori genes are
organised in operons10, the number of genes regulated by HP1021 is
possibly higher.

Influence of HP1021 on H. pylori transcriptome
To identify the HP1021 regulon and to elucidate its role in H. pylori
response to oxidative stress, RNA-seq transcriptome analysis of the
H. pylori N6 wild-type and ΔHP1021 mutant strains was performed
under microaerobic growth (WT, ΔHP1021) and upon aerobic stress
(WTS, ΔHP1021S). We expected to primarily detect the direct,
immediate transcriptional response after a short 25-min oxidative
stress because induction of protein synthesis, which could trigger a
possible downstream response, was shown to be relatively slow in
H. pylori36,37 (see also belowMS proteomic results). Moreover, it is also
known that oxidative stress usually reduces the translation rate38,39.
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The biological replicates were reproducible, and the grouping of
genotypes and/or treatments was preserved (Fig. S3a, b). The tran-
scription of 411 genes out of 1506 H. pylori genes was significantly
affected (up- or down-regulated) by oxidative stress inWTS compared
toWT cells (Fig. 1a, Fig. S4a and Supplementary Data 2). A comparison
of genes transcribed in the ΔHP1021 and WT cells revealed 190 dif-
ferentially transcribed genes, which included 103 genes whose

transcription was affected by oxidative stress in WTS cells (Fig. 1a, Fig.
S4b and Supplementary Data 2, the HP1021 gene was not counted as
differentially expressed). In contrast to H. pylori wild-type cells, in
which the transcription of nearly 30% of genes was affected by oxi-
dative stress, the transcriptionof only four genes significantly changed
under oxidative stress in the H. pylori ΔHP1021S cells (Fig. S4c and
Supplementary Data 2). The transcription of three of these genes
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differed between ΔHP1021 and WT cells under microaerophilic con-
ditions (e.g., pfr (HP0653), discussed below). Thus, they belong to
HP1021 regulon, but additional factors may control their response to
oxidative stress. Nonetheless, these results indicated that the
H. pylori ΔHP1021 strain almost did not respond to oxidative stress.
Moreover, the results indicated that 307 genes similarly transcribed
in ΔHP1021 and WT strain under microaerobic conditions, which
transcription changed in WTS cells but was not affected by oxidative
stress in ΔHP1021S cells, also belong to HP1021 regulon (Fig. 1a).
Thus, 407 genes differently transcribed in WTS cells whose tran-
scription did not change in the ΔHP1021S strain constitute the
HP1021-dependent oxidative stress regulon (Fig. 1a). There were also
87 genes whose transcription did not change under oxidative stress
in WTS cells, but their transcription differed between ΔHP1021 and
WT strains (Fig. 1a). These genes were possibly activated or inacti-
vated as a second-line response in ΔHP1021 cells to reach home-
ostasis under a transcriptional state highly different from that of the
WT cells. Thus, these genes can be included in the HP1021 regulon
independent of oxidative stress.

To conclude, the HP1021 regulon includes 497 genes (Fig. 1a). The
transcriptional regulation of 407 of these genes is related to oxidative
stress, while the transcription of 87 genes is related to unknown con-
ditions. HP1021 controls the transcription of 3 genes, which response
to oxidative stress is possibly controlled by other or additional reg-
ulators. Moreover, 48 of the detected binding sites of HP1021 are
associated with the genes or operons differentially transcribed in the
ΔHP1021 and/or under oxidative stress (Supplementary Data 2). These
genes/operons are putatively directly controlled by HP1021.

Influence of HP1021 on H. pylori translatome
To further validate RNA-seq analyses, a proteomic approach was
adopted to analyse differential protein occurrence. Similarly to RNA-
seq, wild-type N6 and ΔHP1021 mutant strains were compared under
microaerobic and aerobic conditions. Due to the additional time
necessary for protein synthesis, bacteria were stressed longer than in
transcriptome analyses, i.e., 60 and 120min. The bacterial lysate was
collected, and quantitative proteomics using liquid chromatography-
based tandem mass spectrometry (LC-MS/MS) was performed to
analyse the whole-cell proteomes. The biological replicates were
reproducible, and the grouping of genotypes and/or treatments was
preserved (Fig. S3c).

Altogether, 1139 proteins were identified. 79 proteins were dif-
ferentially expressed between WT and ΔHP1021 strains under micro-
aerobic conditions (Fig. 1b and Supplementary Data 2). Out of all 190
genes whose transcription changed in ΔHP1021 compared to the WT
strain, the level of 46 proteins changed inΔHP1021 (Fig. 1c), the level of
74proteinsdidnot change,while 70proteinswere notdetectedbyMS.
Changes in transcription and protein levels correlated for 45 genes
(red dots in Fig. 1c and Supplementary Data 2). The level of one pro-
tein, Pfr ferritin (HP0653), was opposite to that expected from RNA-
seq results (Fig. 1c, yellow dot and Supplementary Data 2).

Uponoxidative stress, the levels of only three proteins changed in
wild-type cells (Fig. S5a, b). In the ΔHP1021 mutant, only the endonu-
clease III Nth (HP0585) protein level was affected by oxidative stress
(Fig. S5c, d, discussed below). The discrepancy between the vast
transcriptomic response to oxidative stress (transcription of 411 genes
changed in WTS cells compared to WT cells) and the mainly unchan-
ged level of all cellular proteins under stress might be explained by a
general mechanism of translation inhibition in bacteria upon oxidative
stress40. Nonetheless, RNA-seq results may show how bacteria prepare
for response to stress or recovery when the stressor gets milder or is
away, allowing translation38,39. Different results in transcriptomic and
proteomic studies might additionally be due to the high post-
transcriptional modification processes in H. pylori9. Nonetheless,
transcriptional changes and overall final protein levels correlated
across multiple genes showing the direction of cell adaptation for the
lack of HP1021 protein and possibly a response to oxidative stress
controlled by HP1021.

HP1021 controls many cellular pathways and processes
The significant number of genes assigned to the HP1021 regulon sug-
gests that HP1021 regulatesmany pathways and processes. Indeed, the
performed functional analysis (eggNOG) indicated that the expression
of genes belonging to many Clusters of Orthologous Groups (COG),
involved in response to oxidative stress as well as those unrelated to
cell’s response to oxidative stress, was affectedby the lack ofHP1021 at
the transcription and/or translation steps (Fig. S6a–c). In particular,
significantly affected functional groups (P ≤0.05) were connectedwith
(i) cell energy production and conversion, (ii) translation, (iii) cell wall
and envelope structure and biogenesis, (iv) molecular chaperons (v)
lipid metabolism and (vi) intracellular trafficking, secretion and
transport. In all analyses, many coding sequences of unknown func-
tions were significantly affected.

Due to the high number of gene expression changes, we chose
ROS/RNS response, DNA uptake, and glucose metabolism to analyse
HP1021-dependent control in more detail.

HP1021 is involved in H. pylori response to oxidative stress
RNA-seq analysis revealed that, in contrast to the wild-type strain, the
ΔHP1021 deletion mutant does not respond to oxidative stress at the
transcription level, except for four genes which were up- or down-
regulated uponoxidative stress (Fig. S4c and SupplementaryData 2). It
indicated that HP1021 decides about H. pylori response to oxidative
stress, regulating genes belonging to classical response to ROS and
RNS16,41 (Supplementary Data 2 and Supplementary Data 3) and non-
canonical response pathways, including DNA-uptake and metabolic
changes (see below). It should be noted that CrdSR two-component
system regulates H. pylori response to RNS42,43. Based on ChIP-seq,
RNA-seq, and MS analyses, we conclude that two enzymes, katA
(HP0875) (Fig. S7a, b; Supplementary Data 2 and Supplementary
Data 3) and rocF (HP1399) (Fig. S8; Supplementary Data 2 and Sup-
plementary Data 3), were directly controlled by HP1021 in WT strain

Fig. 1 | HP1021 controls the expressionofH.pyloriN6genesundermicroaerobic
and aerobic conditions (5% and 21%O2, respectively). aThe overview of the gene
regulation mediated by HP1021 in H. pylori N6 revealed by RNA-seq. Genes whose
transcription significantly changed (|log2FC | ≥ 1; FDR ≤0.05) are depicted by red
dots (WTS-WT and ΔHP1021-WT), yellow dots (WTS-WT and ΔHP1021-WT, but
opposite), green dots (ΔHP1021-WT) and blue dots (WTS- WT). Gray dots corre-
spond to genes whose transcription was not significantly changed (NS) inWTS-WT
or ΔHP1021-WT. The inlet figure shows a Venn diagram presenting the number of
differentially transcribed genes in the analyzed strains and conditions. b Volcano
diagram of proteins differentially expressed in the ΔHP1021 mutant strain com-
pared to the wild-type (WT) strain (ΔHP1021-WT). Green dots correspond to genes
with |log2FC | ≥ 1 and FDR ≥0.05; blue dots correspond to genes with |log2FC | ≤ 1
and FDR ≤0.05; red dots correspond to genes with |log2FC | ≥ 1 and FDR ≤0.05;

gray dots correspond to genes that were not significantly changed (NS).
c Correlation between gene expression of ΔHP1021 and WT cells at the transcrip-
tion and proteome levels. The x-axis corresponds to the RNA-seq data (tran-
scriptome), and the y-axis to theproteomics data (translatome). Reddots represent
homodirectional genes—upregulated or down-regulated—at the transcriptome and
translatome levels. Yellow dots represent opposite changes for comparing tran-
scriptome and translatome. Blue dots represent genes that changed only at the
transcription level, while green dots represent genes that changed only at the
translatome level. Gray dots correspond to genes whose transcription was not
significantly changed (NS, FDR ≤0.05). a–c Values outside the black dashed lines
indicate a change in the expression of |log2FC | ≥ 1. a, c Numbers of differentially
expressed genes in the indicated strains and conditions are given in parentheses.
The HP1021 gene was not counted as differentially expressed.
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under microaerobic conditions, which confirmed the previous
results20,32. Consistency of decreased transcription and protein levels
of KatA, KapA (KatA accessory protein HP0874, in an operon with
katA), and increased expression of RocF in the ΔHP1021 strain sug-
gested no additional post-transcriptional control of these genes under
the conditions tested. Consequently, N6, 26696 and P12 ΔHP1021
mutant strains were characterised by lower catalase activity in
ΔHP1021 strains than in WT strains (Fig. S7c–e and20). We did not
analyse arginase activity in the ΔHP1021 strain. RocF plays an impor-
tant role in metabolism in bacteria44 but is also considered a virulence
factor (e.g., in Xanthomonas oryzae pv oryzae increasing exopoly-
saccharide synthesis, biofilm formation and H2O2 resistance)45. Argi-
nine is an amino acid essential for H. pylori viability. RocF arginase,
which decomposes arginine to urea and CO2, was proposed as
important for urease-independent acid protection and in RNS stress
response46. However, the rocF deletion mutants also exhibited lower
serine dehydratase activity46. Serine dehydratase (Sdh, HP0132) dea-
minates serine to pyruvate and ammonium; pyruvate plays a central
role in H. pylori carbon metabolism47,48. Lower Sdh activity correlated
with less-effective mice colonisation by H. pylori, which eventually
suggested a relationship between H. pylori metabolism and colonisa-
tion efficiency49. In ΔHP1021 RocF protein level was 20–fold increased,
which suggested that it plays an important role in compensating for
the lack of HP1021. However, further studies are required to reveal the
mechanism of RocF-mediated H. pylori response to oxidative stress.

The regulation of other ROS/RNS detoxification genes by
HP1021 seems more complex and may involve additional post-
transcriptional control. For example, ferritin (Pfr, HP0653) transcrip-
tion was downregulated more than 10-fold in ΔHP1021 and WTS cells
and almost 3-fold inΔHP1021S compared toΔHP1021. The results were
counterintuitive because ferritin is required to sequester free iron to
protect the cell from damage caused by the Fenton reaction under
oxidative stress50. However, the LC-MS/MS analysis indicated that the
protein level increased in ΔHP1021 approximately three-fold when
compared to theWT strain (fold change (FC) of 2.92), which suggested
that in H. pylori, the mechanism of iron sequestration in response to
oxidative stress is maintained. Moreover, it indicates that pfr expres-
sion is controlled not only by Fur51 and HP1021 but also post-tran-
scriptionally, possibly by HPnc3280 RNA, as already suggested10

(Supplementary Data 2 and Supplementary Data 3). Due to the inhi-
bition of protein synthesis during oxidative stress and taking into
account high post-transcriptional control of gene expression in
H. pylori, it is difficult todetermine theHP1021-controlled cell response
univocally. Interestingly, the only protein whose level increased in the
ΔHP1021 strain upon stress, endonuclease III (Nth), involved in
repairing oxidative pyrimidine damage, is also possibly post-
transcriptionally controlled (transcription did not change, while pro-
tein level increased two-fold in ΔHP1021S cells compared to ΔHP1021),
which was also indicated10. Nonetheless, the data suggest that the
H. pylori response to oxidative stress is complex and needs further
investigation.

HP1021 controls the first step of DNA uptake by H. pylori
It has recently been shown that H. pylori takes up DNA in response to
oxidative stress28. However, the mechanism of DNA uptake regulation
has not been studied at themolecular level inH. pylori. DNA uptake is a
two-step process50, with the first step of transport over the outer
membrane being mediated by a ComB type IV secretion system
(T4SS)52. In the first step, double-stranded DNA (dsDNA) is taken up
from the environment to the periplasm, while in the second step, it is
unwound and transported as single-stranded DNA (ssDNA) into the
cytoplasm. The genes encodingComBT4SS engaged in thefirst stepof
DNA uptake are grouped in two gene clusters, comB2-comB4 and
comB6-comB10 (HP0015-HP0017 and HP0037-HP0041, respectively),
while the genes involved in the second step are scattered on the

chromosome. The expression level of the ComB complex was pro-
posed to be a limiting factor for transformation efficiency53. ChIP-seq
analysis revealed binding sites of HP1021 upstream of comB2 and
comB8 genes (Fig. 2a, b, Supplementary Data 3). Transcriptome data
indicated that the expression of genes of these two operons, except
comB6, was upregulated in ΔHP1021 and WTS cells (between 3 to 7
fold) compared to WT cells (Fig. 2c, d). Proteomic analyses only
identified ComB4 and ComB8, which can be explained by the mem-
brane localisation of most proteins that comprise the ComB transport
system. In line with the transcriptomics data, these two proteins were
three times more abundant in ΔHP1021 mutant compared to the WT,
even though this difference was not significant according to our cri-
teria (ComB4: FC of 3.05, FDR =0.45; ComB8: FC of 3.18, FDR =0.053).
We performed additional experiments to analyse whether HP1021
directly regulates DNA uptake by H. pylori. Using the RT-qPCR, we
analyzed the transcription of comB8 in the N6 strain background
comparing WT, ΔHP1021 and COM/HP1021 under microaerobic and
oxidative stress conditions (Fig. 2e). In the WT and COM/
HP1021 strains, the transcription of comB8 was upregulated under
oxidative stress compared to their expression in the non-stressed cells
(FC of 8.4 ± 2.5 and 4.7 ± 1, respectively). In the ΔHP1021 strain under
microaerobic conditions, the transcription of comB8 was upregulated
compared to the non-stressed WT strain (FC of 13.7 ± 6.4) and did not
significantly change uponoxidative stress (FC of 19.5 ± 8.5). To confirm
the interaction of the HP1021 protein with the comB8 promoter region
in the N6 wild-type strain, we applied ChIP-qPCR and EMSA. In ChIP-
qPCR, the binding of HP1021 to the comB8 promoter region was
110.4 ± 11-fold enriched relative to the non-antibody control indicating
a high affinity of HP1021 to the comB8 promoter region. Under oxi-
dative stress, the binding affinity to the promoter region was similar to
the non-stressed conditions (FC of 110.78 ± 6.4 relative to the non-
antibody control) (Fig. 2f). The HP1230 gene was used as a negative
control to represent the lack of interactions with HP1021 (FC of
10.6 ± 1.4 and 10.22 ± 1.3 fold enrichment in stress relative to the non-
antibody control). The interaction between HP1021 and the promoter
region of comB (pcomB8)was confirmed by EMSA (Fig. 2g). This region
contains two sequences similar to the consensus sequence of HP1021
box54 (GGTTGCA and GGTTTCT), and the affinity of HP1021 to pcomB8
and oriC2, which contains three HP1021 boxes, was comparable.

To further analyse whether HP1021 controls DNA uptake by
H. pylori cells, we determined the number of cells with active DNA
uptake complexes inWT and ΔHP1021 strains under microaerobic and
aerobic conditions, as described previously55. Active DNA uptake was
monitored by tracking Cy-3 labeled λ DNA import in single cells using
fluorescence microscopy (Fig. 2h). Under microaerobic conditions,
uptake of DNA into a DNase resistant state was detected in 23.54%± 7
of the N6 WT cells (Fig. 2i). The number of cells importing DNA/being
competent increased under aerobic conditions up to 40.72% ± 6.2,
confirming previous results55. In the N6 ΔHP1021 strain, active DNA
uptake was detected in almost every cell regardless of the conditions
(in94.95%± 1.9 of non-stressed cells and96.24% ± 2.9 of stressed cells).
In COM/HP1021 strain, the number of competent cells under micro-
aerobic conditions was higher than in the WT cells (36.98% ± 3.8).
However, similarly to WT cells, the number of COM/HP1021 cells
importing DNA increased approx. 2-fold under aerobic conditions
(54.21% ± 8.8). SinceH. pylori strains are highly variable56, we used a set
of P12 strains (WT, ΔHP1021, COM/HP1021; Table S1) to analyse whe-
ther the mechanism of HP1021-dependent DNA-uptake control is uni-
versal. The results were similar to that obtained in the N6 strain series
(Fig. S9a, b). As mentioned above, DNA uptake is a two-step process52.
Only the operons encoding proteins involved in the DNA transport to
the periplasm but not directly to the cytoplasm were activated. Thus,
wewanted to analyse the transformation rate inH. pyloriN6cellsunder
microaerobic and oxidative stress conditions. We used the rpsL
(A128G) point mutation marker to measure the transformation rate57.
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After DNA uptake and recombination with a chromosome, rpsL (A128)
point mutation confers streptomycin resistance allowing us to mea-
sure the natural transformation rate. Under stress conditions, the
transformation rate of WT and COM/HP1021 strains was approx. three
times higher than under microaerobic conditions (1.7% ± 1 in WT and
2.1%± 1.6 inCOM/HP1021) (Fig. 2j). The established transformation rate
under microaerobic conditions in the strain ΔHP1021 (15.86% ± 3.4)

was approx. 20 times higher than in WT (0.7% ± 0.7) and COM/HP1021
(0.8% ± 0.4) strains, and the transformation rate did not change upon
oxidative stress (16.76% ± 5.9). Consistently, the number of transfor-
mants obtained under microaerobic or aerobic conditions in ΔHP1021
was approx. eight times higher compared to the stressed WT strain.
Since DNA uptake to the periplasm occurred in nearly all cells of the
ΔHP1021 strain, the transformation rate was limited at a downstream
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process. Likewise, most of the genes involved in DNA transfer to the
cytoplasm and/or homologous recombination (e.g., recJ, priA, dnaN,
dnaX, recR, ruvB, polA, comEC, comF, comH) were unchanged (Sup-
plementary Data 2 and Supplementary Data 3).

To conclude, our results indicated that HP1021 controls DNA
uptake and represses the comB2-comB4 and comB8-comB10 genes
under microaerobic conditions, limiting natural transformation to a
certain level. In thisway, ourwork identified themolecular regulator of
competence development in H. pylori. The natural competence of
H. pylori is considered the basis for a large diversity of H. pylori
strains29, promotingH. pylori chronic infection58. The question remains
as to why oxidative stress in H. pylori stimulates the DNA uptake pro-
cess to an exceptionally high level. A tempting hypothesis is a dual-use
mechanism: importedDNA, acting as a quencher to accept ROS attack,
is later used to increaseH. pylori diversity and might also be degraded
and reused as an energy source or as building blocks (e.g., ribonu-
cleotides). As we present below, the demand for ribonucleotides
increases under oxidative stress.

HP1021 controls glucose uptake and energy homeostasis
H. pylori metabolises different carbon sources, including glucose59,60.
However, whether and how H. pylori benefits from glucose utilisation
has not been fully explained. Recent comprehensive studies on central
carbon metabolism confirmed that glucose is mainly metabolised via
the Entner–Doudoroff (ED) pathway and non-oxidative pentose
phosphate pathway (PPP) while only marginally fueling the tri-
carboxylic acid cycle (TCA)48,61. Consequently, glucose is amain source
of building up bacterial cell walls, lipids, and nucleic acids, while other
substrates, mainly glutamate and aspartate, feed the TCA cycle and
generate ATP48. Interestingly, our transcriptome analyses indicated
that the level of two out of six rRNA andmost tRNA genes were highly
(up to 8-fold) upregulated in thewild-type strainunder oxidative stress
and in ΔHP1021 (Fig. S10c, d and Supplementary Data 3). Moreover,
HP1021 binds to promoter regions of tRNA genes (Fig. S10a, b and
Supplementary Data 3), which suggests that HP1021 directly controls
tRNA synthesis. Since rRNA and tRNA constitute a significant fraction
of cellular components, one can assume that upregulation of these
genes requires a substantial input of ribonucleotides as buildingblocks
and energy, for which glucose uptake may be necessary. Previous
microarray and RT-qPCR studies indicated that HP1021 controls the
gluP (HP1174) expression32 increasing gluP transcription upon oxida-
tive stress20. ChIP-seq analysis revealed that HP1021 bound gluP pro-
moter region in vivo (Fig. 3a). In ChIP-qPCR, the binding of HP1021 to
the gluP promoter region was 331.6 ± 28.1 fold enriched relative to the
non-antibody control confirming a high affinity of HP1021 to the gluP
promoter region (Fig. 3c). Under oxidative stress, the binding affinity
to the promoter region was reduced relative to the non-stressed
conditions (FC of 234.7 ± 27.7 relative to the non-antibody control),
suggesting that HP1021 oxidation leads to destabilisation of HP1021-
gluP complexes, as shown before in vitro20. No binding of HP1021 was

detected to the HP1230 gene used as a negative control for lack of
interactions with HP1021 (as in Fig. 2f). Thus, we conclude that HP1021
directly controls the transcription of gluP. RNA-seq analysis confirmed
that the transcription of glucose uptake transporter gluP was upre-
gulated inΔHP1021 (FC of 3.4) (Fig. 3b and Supplementary Data 2). The
upregulation of transcription inWTS cells was lower than two-fold (FC
of 1.8); nonetheless, it was statistically significant (FDR =0.000014).

To further analyse whether HP1021 controls glucose uptake in
H. pylori, we determined the glucose consumption by H. pylori wild-
type, ΔHP1021, and COM/HP1021 strains in liquid culture. We mea-
sured how much glucose was diminished from the TSBΔD-FCS med-
ium supplemented with 100mg/dl glucose during H. pylori growth.
First, we confirmed that GluP is the only glucose transporter because
the H. pylori N6 ΔgluP strain (Fig. S11c and Table S1) did not consume
glucose (Fig. 3d and Fig. S11a). At the same time, the gluP com-
plementation mutant COM/gluP partially restored glucose consump-
tion. The calculated glucose consumption per H. pylori cell measured
in mid-logarithmic culture (OD600 = 0.7–1.0) indicated that ΔHP1021
consumed approx. 184% glucose compared to the correspondingwild-
type strain (Fig. 3d). The glucose consumption in COM/HP1021 strains
was similar to that of the wild-type strain. A similar glucose uptake
pattern was observed in P12 WT and isogenic ΔHP1021 and COM/
HP1021 strains (Fig. 3d and Fig. S11b). Thus, we concluded that HP1021
controls glucose uptake by regulating the transcription of the GluP
transporter.

Despite increased glucose consumption,H. pyloriΔHP1021 strains
grew slower than WT strains (Fig. S11a, b), suggesting they may lack
sufficient energy. Indeed, the transcription of many genes encoding
tricarboxylic acid cycle (TCA) enzymes was downregulated in the wild-
type strain under oxidative stress and/or in ΔHP1021, including succi-
nyl-CoA:3-ketoacid CoA transferase, which protein level was reduced
10-fold (Fig. S12 and SupplementaryData 3).Moreover, the activities of
pyruvate:flavodoxin oxidoreductase (PFOR) and 2-oxoglutar-
ate:acceptor oxidoreductase (OOR) enzyme complexes are reduced in
the presence of ROS62, which leads to inhibition of substrate supply
into TCA. Furthermore, the genes encoding enzymes providing
building blocks for nucleic acids were upregulated in ΔHP1021 strain
(PPP rpiB (HP0574): RNA-seq FC of 2.5, MS FC of 3.7; nucleotide recy-
cling deoB (HP1179): MS FC of 2.7) (Fig. S12 and SupplementaryData 3).
We measured ATP levels in WT and mutant strains in the mid-
logarithmic growth phase to analyse whether energy production and/
or consumption was lower in the ΔHP1021 strain. H. pylori
ΔHP1021 strain had approx. 75% ATP level of the WT strain, while the
complementation mutant restored ATP to approx. 107% of the WT
strain (Fig. 3e). We cannot distinguish whether the ATP level dropped
due to decreased ATP synthesis via the TCA cycle or increased ATP
consumption for anabolic reactions. However, we postulate that
HP1021 controls glucose uptake and, in the presence of glucose, reg-
ulates H. pylori metabolic fluxes to maintain the balance between
anabolic and catabolic reactions, possibly for efficient stress response.

Fig. 2 | HP1021 controls the expression of comB2-comB4 and comB6-comB10
gene clusters and DNA uptake. a, b ChIP-seq data profiles. Read counts were
determined for H. pylori N6WT, WTS, and ΔHP1021 strains. y-axis, the coverage of
the DNA reads; x-axis, the position of the genome; a thick black line under the x-
axis, the main peak of the binding site. c, d RNA-seq data profiles. The genomic
locus for H. pylori N6 WT, WTS, and ΔHP1021 strains with the WTS-WT and
ΔHP1021-WTexpression comparison; values above theblackdashed lines indicate a
change in the expression of |log2FC | ≥ 1; FDR ≤0.05. e RT-qPCR analysis of the
transcription of comB8 in H. pylori N6 cultured under microaerobic and aerobic
conditions. The results are presented as the fold change compared to theWTstrain.
f ChIP fold enrichment of DNA fragment in comB8 by ChIP-qPCR in H. pylori N6
cultured undermicroaerobic and aerobic conditions. TheHP1230 genewas used as
a negative control not bound by HP1021. g EMSA analysis of HP1021 binding to the
pcomB8 region in vitro. EMSA was performed using the FAM-labeled DNA

fragments and recombinant Strep-tagged HP1021. The oriC2 DNA fragment was
used as a control. The HP1021 boxes are shown below the gel image. h Analysis of
DNAuptakebyH.pyloriN6. Brightfield,fluorescent, andmerged imagesofH.pylori
WT and mutant strains after 15min of Cy3 λ DNA uptake under microaerobic and
aerobic conditions. The scale bar represents 2 µm. i Quantitative analysis of λ-Cy3
DNA foci formation in H. pylori under microaerobic and aerobic conditions.
j Analysis of HP1021 influence on transformation rate in H. pylori N6 using the rpsL
casette in H. pylori N6 WT and mutant strains under microaerobic and aerobic
conditions. e, f, i–j Data have depicted as the mean values ± SD. Two-tailed Stu-
dent’s t-test determined the P value. e, f, j n = 3 biologically independent experi-
ments. i n = number of cells examined over 5 independent biological experiments.
g, hDigital processing was applied equally across the entire image. Source data are
provided as a Source Data file.
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To conclude,H. pylori response to oxidative stress was controlled
by HP1021, which activated the classical and non-canonical response
mechanisms. Our research particularly emphasised the role of nucleic
acids in H. pylori protection against oxidative stress. Similarly to other
bacteria, including Escherichia coli, H. pylori ceased protein synthesis
upon oxidative stress. However, unlike E. coli38,39, H. pylori upregulates
the synthesis of rRNA and tRNA. Moreover, H. pylori activated DNA
import upon oxidative stress, and nearly all ΔHP1021 strain cells were
competent and imported DNA under normal growth conditions. Both
processes are counterintuitive when the high sensitivity of nucleic
acids to ROS damage is concerned40,63. Therefore, we propose that
increased RNA synthesis may align with DNA uptake—excessive levels
of ribonucleic acids may act as ROS quenchers and protect the cell
from damage. RNA synthesis, however, requires building blocks and
energy, both of which can be supported by the increased glucose
uptake and metabolism redirected by HP1021 towards the pentose
phosphate pathway, as published before for other bacteria15,16.

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 at 140 rpm
orbital shaking under microaerobic conditions (5% O2, 10% CO2, and
85% N2) generated by the jar evacuation-replacement method (Anae-
robic Gas System PetriSphere). H. pylori plate cultures were grown on
Columbia blood agar base medium supplemented with 10% defi-
brinated horse blood (CBA-B). The liquid cultures were prepared in
Brucella Broth (BB) (Becton Dickinson), Tryptic Soy Broth (TSB)

(Becton Dickinson) or Tryptic Soy Broth without Dextrose (TSBΔD)
(Becton Dickinson), each of which contained 10% fetal bovine serum
(FBS) (Biowest) (BB-FBS, TSB-FBS, TSBΔD-FBS, respectively). All
H. pylori cultures were supplemented with an antibiotic mix64. If
necessary for selecting H. pylorimutants, appropriate antibiotics were
used with final concentrations (i) kanamycin 15 µg/ml, (ii) chlor-
amphenicol 8 µg/ml, and (iii) streptomycin 20μg/ml. Escherichia coli
DH5α and BL21 were used for cloning and recombinant protein
synthesis. The E. coli MC1061 strain was used for the plasmid propa-
gation to transform H. pylori. If necessary for selecting E. coli, appro-
priate antibiotics were used with final concentrations (i) kanamycin
50 µg/ml and (ii) ampicillin 100 µg/ml.

RNA isolation
Bacterial cultures (12ml BB-FBS) of H. pylori N6 wild-type and
ΔHP1021 strains were grown under microaerobic conditions to OD600

of 0.8–1.0. Immediately after opening the jar, 1ml of the non-stressed
culture was added to 1ml of the RNAprotect Bacteria Reagent (Qia-
gen), vortexed, and incubated for 5min at room temperature. In par-
allel, the cultures were moved to aerobic conditions for 25min (air
atmosphere, 37 °C, 140 rpm orbital shaking). After oxidative stress,
samples were collected similarly to non-stressed cells. After 5min
incubation with RNAprotect Bacteria Reagent, bacteria were collected
by centrifugation (7000× g, 5min, RT). RNA was isolated by GeneJET
RNA PurificationKit (Thermo Fisher Scientific; K0731) according to the
manufacturer’s protocol and treated with RNase-free DNase I (Thermo
Fisher Scientific). Next, the subsequent purification by the GeneJET
RNA Purification Kit was performed to remove DNase I. A NanoDrop
Lite spectrophotometer, agarose gel electrophoresis, and Agilent

Fig. 3 | HP1021 controls gluP expression and glucose uptake. a ChIP-seq data
profile of the gluPgene.Readcountsweredetermined forH.pyloriN6WT,WTSand
ΔHP1021 strains. The y-axis represents the coverage of the DNA reads, while the
x-axis represents the position of the genome (in bps). Themain peak of the binding
site ismarkedwith a thick black line under the x-axis. bRNA-seq data profile of gluP
gene. The genomic locus for H. pylori N6 WT, WTS, and ΔHP1021 strains with the
WTS-WT and ΔHP1021-WT expression comparison; values above the black dashed
lines indicate a change in the expression of |log2FC | ≥ 1; FDR ≤0.05. c ChIP fold
enrichment of DNA fragment in gluP by ChIP-qPCR in H. pylori N6 cells cultured
under microaerobic and aerobic conditions (5% and 21% O2, respectively). The

HP1230 gene was used as a negative control not bound by HP1021. Two-tailed
Student’s t-test determined the P value. dGlucose consumption ofH. pyloriN6 and
P12 wild-type and mutant strains. Glucose consumption is presented as picograms
of glucose used by H. pylori cells grown in liquid culture between the inoculation
and late logarithmic growth phase. e ATP production by H. pyloriN6wild-type and
mutant cells in the late logarithmic growth phase. c–e Data are depicted as the
mean values ± SD. n = 3 biologically independent experiments. d, eOrdinary one-
way ANOVA with Tukey’s multiple comparison test determined the P value. Source
data are provided as a Source Data file.
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4200 TapeStation Systemwere used to determine the RNAquality and
quantity. RNA was isolated immediately after bacteria collection,
stored at −80 °C for up to one month, and used for RNA sequencing.
RNA was isolated from three independent cultures.

RNA sequencing (RNA-seq)
The prokaryotic directionalmRNA library preparation and sequencing
were performed at the Novogene Bioinformatics Technology Co. Ltd.
(Cambridge, UK). Briefly, the ribosomal RNA was removed from the
total RNA, followed by ethanol precipitation. After fragmentation, the
first strand of cDNA was synthesized using random hexamer primers.
During the second strand cDNA synthesis, dUTPs were replaced with
dTTPs in the reaction buffer. The directional library was ready after
end repair, A-tailing, adapter ligation, size selection, USER enzyme
digestion, amplification, and purification. The librarywas checkedwith
Qubit, RT-qPCR for quantification, and a bioanalyser for size dis-
tribution detection. The libraries were sequenced with the NovaSeq
6000 (Illumina), and 150 bp reads were produced.

RNA-seq analysis
The 150 bp paired reads were mapped to the H. pylori 26695 genome
(NC_000915.1) using Bowtie2 software with local setting (version
2.3.5.1)65,66 and processed using samtools (version 1.10)67, achieving
more than 106 mapped reads on average. Differential analysis was
performed using R packages Rsubread (version 2.10), and edgeR
(version 3.38)68,69, following a protocol described in70. Genes rarely
transcribed were removed from the analysis (less than 10 mapped
reads per library). Obtained count data was normalised using the
edgeR package, and a quasi-likelihood negative binomial was fitted.
Differential expression was tested using the glmTtreat function with a
1.45-fold change threshold. Only genes with a false discovery rate
(FDR) less than 0.05 and |log2FC | ≥ 1 were considered differentially
expressed. Data visualisation with volcano plots and heatmaps wear
done using the EnhancedVolcano and tidyHeatmap R packages (ver-
sion 1.14 and 1.8.1)71.

ChIP using a polyclonal HP1021 antibody
Bacterial cultures (70ml BB-FBS) of H. pylori N6 wild-type and
ΔHP1021 strains were grown under microaerobic conditions to OD600

of 0.8–1.0 and split into 2 sub-cultures of 35ml each. The first sub-
culture was crosslinked with 1% formaldehyde for 5min immediately
after opening the jar. The second culture was crosslinked after 25-min
incubation under aerobic conditions (air atmosphere, 37 °C, 140 rpm
orbital shaking). The crosslinking reactionswere stopped by treatment
with 125mM glycine for 10min at room temperature. The cultures
were centrifuged at 4700 × g for 10min at 4 °C and washed twice with
30ml of ice-cold 1 × PBS, followed by the same centrifugation step.
Samples were resuspended in 1.1ml IP buffer (150mM NaCl, 50mM
Tris-HCl pH 7.5, 5mM EDTA, 0.5% vol/vol NP-40, 1.0% vol/vol Triton X-
100) and sonicated (Ultraschallprozessor UP200s (0.6/50% power,
30 s ON − 30 s OFF, ice bucket)) to reach 100-500bp DNA fragment
size. Next, the samples were centrifuged at 12,000× g for 10min at
4 °C. 100 µl of the supernatant was used for input preparation. 900 µl
of the supernatant was incubated with 30 µl of Sepharose Protein A
(Rockland, PA50-00-0002) (pre-equilibrated in IP buffer) for 1 h at 4 °C
on a rotation wheel. The samples were centrifuged 1000× g for 2min
at 4 °C; the supernatants were incubated with 40 µg of the HP1021
antibody33 and incubated at 4 °C for 16 h on a rotation wheel. Subse-
quently, 100 µl of the Sepharose Protein A pre-equilibrated in IP buffer
was added to the samples, and the binding reaction was performed for
4 h at 4 °C on a rotation wheel. The samples were centrifuged 1000 × g
for 2min at 4 °C, and the supernatant was discarded. The beads were
washed four timeswith IP-wash buffer (50mMTris-HCl pH 7.5, 150mM
NaCl, 0.5% NP-40, 0.1% SDS), twice with TE buffer (10mMTris-HCl, pH
8.0; 0.1mM EDTA), resuspended in 180 µl of TE buffer, and treated

with 20 µg/ml RNase A at 37 °C for 30min. Next, crosslinks were
reversed by adding SDS at a final concentration of 0.5% and proteinase
K at a final concentration of 20 µg/ml, followed by incubation for 16 h
at 37 °C. The beads were removed by centrifugation 1000× g for 2min
at 4 °C, and the DNA from the supernatants were isolated with ChIP
DNA Clean & Concentrator (Zymo Research). The quality of DNA was
validated by electrophoresis in 2% agarose gel, and the concentration
wasdeterminedwithQuantiFluor dsDNA System (Promega). The ChIP-
DNA was isolated from three independent H. pylori cultures. The
HP1021 antibody used in ChIP-seq was raised in rabbits under the
approval of the First Local Committee for Experiments with the Use of
Laboratory Animals, Wroclaw, Poland (consent number 51/2012).

ChIP-sequencing
The DNA library preparation and sequencing were performed at the
Novogene Bioinformatics Technology Co. Ltd. (Cambridge, UK).
Briefly, the DNA fragments were repaired, A-tailed and further ligated
with an Illumina adapter. The final DNA library was obtained by size
selection and PCR amplification. The library was checked with Qubit
and RT-qPCR for quantification and a bioanalyser for size distribution
detection. The libraries were sequenced with the NovaSeq 6000
(Illumina), and 150bp reads were produced.

ChIP-seq bioinformatic analysis
The 150 bp paired reads were mapped to the H. pylori 26695 genome
(NC_000915.1) using Bowtie2 software with local setting (version
2.3.5.1)65,66 and processed using samtools (version 1.10)67, achieving
more than 107 mapped reads on average. Regions differentially bound
by HP1021 were identified using R packages csaw (version 1.30), and
edgeR (version 3.38)69,72, following the protocol described in73. Briefly,
mapped reads were counted using a sliding window (length 100 bp,
slide 33 bp) and filtered using local methods from the edgeR package.
Only reads with log2 fold change greater than 2 compared to 2000 bp
neighboring region were left for further analysis. Then each window
was tested using the QL F-test, and neighboring regions (less than
100bp apart) were merged. The combined p-value of all merged
regions was calculated, and only regions with a false discovery rate
(FDR) less than 0.05 were considered differentially bound. All identi-
fied regionswere further confirmedusing theMACS3 (version3.0.0a6)
programme with nomodel settings74. Peaks were detected using
ΔHP1021 strain files as a control, and only regions with a score higher
than 4250 (-log10 from q-value) were considered in subsequent
analysis.

Proteomic sample preparation
Bacterial cultures of wild-type and ΔHP1021 strains were grown in BB-
FBS under microaerobic conditions to OD600 of 0.8–1.0 and split into
three sub-cultures of 10ml each. The first sub-culture was harvested,
washed, and lysed immediately after opening the jar; the second and
third sub-cultures were harvested, washed, and lysed after incubation
under aerobic conditions (air atmosphere at 37 °Cwith orbital shaking,
140 rpm) for 60 and 120min, respectively. The bacterial proteomes
were prepared as described previously by Abele et al.75. Briefly, cells
were harvested by centrifugation at 10,000× g for 2min, media were
removed, and cells were washed once with 20ml of 1 × PBS. The cell
pellets were suspended and lysed in 100 µl of 100% trifluoroacetic acid
(TFA; Roth) for 5min at 55 °C. Next, 900 µl of Neutralization Buffer
(2M Tris) was added and vortexed. Protein concentration was mea-
sured by Bradford assay (Bio-Rad). 50μg of protein per sample was
reduced (10mM TCEP) and carbamidomethylated (55mM CAA) for
5minutes at 95 °C. The proteins were digested by adding trypsin
(proteomics grade, Roche) at a 1/50 enzyme/protein ratio (w/w) and
incubation at 37 °C overnight. Digests were acidified by the addition of
3% (v/v) formic acid (FA) anddesalted using self-packed StageTips (five
disks per micro-column, ø 1.5mm, C18 material, 3M Empore). The
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peptide eluates were dried to completeness and stored at −80 °C.
Before the LC-MS/MS measurement, all samples were freshly resus-
pended in 12 µl 0.1% FA in HPLC grade water, and 25 µg of total peptide
amount was injected into the mass spectrometer per measurement.
Each experiment was performed using four biological replicates.

Proteomic data acquisition and data analysis
Peptides were analyzed on a Vanquish Neo liquid chromatography
system (micro-flow configuration) coupled to anOrbitrap Exploris 480
mass spectrometer (Thermo Fisher Scientific). 25 µg of peptides were
applied onto an Acclaim PepMap 100 C18 column (2 μm particle size,
1mm ID × 150mm, 100Å pore size; Thermo Fisher Scientific) and
separated using a two-stepped gradient. In the first step, a 50-minute
linear gradient ranging from3% to 24% solvent B (0.1% FA, 3% DMSO in
ACN) in solvent A (0.1% FA, 3% DMSO in HPLC grade water) at a flow
rate of 50μl/min was applied. In the second step, solvent B was further
increased from 24% to 31% over a 10-minute linear gradient. The mass
spectrometer was operated in data-dependent acquisition (DDA) and
positive ionisation mode. MS1 full scans (360 – 1300m/z) were
acquiredwith a resolution of 60,000, a normalisedAGC target value of
100% and a maximum injection time of 50 msec. Peptide precursor
selection for fragmentation was carried out using a fixed cycle time of
1.2 s. Only precursors with charge states from 2 to 6 were selected, and
dynamic exclusion of 30 s was enabled. Peptide fragmentation was
performed using higher energy collision-induced dissociation (HCD)
and normalised collision energy of 28%. The precursor isolation win-
dow width of the quadrupole was set to 1.1m/z. MS2 spectra were
acquired with a resolution of 15,000, a fixed first mass of 100m/z, a
normalised automatic gain control (AGC) target value of 100% and a
maximum injection time of 40 msec.

Peptide identification and quantification were performed using
MaxQuant (version 1.6.3.4) with its built-in search engine
Andromeda76,77. MS2 spectra were searched against the H. pylori pro-
teome database derived from H. pylori 26695 (NC_000915.1) (con-
taining 1539 protein sequences supplemented with common
contaminants (built-in option in MaxQuant)). Trypsin/P was specified
as the proteolytic enzyme. The precursor tolerancewas set to 4.5 ppm,
and fragment ion tolerance to 20 ppm. Results were adjusted to a 1%
false discovery rate (FDR) on peptide spectrummatch (PSM) level and
protein level employing a target-decoy approach using reversed pro-
tein sequences. The minimal peptide length was defined as seven
amino acids, carbamidomethylated cysteine was set as fixed mod-
ification and oxidation of methionine and N-terminal protein acetyla-
tion as variable modifications. The match-between-run function was
disabled. Protein abundances were calculated using the LFQ algorithm
fromMaxQuant78. Protein intensity valueswere logarithm transformed
(base2), and a Student t-testwasused to identify proteins differentially
expressed between conditions. The resulting p-values were adjusted
by the Benjamini-Hochberg algorithm79 to control the false discovery
rate (FDR). Since low abundant proteins are more likely to result in
missing values, we filled in missing values with a constant of half the
lowest detected LFQ intensity per protein. However, if the imputed
value was higher than the 20% quantile of all LFQ intensities in that
sample, we used the 20% quantile as the imputed value. Only proteins
with |log2FC | ≥ 1 were considered differentially expressed.

COG categorisation
Differentially expressed genes (DEGs) were functionally annotated
using eggNOG-mapper (version 2.13)80 and assigned functions/cate-
gories according to the Cluster of Orthologous Genes (COGs)
database81. Statistical analysis was carried out using the R statistical
software. The frequency of statistically significant genes in RNA-seq/
proteomics analysis within COG categories was compared between
strains and conditions with the Chi-squared test of independence
implemented in R.

Quantitative polymerase chain reaction
RT-qPCRquantified themRNA levels of the selected genes. The reverse
transcription was conducted using 500 ng of RNA in a 20 µl volume
reaction mixture of iScript cDNA Synthesis Kit (Bio-Rad). 2.5 µl of 1:10
diluted cDNAwas added to 7.5 µl of Sensi-FAST SYBRNo-ROX (Bioline)
and 400nM of forward and reverse primers in a 15 µl final volume. The
RT-qPCR program performed as previously described20. The following
primer pairs were used: P17-P18, comB8; P19-P20, vacA (Table S2). The
relative quantity of mRNA for each gene was determined by referring
to themRNA levels ofH. pylori 16S rRNA (P15-P16 primer pair). The RT-
qPCR was performed for three independentH. pylori cultures. The RT-
qPCR data were analyzed with CFX Maestro (BioRad) software.

The protein-DNA interactions in the cell in vivo of the selected
DNA regions were quantified by ChIP-qPCR. 2.5 µl of 1:10 diluted
immunoprecipitation output was added to 7.5 µl of Sensi-FAST SYBR
No-ROX (Bioline) and 400nM of forward and reverse primers in a 15 µl
final volume. The ChIP-qPCR was performed using the following pro-
gramme: 95 °C for 3min, followed by 40 three-step amplification
cycles consisting of 10 s at 95 °C, 10 s at 60 °C and 20 s at 72 °C. The
following primer pairs were used: P21-P22, comB8; P23-P24, gluP; P25-
P26, vacA (Table S2). The HP1230 gene was used as a negative control
(P27-P28) (Table S2). No-antibody control was used for ChIP-qPCR
normalisation, and the fold enrichmentwas calculated. The ChIP-qPCR
was performed for three independent H. pylori cultures.

Determination of the number of cells with active DNA uptake
The DNA uptake assay was performed as previously55, with minor
modifications. λ DNA (dam- and dcm-; Thermo Fisher Scientific) was
covalently fluorescently labeled with Mirus Label IT Cy3 (MoBiTec
GmbH) according to the manufacturer’s protocol using a 1:1 (volu-
me:weight) ratio of Label IT reagent to nucleic acid55. H. pylori liquid
cultures (BB-FBS)weregrownundermicroaerobic conditions toOD600

of 0.8–1.0 and split into two sub-cultures of 2ml each. The cultures
were separately incubated undermicroaerobic and aerobic conditions
at 37 °C for 1 h. Subsequently, 100 µl of the cells were incubated under
microaerobic conditions for 15minutes with 1 µg/ml of Cy3 λ DNA.
Cellswere centrifuged (7000 × g, 3min) and suspended in 30 µl of TSB-
FBS supplementedwith 2U of DNase I (Thermo Fisher Scientific). After
5min incubation at 37 °C, bacteria were diluted five times in TSB-FBS,
and 7.5 µl was spread on a 1% low melting agarose pad. Fluorescence
microscopy was performed using a Zeiss Axio Imager M1 microscope
with aplan 100x/1.3 objective andbright-field. Cy3was visualised using
a mercury light source (HBO100) and a filter set with excitation at
550nm (bandwidth 25 nm), emission at 605 nm (bandwidth 70 nm)
and a dichroic beamsplitter at 570 nm. Regions of interest (ROIs) were
set manually and analyzed by Axiovision 4.8. Each experiment was
performed using at least three biological replicates.

Determination of transformation rate
The transformation rate was determined, as previously shown by
Kruger et al. 28, withminor modifications.H. pylori liquid cultures were
grown in BB-FBS under microaerobic conditions to OD600 of 0.8–1.0.
Cells were harvested by centrifugation (7000× g, 3min) and sus-
pended in 100μl of TSB-FBS (pH 7.5, filtered) to OD600 ~ 1. Then, 1 µg/
ml of a 1022-bp rpsL (A128G) PCR fragment was added to the cell
suspension82. The mixture was incubated for 1 h at 37 °C under
microaerobic or aerobic conditions. Next, cells were centrifuged
(7000 × g, 3min) and suspended in 50 µl of TSB-FBS supplemented
with 2UofDNase I (ThermoFisher Scientific). After 5min incubation at
37 °C, bacteria were directly spotted on CBA-B plates and further
incubated under microaerobic conditions at 37 °C for 22 ± 2 h. Subse-
quently, bacteria were harvested in TSB-FBS, and serial dilutions were
performed. Cells were spread on CBA-B, and CBA-B plates supple-
mented with 20μg/mL streptomycin to count the number of all cells
used in transformation and streptomycin-resistant mutants,
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respectively. The colony forming units (CFU) of each group were
measured, and the transformation rate was determined. Each experi-
ment was performed using three biological replicates.

Glucose uptake assay
Glucose uptake byH. pylori culture during growthwasmeasured using
glucometer Countour Plus ELITE and Contour Plus strips. Glucometer
allowed for fast and reliable glucose consumption measurements by
H. pylori (Fig. S11d). 12ml of the TSBΔD-FBS medium supplemented
with 100mg/dl glucosewere inoculatedwith theH. pyloriN6wild-type
andmutant strains to OD600 = 0.025 or with theH. pylori P12 wild-type
and mutant strains to OD600 = 0.015 and grown under microaerobic
conditions. OD600 of each culture was periodically measured until the
H. pylori microaerobic culture reached the late stationary phase. CFU
determined the total amount of cells in the medium. At OD600 = 1, the
number of cells equals approx. 2 × 108/ml for each strain. The glucose
consumption per cell was determined by dividing the change in glu-
cose concentration in the growth medium between the inoculated
culture (time 0) and the late logarithmic phase time point (time F,
approx. 20–25 h of growth) by the number of cells in 1ml of culture at
the late logarithmic phase (time F). Each experiment was performed
using three biological replicates.

ATP assay
The ATP level was measured with the BacTiter-Glo™ Assay. H. pylori
cultures were grown under microaerobic conditions to OD600 of
0.7–1.0 in TSBΔD-FBS medium supplemented with 100mg/dl glucose.
Cells were diluted to OD600 = 0.1 with fresh medium. Next, 50 µl of
bacteria were mixed with 50 µl of BacTiter-Glo™ (Promega) and incu-
bated at room temperature for 5min. The luminescencewasmeasured
with a CLARIOstar® plate reader on opaque-walled multiwell plates
(SPL Life Sciences; 2-200203). Each experiment was performed using
three biological replicates.

Protein expression and purification
The recombinant Strep-tagged HP1021 protein was purified according
to the Strep-Tactinmanufacturer’s protocol (IBA Lifesciences). Briefly,
E. coli BL21 cells (1 l) carrying the pET28/StrepHP1021 vector were
grown at 37 °C. At an optical density (OD600) of 0.8, protein synthesis
was inducedwith 0.05mM IPTG for 3 hours at 37 °C. The cultures were
harvested by centrifugation (10min, 5000 × g and 4 °C). The cells were
suspended in 20ml of ice-cold buffer W (100mM Tris-HCl, pH 8.0;
300mM NaCl; and 1mM EDTA) supplemented with cOmplete, EDTA-
free protease inhibitor Cocktail (Roche)), disrupted by sonication and
centrifuged (30min, 31,000× g and 4 °C). The supernatant was
applied onto a Strep-Tactin Superflow high-capacity Sepharose col-
umn (1ml bed volume, IBA). The column was washed with buffer W
until Bradford tests yielded anegative result and thenwashedwith 5ml
of buffer W without EDTA. The elution was carried out with approx.
6 × 0.8ml of buffer E (100mM Tris-HCl, pH 8.0; 300mM NaCl; and
5mM desthiobiotin). Protein purity was analyzed by SDS-PAGE elec-
trophoresis using a GelDoc XR+ and ImageLab software (BioRad). The
fractions were stored at −20 °C in buffer E diluted with glycerol to a
final concentration of 50%.

Electrophoretic mobility shift assay (EMSA)
PCRamplifiedDNAprobes in twosteps.DNA fragmentswere amplified
in the first step using unlabeled primers P29-P30 (pcomB8) or P31-P32
(pvacA) and a H. pylori N6 genomic DNA template (Supplementary
Data 3 and S4). The forward primers were designed with overhangs
complementary to P33, FAM–labeled primer. The unlabeled fragment
was purified and used as a template in the second round of PCR using
the P33 FAM-labeled primer and the reverse primer P30 or P32 used in
the first step. The oriC2 region was amplified by PCR using P33-P34
primer pairs and a specific pori2 template (Supplementary Data 3),

giving the FAM-oriC2 probe. FAM-labeled DNA (5 nM) was incubated
with the HP1021 protein at 37 °C for 20min in Tris buffer (50mM
Tris–HCl, pH8.0; 100mMNaCl and0.2%TritonX-100).The complexes
were separated by electrophoresis on a 4% polyacrylamide gel in 0.5 ×
TBE (1 × TBE: 89mMTris, 89mMborate and 2mMEDTA) at 10 V/cm in
the cold room (approx. 10 °C). The gels were analyzed by a Typhoon
9500 FLA Imager and ImageQuant software.

Catalase activity
H. pylori P12 liquid cultures at the late logarithmic phase of growth
(OD600 = 0.8–1.0)were collectedby centrifugation (5min, 4000× g) to
obtain OD600 = 1 (approx. 2 × 108 cells/ml) per sample and resus-
pended in 1ml of 1 × PBS. 10μl of cells’ suspension of each strain were
simultaneouslymixedwith 10μl of 30%H2O2. The catalase activity was
measured by observation of the production of air bubbles and cap-
tured by a camera.

Construction of the H. pylori mutant strains
H. pylori mutant strains were constructed using a homologous
recombination approach as described by Ge and Taylor83. Briefly,
H. pylori cells were plated from the stock to CBA-B plates and incu-
bated under microaerobic conditions for 24 h. Next, cells were plated
on CBA-B plates and incubated for approximately 5 h in the form of a
micro-lawn of approx. 10mm in diameter. Then, the micro-lawn was
spotted with 10μg of purified recombinant plasmids and grown under
microaerobic conditions. After 24 h of growth, the culture was plated
on a selectivemediumandgrown forfivedays to obtain single colonies
of transformants.

H. pylori P12ΔHP1021. TheH. pylori P12 ΔHP1021mutant in which the
HP1021 gene was deleted from the chromosome was constructed as
described previously for the N6 strain using the pTZ57R/TΔHP1021
plasmid20 The allelic exchange was verified by PCR using the P13-P14
primers homologous to the chromosomal regions external to the
designed recombination sites. The lack of HP1021 was verified by
Western blot analysis using a rabbit polyclonal anti-HP1021 antibody33

(serum dilution 1:2500) and an ECL Anti-Rabbit IgG, HRP-linked whole
antibody (GE Healthcare, dilution 1:3000) (Fig. S7c, d).

H. pylori P12 COM/HP1021. The H. pylori P12 COM/HP1021 mutant
with the restoredHP1021 gene on the chromosomewas constructed as
described previously for the N6 strain using the pUC18/HP1021com
plasmid20 The allelic exchange was verified by PCR using the P13-P14
primers homologous to the chromosomal regions external to the
designed recombination sites. Additionally, the presence of HP1021
was verified by Western blot analysis using a rabbit polyclonal anti-
HP1021 antibody33 (serum dilution 1:2500) and an ECL Anti-Rabbit IgG,
HRP-linked whole antibody (GE Healthcare, dilution 1:3000) (Fig.
S7c, d).

H. pylori N6 ΔgluP. The H. pylori gluP deletion construct (pUC18/
ΔgluP) was prepared as follows (Fig. S11c). The upstream and down-
streamregions of gluPwereamplifiedby PCRusing the P1-P2 andP5-P6
primer pairs, respectively and H. pylori 26695 genomic DNA as a
template. The aphA-3 cassette was amplified using the P3-P4 primer
pair; pTZ57R/TΔHP102133 was used as a template. The resulting frag-
ments were purified on an agarose gel. Subsequently, the PCR-
amplified fragments and the SmaI digested vector pUC18 were ligated
according to the method described by Gibson in 200984 E. coli DH5α
competent cells were transformed by heat shock. The DNA fragment
cloned in pUC18 was sequenced. Subsequently, H. pylori N6 was
transformed with the pUC18/ΔgluP plasmid, and the transformants
were selected by plating on CBA-B plates supplemented with kana-
mycin. The allelic exchange was verified by PCR using the P10-P11
primer pair homologous to the chromosomal regions external to the
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designed recombination sites. The lack of gluP was verified by PCR
using the P7-P12 primer pair (Fig. S11e).

H. pylori N6 COM/gluP. The H. pylori gluP complementation strain
was constructed as follows (Fig. S11c). The region upstreamof gluP and
the gluP gene was amplified by PCR using the P1-P7 primer pair, while
the downstream region flanking gluP was amplified by PCR using the
P5-P6 primer pair; both regions were amplified using H. pylori 26695
genomic DNA as a template. The cat cassette was amplified using the
P8-P9 primer pair; pUC18/HP1021com20 was used as a template. The
resulting fragments were purified on an agarose gel. Subsequently,
the PCR-amplified fragments and the SmaI digested vector pUC18were
ligated according to the method described by Gibson in 200984 E. coli
DH5α competent cells were transformed by heat shock. The cloned
insert was sequenced. Subsequently, the obtained plasmid was used in
the natural transformation of H. pylori N6. The transformants were
selected by plating on CBA-B plates supplemented with chlor-
amphenicol. The allelic exchangewas verified by PCRusing the P10-P11
primers homologous to the chromosomal regions external to the
designed recombination sites. Additionally, the presence of gluP was
verified by PCR using the P7-P12 primer pair (Fig. S11e).

Statistics and reproducibility
Statistical analysis was performed using GraphPad Prism (version 8).
All in vivo experiments were repeated at least three times, and data
were presented as mean± SD. The statistical significance between the
two conditions was calculated by paired two-tailed Student’s t-test.
The statistical significance between multiple groups was calculated by
one-way ANOVA with Tukey’s post hoc test. P < 0.05 was considered
statistically significant. The EMSA, Western blot, and catalase activity
assay experiments were repeated twice with similar results.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The RNA-seq FASTQ and processed data generated in this study have
been deposited in the ArrayExpress database (EMBL-EBI) under
accession code E-MTAB-13025 (https://www.ebi.ac.uk/biostudies/
arrayexpress/studies/E-MTAB-13025?key=bf2d8677-1b26-4f1e-ac5f-
b1c78c7590be). The ChIP-seq FASTQ and BED files generated in this
study have been deposited in the ArrayExpress database (EMBL-EBI)
under accession code E-MTAB-13026 (https://www.ebi.ac.uk/
biostudies/arrayexpress/studies/E-MTAB-13026?key=2b27b413-e118-
4802-859e-5da57ff1ead2). The raw proteomics data, MaxQuant search
results, and the used protein sequence database generated in this
study have been deposited in the ProteomeXchange Consortium via
the PRIDE partner repository85 under accession code PXD041978.
Helicobacter pylori 26695 reference genome is deposited in the
National Center for Biotechnology Information under accession code
NC_000915.1 (www.ncbi.nlm.nih.gov/nuccore/NC_000915.1?report=
genbank). Source data are provided in this paper.
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Supplementary Table 

 

Table S1: Strains, plasmids and protein used in this study. 

Strain Relevant features Reference/source 

E. coli DH5α supE44, hsdR17, recA1, endA1, gyrA1, gyrA96, thi-1, relA1 1 

E. coli BL21 F-, ompT, hsdS (rB-, mB-), gal, dcm GE Healthcare 

H. pylori 26695 Parental strain 2 

H. pylori N6 Parental strain 3 

H. pylori N6 

ΔHP1021 
HP1021::aphA-3; N6 with HP1021 exchanged to aphA-3 

cassette 

4 

H. pylori N6 

COM/HP1021 
(HP1021::aphA-3):ΔHP1021-cat); N6 HP1021 in which 

aphA-3 was exchanged to HP1021 and cat cassette 

4 

H. pylori P12 

ΔHP1021 
HP1021::aphA-3; N6 with HP1021 exchanged to aphA-3 

cassette 

This study 

H. pylori P12 

COM/HP1021 
(HP1021::aphA-3):ΔHP1021-cat); N6 HP1021 in which 

aphA-3 was exchanged to HP1021 and cat cassette 

This study 

H. pylori N6 ΔgluP ΔgluP::aphA-3; N6 whit gluP exchanged to aphA-3 cassette This study 

H. pylori N6 

COM/gluP 
(gluP::aphA-3):ΔgluP-cat); N6 gluP in which aphA-3 was 

exchanged to HPgluP and cat cassette 

This study 

 

Plasmid Relevant features Reference/source 

pUC18 Cloning vector, AmpR Thermo Fisher Scientific 

pUC18/ΔgluP pUC18 derivative containing gluP flanking regions for allelic 

exchange of gluP for aphA-3 

This study 

pUC18/ COM/gluP pUC18 derivative containing gluP flanking regions and gluP for 

allelic exchange of aphA-3 for  

gluP-cat 

This study 

pTZ57R/TΔHP1021 pTZ57R/T derivative containing HP1021 flanking regions for 

allelic exchange of HP1021 for aphA-3 

5 

pUC18/COM/HP1021 pUC18 derivative containing HP1021 flanking regions and 

HP1021 for allelic exchange of aphA-3 for HP1021-cat 

4 

pET28/StrepHP1021 pET28Strep derivative containing the HP1021 gene amplified 

with primers P-3/P-4 and cloned between BamHI and XhoI sites 

4 

pori2 A pOC170 derivative containing oriC2 6 

 

Recombinant protein Relevant features Reference/source 

StrepHP1021 Recombinant, H. pylori HP1021 protein, Strep-tagged at N-

terminus, purified from E. coli 

4 
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Table S2: Primers used in this study. 

Oligo name Sequence (5’ → 3’) 

P1 gtcgactctagaggatccccgtaaaggtgaagtgccttatc 

P2 gggtataagcaagaagaaaac 

P3 gttttcttcttgcttatacccgctagcctaaaacaattcatccagtaaaata 

P4 ctcaataaaaaaggagaaggtttaattaaggatcctgactaactaggagga 

P5 accttctccttttttattgag 

P6 cgaattcgagctcggtacccgcaatgcgatttatccggtg 

P7 ttaggagttttcttcttgcttatac 

P8 agcaagaagaaaactcctaacggaatttacggaggataaa 

P9 gttttcttcttgcttatacccttacgccccgccctgccact 

P10 atgcaaaaaacttctaacactctg 

P11 ttaacgctcttttgcttgcc 

P12 tccccaagcaaagtcgtgag 

P13 gctcaccacgagcggcgatttg 

P14 gctttaaaatcttcatcaaattgg 

P15 ctagcggattctctcaatgtcaa 

P16 ggagtacggtcgcaagattaaa 

P17 tcaagtcttcaaagcgttgccacac 

P18 aatgaagcgttggctcgttcgctc 

P19 gcctttgacccaataatgcc 

P20 ccaataaaaccccagataaaccc 

P21 gttttctaaatgcttttcttggtgg 

P22 gggacttgtgttttttggttg 

P23 tcagtcgacgctctttttaaggggctttg 

P24 tttttgcataccttctccttttt 

P25 gtgatgctgaccaatgctcc 

P26 tttctagtctaaagtcgcaccc 

P27 catcgcgcaaaccatctcgc 

P28 gacggacaataaggggcgct 

P29 ggagtaagaatagcttcgaatcgaaagcgtctctaaagaaaa 

P30 cgggatcctcatgcgagatttaacctgt 

P31 ggagtaagaatagcttcgaatctatatatttatagccttaatcg 

P32 cggcttgtttgagcccccag 

P33 FAM-ggagtaagaatagcttcgaat* 

P34 catcgataggatatcctggg 
* - FAM, 6-fluorescein amidite. 
7 
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Fig. S1: Identification of HP1021 binding sites on H. pylori N6 genome by ChIP-seq. a ChIP-seq analysis of HP1021 binding 
to H. pylori N6 chromosome. The ChIP-seq reads for HP1021 in H. pylori N6 WT and ΔHP1021 mutant strains cultured under 
microaerobic and aerobic conditions (5% and 21% O2, respectively). Three independent analyses for each strain and condition are 
presented. b Comparison of HP1021-DNA interactions in the WT strain under microaerobic (red line) and aerobic (blue line) 
conditions with the control strain  ΔHP1021 cultured under microaerobic (green line) and aerobic (purple line) conditions. The lines 
show mean values of reads (for 100 bp long regions) with 95% confidence intervals for 56 sites differentially bound by HP1021 
protein according to edgeR analysis. For all sites, 1000 bp long fragments were extracted from the chromosome centred around the 
best position as determined by edgeR analysis.

37



Fig. S2: HP1021 controls vacA expression. a ChIP-seq data profile of the vacA gene. Read counts were determined for H. pylori 
N6 WT, WTS and ΔHP1021 strains. The y-axis represents the coverage of the DNA reads, while the x-axis represents the position 
of the genome (in bps). The main peak of the binding site is marked with a thick black line under the x-axis. b RNA-seq data profile 
of vacA gene. The genomic locus for H. pylori N6 WT, WTS and ΔHP1021 strains with the WTS-WT and ΔHP1021-WT expression 
comparison; values above the black dashed lines indicate a change in the expression of |log2FC| ≥ 1; FDR ≤ 0.05. c RT-qPCR 
analysis of the transcription of vacA in H. pylori N6 cells cultured under microaerobic and aerobic conditions (5% and 21% O2, 
respectively). The results are presented as the fold change compared to the WT strain. d ChIP fold enrichment of DNA fragment in 
vacA analyzed by ChIP-qPCR in H. pylori N6 cells cultured under microaerobic and aerobic atmosphere (5% and 21% O2, 
respectively). The HP1230 gene was used as a negative control not bound by HP1021. e EMSA analysis of HP1021 binding to the 
pvacA region in vitro. EMSA was performed using the FAM-labeled DNA fragments and recombinant Strep-tagged HP1021. The 
oriC2 DNA fragment was used as a high-affinity control. The HP1021 boxes (putative in the promoter pvacA region and 
experimentally determined in the oriC2 region) are shown below the gel image. Digital processing was applied equally across the 
entire image, including controls. The experiment was repeated twice with similar results. c-d Data are depicted as the mean values  
±  SD. Two-tailed Student’s t-test determined the P value. n = 3 biologically independent experiments. Source data are provided 
with this paper. 
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Fig. S3: The reproducibility of biological replicates in omics data. a Heat map of RNA-seq transcriptome. Analysis for 191 
genes differentially transcribed (|log2FC| ≥ 1 and FDR ≤ 0.05) in H. pylori N6 ΔHP1021 mutant strain compared to the WT strain. 
Plotted values are log-Counts-Per-Million (logCPM) normalized expression values of the differentially expressed gene. Data are 
normalized for library size and scaled to the same mean (0) and standard deviation for each gene. b Principal component analysis 
(PCA) of the normalized RNA-seq CPM data of H. pylori N6 strains under microaerobic and aerobic conditions (5% and 21% O2, 
respectively). c PCA of the normalized proteomics CPM data of H. pylori N6 strains under microaerobic conditions (WT, 
ΔHP1021) and in response to oxidative stress after 60 minutes (WTS_60, ΔHP1021S_60 ) and 120 minutes (WTS_120, 
ΔHP1021S_120).
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Fig. S4: Overview of the gene regulation mediated by HP1021 revealed by RNA-seq. a Volcano diagram of genes differently 
transcribed in the ΔHP1021 mutant strain compared to the wild-type (WT) strain (ΔHP1021-WT). b Volcano diagram of genes 
differently transcribed in the wild-type strain under oxidative stress (WTS) compared to the non-stressed wild-type strain 
(WTS-WT). c Volcano diagram of genes differently transcribed in the ΔHP1021 strain under oxidative stress (ΔHP1021S) 
compared to the non-stressed ΔHP1021 mutant (ΔHP1021S-ΔHP1021). a-c Three independent biological replicates were analyzed. 
Green dots correspond to genes with |log2FC| ≥ 1 and FDR ≥ 0.05; blue dots correspond to genes with |log2FC| ≤ 1 and FDR ≤ 0.05; 
red dots correspond to genes with |log2FC| ≥ 1 and FDR ≤ 0.05; grey dots correspond to genes that were not significantly changed. 
NS, non significant. FDR, false discovery rate.
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