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SUMMARY
Respiratory complex I is a multicomponent enzyme conserved between eukaryotic cells and many bacteria,
which couples oxidation of electron donors and quinone reduction with proton pumping. Here, we report that
protein transport via the Cag type IV secretion system, amajor virulence factor of the Gram-negative bacterial
pathogen Helicobacter pylori, is efficiently impeded by respiratory inhibition. Mitochondrial complex I inhib-
itors, including well-established insecticidal compounds, selectively kill H. pylori, while other Gram-negative
or Gram-positive bacteria, such as the close relative Campylobacter jejuni or representative gut microbiota
species, are not affected. Using a combination of different phenotypic assays, selection of resistance-
inducing mutations, and molecular modeling approaches, we demonstrate that the unique composition of
theH. pylori complex I quinone-binding pocket is the basis for this hypersensitivity. Comprehensive targeted
mutagenesis and compound optimization studies highlight the potential to develop complex I inhibitors as
narrow-spectrum antimicrobial agents against this pathogen.
INTRODUCTION

Infection with the human gastric pathogen Helicobacter pylori is

arguably themost commonchronic bacterial infection in humans,

with anoverall number of infected individuals probably exceeding

4 billion people.1 Through its association with diseases such as

atrophic gastritis, peptic ulcer disease, and gastric cancer, colo-

nization with H. pylori represents one of the leading causes of

infection-associated morbidity and mortality worldwide. Thus, it

has been estimated that over 800,000 new cases of gastric can-

cer per year are attributable toH. pylori infection.2 Due to its caus-

ative relationship with cancer development, H. pylori has been

classifiedby theWHOasadefinitive (class I) carcinogen.3 The im-

mune system is not able to clear the infection, resulting in the
Cell Che
characteristic gastric inflammation that persists for decades if un-

treated.4 Commonly used triple or quadruple therapies to eradi-

cateH. pylori face the challenge of increasing resistance rates,5–7

so that H. pylori, particularly with clarithromycin resistance, has

been listed by the WHO as a high-priority pathogen for research

and development of new antibiotics.8 Thus, novel concepts and

novel therapeutics are required to either replace or complement

the established treatment schemes. Such novel treatment con-

cepts may include the use of dual-target antibiotics composed

of existing structures9 or the identification of narrow-spectrum

or species-specific antimicrobial agents with novel targets,10,11

but also non-classical approaches such as antivirulence com-

pounds designed to inhibit pathogenicity factors without

affecting bacterial viability.12–15
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Figure 1. Identification of myxobacterial secondary metabolites with selective growth-inhibitory properties against H. pylori

(A) Results of screening the MXL library with the TEM-1-CagA translocation reporter assay. Individual compounds are shown as dots in ascending order with

respect to the resulting CagA translocation rates (indicated as percentage of untreated control).

(B) Dose-response curve of pellasoren A obtained with the TEM-1-CagA translocation reporter assay (using the BAC approach; compare Figure S1). Data

represent mean values and standard deviations of four independent measurements.

(C) Growth of H. pylori P12 was monitored as optical density at 550 nm (OD550) in the absence or presence of the indicated concentrations of pellasoren A.

(D) Growth of C. jejuni C31, E. coli Top10, and S. aureus ATCC29213 in the presence or absence of pellasoren A.

(E) Strain P12 was treated with the indicated inhibitor concentrations for 10min in OxoPlates or left untreated. Subsequently, partial oxygen pressures (pO2) were

recorded over 20min, and pyruvate was injected after 4min (arrow) to a final concentration of 7mM. Data represent mean values and standard errors of the mean

(SEM) obtained from four independent experiments. See also Figures S1 and S2 and Tables S1 and S2.
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In the case ofH. pylori, a promising target for the development

of antivirulence compounds (pathoblockers) is the type IV secre-

tion system (T4SS) encoded on the cytotoxin-associated gene

(cag) pathogenicity island.16 This secretion system stimulates

NF-kB-dependent proinflammatory responses in target cells16

and injects the bacterial protein CagA into the host cell cyto-

plasm, which is considered a key event in the induction of

H. pylori-associated disease, particularly gastric cancer.17

Generally, bacterial T4SSs are widespread machineries for

macromolecule (DNA and/or protein) transport, but their compo-

sitions and structures are highly diverse.18 Nevertheless,

previous attempts have focused on the development of small-

molecule inhibitors targeting conjugative or protein-translocat-

ing T4SSs (reviewed in Boudaher and Shaffer19), and several

compounds inhibiting either Cag T4SS-associated phenotypes

or the activity of its VirB11-like ATPase Caga have been

identified.20–24
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Type IV secretion activity of theCag system is commonlymoni-

tored by measuring tyrosine phosphorylation of its effector pro-

teinCagA,which is not suitable for screening compound libraries.

To overcome this limitation, we have recently developed reporter

assays basedon b-lactamase or split-luciferase (HiBiT) fusions to

CagA toquantify effector protein translocation in endpoint or real-

time settings.24–26 Here, using the TEM-1-CagA b-lactamase re-

porter assay, we have identified several compounds from amyx-

obacterial secondary metabolite library with extremely high

potency to inhibit the Cag T4SS, and we show that they act indi-

rectly by targeting the bacterial respiratory chain. Furthermore,

we show a generally high sensitivity of H. pylori, and the Cag

T4SS, to inhibition of respiratory complex I, which is based on

the distinct composition of its quinone-binding pocket. Our re-

sults demonstrate the potential of targeting H. pylori complex I

for the development of selective, or narrow-spectrum, inhibitors

(pathogen blockers) against this infectious agent.
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RESULTS

Screening of a natural compound library with a type IV
secretion reporter identifies substances with species-
specific growth-inhibitory characteristics
Wehave recently developed a b-lactamase-based type IV secre-

tion reporter assay for efficient quantification of CagA transloca-

tion into gastric epithelial cells25 and adapted it to 96-well or

384-well formats to screen small-molecule libraries for potential

inhibitors of this process24 (Figure S1A). We used this down-

scaled protocol here to screen a myxobacterial secondary

metabolite library (MXL library), which is highly enriched in com-

poundswith potent bioactivities.27 This procedure resulted in the

identification of 18 substances inhibiting CagA translocation by

at least 30% (Figure 1A and Table S1). All identified compounds

were retested at varying concentrations with the b-lactamase re-

porter assay, using different pre-incubation and washing proto-

cols to distinguish between bacterial and eukaryotic cell targets

(Figure S1A) and to eliminate compounds with eukaryotic cell

(Figure S1B) or low-potency bacterial targets (Figure S1C).

Remarkably, all remaining compounds showed a very high activ-

ity in dose-response curves for type IV secretion inhibition,

typically in the nanomolar range (Figures 1B and S1D).

Counter-screening to determine the impact on H. pylori growth

demonstrated that all compounds act as growth inhibitors as

well, with similar high potencies (Figures 1C and S2 and

Table S2). To examine whether they interfere more generally

with bacterial viability or fitness, we recorded growth curves of

representative Gram-negative and Gram-positive bacteria

(Campylobacter jejuni, Escherichia coli, and Staphylococcus

aureus) in the absence or presence of these compounds. Sur-

prisingly, most compounds had no inhibitory effects, or only at

micromolar concentrations, on the growth of these bacteria,

despite their very low IC50 values against H. pylori (Figures 1D

and S2 and Table S2), indicating that H. pylori and its Cag

T4SS are specifically sensitive to this group of compounds.

Potent type IV secretion inhibition is caused by
interference with H. pylori respiratory complex I
Most of the active myxobacterial compounds identified above

have been described as mitochondrial respiratory chain inhibi-

tors (Table S1). SinceH. pylori operates a respiratory chain, while
Figure 2. Evaluation of the impact of inhibitory compounds on H. pylor

(A) Chemical structures of mitochondrial respiratory chain inhibitors used for furt

(B) H. pylori P12 was incubated with the indicated compound concentrations for

staining. The non-specific protonophore CCCP was used as a control.

(C) Strain P12was treated for 5minwith the indicated compounds, or with DMSO a

data are mean values and standard deviations from five independent experimen

(D) Oxygen consumption of strain P12 treated with the indicated inhibitor concen

four independent experiments (five independent experiments for untreated).

(E) Strain P12 was grown in liquid culture and labeled overnight with 10 mM [U-13C

metabolites with a 13C excess higher than 1% are shown as means and standar

(F) Altered 13C incorporation levels obtained by isotopolog profiling after treatmen

deviations of changes in the respective 13C excess values (percentage increase o

experiments. Statistics: one-way ANOVA, Bonferroni’s post hoc test, only signifi

(G) H. pylori P12[TEM-1-CagA] was co-incubated for 2.5 h with AGS cells in th

translocation was determined by a TEM-1-CagA translocation assay. Data are in

mean values and standard deviations of five independent experiments.

(H) AGS[LgBiT] cells were infected with P12[HiBiT-CagA] in a real-time translocat

and measurement of CagA translocation was continued. A representative result w
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containing a reduced set of corresponding enzymes and an

atypical complex I assembly,28,29 we asked whether mitochon-

drial respiratory inhibitors may generally have a potent and

selective activity against H. pylori. First, we confirmed that the

myxobacterial compounds, including pellasoren A, which has

not been described as a respiration inhibitor so far, interfere

with respiratory activity in H. pylori. Since H. pylori is able to

run an oxidative tricarboxylic acid (TCA) cycle,30 and reportedly

utilizes substrates such as pyruvate or lactate by respiratory ac-

tivity,31 we incubated H. pylori cultures in the presence or

absence of myxobacterial compounds, then added pyruvate,

and monitored oxygen levels using microtiter plates with oxygen

sensors (OxoPlates). Indeed, injection of pyruvate resulted in

rapidly declining oxygen pressures over a time course of

10–15 min, indicating effective metabolism of this substrate by

respiration (Figure 1E). In the presence of pellasoren A, or other

myxobacterial respiratory chain inhibitors (data not shown), oxy-

gen consumption was abolished, consistent with aerobic respi-

ration as a target of these compounds.

Next, we determined the sensitivity of H. pylori to standard

respiratory chain inhibitors (rotenone, antimycin A), the protono-

phore carbonyl cyanide m-chlorophenylhydrazone (CCCP), or

other mitochondrial complex I or III inhibitors. Consistent with

the observations described above, rotenone and other complex

I inhibitors resulted in growth inhibition of H. pylori (Table S3),

often in the nanomolar range and thus at a potency comparable

to that of the myxobacterial compounds, whereas the growth of

C. jejuni, E. coli, or S. aureus was not influenced at the same

concentrations. This suggested that respiratory chain inhibitors

from different compound classes, and complex I inhibitors in

particular, are generally active in a species-selective manner

against H. pylori. Since the myxobacterial compounds are less

amenable to chemical modification, we focused our further anal-

ysis on the high-potency compounds diflumetorim (DFM), fen-

pyroximate (FPX), and fenazaquin (FZQ) (Figure 2A), three com-

plex I inhibitors with a fungicidal or acaricidal activity spectrum

(Table S3), for which a large number of compound analogs are

available. To characterize the impact of these substances on

bacterial physiology, we determined the membrane potential

and quantified the bacterial ATP content. Administration of any

of these compounds resulted in membrane potential dissipation

upon prolonged exposure (Figure 2B) and in dose-dependent
i respiration

her analysis.

3 h, and membrane potential was determined by flow cytometry after DiOC2(3)

s a control, and relative bacterial ATP contents were determined. The indicated

ts.

trations was determined as in Figure 1E. Data represent means and SEM from

6]glucose, andmetabolic signatures were determined by GC-MS analysis. Key

d deviations of five independent experiments.

t with respiration inhibitors for 5 min. Data represent mean values and standard

r decrease) in comparison with untreated control from at least two independent

cant differences indicated; *p < 0.05; **p < 0.01; ***p < 0.001.

e absence or presence of the indicated inhibitor concentrations, and CagA

dicated in relation to untreated control, which was set to 100%, and represent

ion assay setting. After 25 min (arrow), the indicated compounds were added,

ith means and SD from two technical replicates is shown. See also Table S3.
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ATP level reduction already after a short treatment (Figure 2C).

Furthermore, pre-incubation ofH. pyloriwith each compound in-

hibited oxygen consumption, similar to the myxobacterial com-

pounds (Figure 2D).

To obtain further evidence for the involvement of H. pylori

complex I, we employed an isotopolog profiling approach, in

which bacteria were grown in the presence of [U-13C6]glucose

to provide isotopic steady-state conditions before adding the

compounds, and 13C enrichment in key cytosolic metabolites

was subsequently determined via gas chromatography-mass

spectrometry (GC-MS). As reported previously,30 substantial

levels of 13C incorporation could be detected in metabolites

such as lactate, TCA cycle intermediates, amino acids, and fatty

acids (Figure 2E), of which TCA cycle intermediates and derived

amino acids (Asp and Glu) were specifically expected to reflect

respiratory activities. When the bacteria were treated with rote-

none, antimycin A, or CCCP for 5 min, 13C enrichment levels

indeed changed significantly for several metabolites (Figure 2F),

thus providing an instantaneous imprint of changes in the core

metabolism. Equivalent treatment of H. pylori with DFM, FPX,

or FZQ resulted in altered 13C enrichment profiles similar to rote-

none-treated, but distinct from antimycin A- or CCCP-treated,

bacteria, further supporting the notion that these inhibitors act

on complex I of H. pylori (Figure 2F). This conclusion is corrobo-

rated by the fact that mitochondrial complex III inhibitors were

active against H. pylori only in the micromolar range, while partly

displaying weak growth inhibition against other bacteria,

whereas CCCP inhibited the growth of all species tested

(Table S3). Determination of CagA translocation efficiency in

the presence of DFM, FPX, or FZQ confirmed that these com-

pounds effectively interfere with type IV secretion, like the myx-

obacterial compounds (Figure 2G). Adding the compounds to an

ongoing type IV secretion process resulted in almost immediate

termination of CagA translocation (Figure 2H), indicating rapid

and direct inhibition of the secretion system, rather than indirect

bactericidal effects. Collectively, these results demonstrate that

mitochondrial inhibitors also act as respiratory chain inhibitors in

H. pylori and suggest that complex I inhibition leads to species

specificity.

Mutations conferring decreased sensitivity against
respiration inhibitors reveal NuoB and NuoD as target
proteins
To select for bacterial mutants with increased compound resis-

tance and thus to determine the target structures of the inhibitors

moredirectly,weexposedH.pyloriwild-type (WT) strainP12over

multiple selection rounds to sublethal compound concentrations

and obtained mutant clones with decreased sensitivity against

FPX (Figure 3A). Sequencing revealed a nuoD V133M mutation

in all mutant clones and, in some cases, an additional T27A mu-

tation in the nuoB gene. Both genes are part of the nuo operon

(nuoA to nuoN), which encodes complex I in H. pylori.32 Subse-

quently, we transformed strainP12with genomicDNA from these

variants or with PCR products spanning different regions of the

nuo operon. Transformation with genomic DNA, or with PCR

products containing the nuoD gene, resulted in bacteria with

similarly reduced sensitivities, confirming that the resistance

phenotype is transferable with the V133MNuoD mutation alone.

Likewise, variants with T27NNuoB mutations were identified after
selection of strain P12 on medium containing DFM or FZQ

(Figure 3B). This mutation resulted in minimal inhibitory concen-

trations (MICs) of 2–4 mM for DFM and FZQ and also conferred

a 4-fold higher resistance against FPX. In contrast, the

V133MNuoD mutation caused a 32-fold higher resistance against

FPX, but did not result in decreased susceptibility against DFMor

FZQ (Figure 3C), indicating two distinct inhibition characteristics.

A targeted T27ANuoB single mutant generally showed weaker

resistance compared with the T27NNuoB mutation, but a similar

overall behavior. In addition, the T27NNuoB mutant (and also the

T27ANuoB/V133MNuoD double mutant) showed a slightly

decreased sensitivity toward rotenone, whereas none of these

mutations conferred higher resistance against the complex III in-

hibitor antimycin A, as expected. Growth curves revealed that all

mutant strains except T27ANuoB suffered from reduced fitness,

and particularly the T27NNuoBmutationwas associatedwith a se-

vere growth defect (Figure 3D). Therefore, we used only the

V133MNuoD mutant for oxygen consumption and isotopolog

profiling experiments to show that reduced compound sensitivity

was indeed due to corresponding alterations in respiratory func-

tion. Although the V133MNuoD variant showed ageneral decrease

in oxygen consumption, compared with WT, this level could not

be further inhibited by FPX, whereas the WT lost its oxygen con-

sumption ability completely in the presence of 75 nM FPX (Fig-

ure 3E). Furthermore, while incubation with FPX caused the

above-mentioned reduction of 13C incorporation into several

respiration-related metabolites for the WT, the V133MNuoD

variant showed a similar profile already in the absence of inhibi-

tors, but no additional changes upon FPX treatment (Figure 3F).

Collectively, these data illustrate that reduced FPX sensitivity of

the V133MNuoD variant is indeed caused by the corresponding

changes in complex I.

Molecular modeling of the H. pylori complex I quinone-
binding cavity enables rational inhibitor design
The NuoB and NuoD proteins (termed Nqo6 and Nqo4, respec-

tively, in some bacteria) form, together with NuoH (Nqo8), the

quinone reaction chamber in bacterial complex I assemblies (Fig-

ure 4A).Most complex I inhibitors, although varyingwidely in their

chemical structures, have the common ability of interfering with

the entry of quinones into this chamber.33 Alignment of H. pylori

NuoB with other bacterial NuoB proteins, including Nqo6 from

Thermus thermophilus, as well as with NUKM from Yarrowia lip-

olytica and mammalian NDUFS7 (PSST) proteins, showed that

T27NuoB is not conserved itself, but part of a conserved region

in different complex I assemblies (Figure S3A), which is located

near the iron-sulfur cluster N2 and directly coordinates rotenone

in the ovine complex I structure.34 The high sequence similarities

between bacterial and mitochondrial NuoB (Figure S3A), NuoD

(Figure S3B), and NuoH orthologs prompted us to build five ho-

mologymodels of theH.pyloriNuoB/D/H interfacebasedonbac-

terial or mitochondrial structures, in which the quinone-binding

site is in different conformations (Figure 4B). In all models,

T27NuoB and V133NuoD are located at the interface between

both proteins and within the deep quinone-binding site close to

N2 (Figure 4C). Conceivable binding modes for inhibitors are

either in this first quinone-binding site or in a second quinone-

binding position, in which the quinone head group is located

2.7 nm away from N234–37 (Figure 4C). Using molecular docking
Cell Chemical Biology 30, 499–512, May 18, 2023 503
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Figure 3. Target identification of respiratory inhibitors

(A) Growth of strain P12 and a V133MNuoD variant on serum agar plates or plates containing 0.3 mM FPX.

(B) Growth of strain P12 and a T27NNuoB variant on serum agar plates or plates containing either 0.25 mM DFM or 0.125 mM FZQ.

(C) MIC values of the indicated compounds for growth of P12WT or the indicated mutants, obtained by spotting the strains on medium containing the respective

compounds. Data were determined from three independent experiments.

(D) Growth of P12 and the indicated mutants was monitored as OD550, as in Figure 1C.

(E) Oxygen consumption by strain P12, or the V133MNuoD variant, was measured with or without FPX treatment, as in Figure 1E. Means and SEM from four

independent experiments are shown.

(F) Strain P12 or the V133MNuoD variant was treated with 50 nM FPX, or left untreated, and isotopolog profiles of key metabolites were determined as in Figure 2E.
13C excess valueswere compared by calculatingmean fold changes and SEMbetween FPX-treated samples and the indicated untreated controls, obtained from

three independent experiments. Statistics: one-way ANOVA, Bonferroni’s post hoc test, **p < 0.01.

ll
Article
algorithms, we calculated the most likely binding positions of

inhibitory compounds FZQ, DFM, FPX, and piericidin A in the

different homology models (Figures 4D and S4A–S4D). Compar-

ison of piericidin Abindingmodes from thedocking runs and from

the T. thermophilus structure was used as a validation of the pro-

cedure (FigureS4A).We found that bindingposes heavily depend

on the conformation of loops within the quinone-binding cavity.

For instance, docking modes of FZQ in the model based on

T. thermophilus complex I bound to piericidin A in the main bind-

ing site (PDB: 6Q8O) showed the main cluster in the first binding

site near Y85NuoD, with the ligand pointing toward T27NuoB (Fig-

ure 4D). In contrast, docking runs for the models based on

Y. lipolytica complex I bound to ubiquinone-9 (PDB: 6RFR), or

on murine complex I with an inhibitor in the second binding site

(PDB: 7B93), showed FZQ mainly between the first and the sec-

ond quinone-binding positions, pointing either toward T27NuoB or

into the quinone exit channel (similar to UQ-9 in the Y. lipolytica
504 Cell Chemical Biology 30, 499–512, May 18, 2023
structure) (Figures 4D and S4B). Similar results were obtained in

thedocking runs for FPXandDFM (FiguresS4CandS4D), except

that the main cluster in the first binding site showed a close inter-

action of FPX with V133NuoD (Figure S4C). These results are

consistent with the concept that inhibitors can bind to both bind-

ing sites, albeit with different affinities.34

With these predictions, we decided to determine the inhibitory

potential of a wider range of DFM, FPX, and FZQ compound an-

alogs to obtain corresponding structure-activity relationship

(SAR) data.Overall, we used97 analogs in growthmeasurements

at different concentrations and subsequently evaluated all com-

pounds with MIC values up to 10 mM in further dilution steps to

determine their IC50 values (Table S4 and Figure S4E). FZQ ana-

logs showed very high potencies, with IC50 values in the low

nanomolaror evensubnanomolar range.Comparisonof thecom-

pound structures indicated that the linker between the quinazo-

line moiety and the phenyl group, as well as the nature and
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Figure 4. Molecular modeling of the H. pylori complex I quinone-binding site and rational design of inhibitory compounds

(A) Schematic illustration of the complex I structure. Approximate positions of NuoB, NuoD, NuoH, and the quinone-binding pocket are shown. Electrons

transferred from NADH or reduced flavodoxin to iron-sulfur cluster N2 (orange dot) are used to reduce quinone within this pocket and to couple reduction with

proton pumping via the integral membrane subunits.

(B) Superposition of five structural models of theH. pyloriNuoB-NuoD-NuoH subcomplex. Three loops protruding into the quinone-binding cavity, which account

for the most prominent variations between the models, and the positions of iron-sulfur cluster N2, T27NuoB, and V133NuoD are indicated.

(C) Enlarged view of the quinone-binding pocket in the model based on T. thermophilus complex I, with T27NuoB and V133NuoD indicated as red surface and

conserved residues forming the first and second quinone-binding sites indicated as green and yellow surface, respectively.

(D) Docking poses of FZQ (orange) in the homologymodels based on T. thermophilus (6Q8O) and Y. lipolytica (6RFR). T27NuoB, Y85NuoD, and R293NuoH are shown

as red, green, and yellow stick representations, respectively.

(E) Docking poses of FZQ-C02 (green) and FZQ-C02 analog 1 (purple) in the T. thermophilus (6Q8O) homology model. Key residues are highlighted as in (D).

(F) Chemical structures of FZQ-C02 and of derivatives (1 to 4) containing a 3-butynylamino instead of an ethylamino linker region.

(G) Growth of strain P12, and the T27NNuoB and T27ANuoB variants, on serum agar plates containing the indicated concentrations of FZQ-C02 and its analogs

1 to 4.

(H) Sensitivity of strain P12, or T27NNuoB/T27ANuoB variants, was measured as inhibition zone diameters on serum agar plates with the indicated compounds

spotted on diffusion disks. Mean values and standard deviations of inhibition zone diameters from five independent experiments are indicated. Statistics: one-

way ANOVA, Dunnett’s post hoc test; *p < 0.05; **p < 0.01; ***p < 0.001; only significant differences are indicated. See also Figures S3 and S4 and Table S4.
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Figure 5. Examination of complex I inhibitor insensitivity in E. coli

(A) E. coli Top 10 was treated with the indicated inhibitor concentrations in OxoPlates or left untreated. Subsequently, partial oxygen pressures (pO2) were

recorded after pyruvate injection (arrow), as in Figure 1E.

(B) Growth curve of an ndh mutant of E. coli Top 10 in the presence of the indicated compounds, recorded as in Figure 1D.

(C) Growth curves of a tolC mutant of E. coli BW25113 in the presence of the indicated inhibitors, recorded as in Figure 1D.

(D) Sensitivity of E. coli ndh (Top 10) or tolCmutants (BW25113), and of their respective wild types, was measured by inhibition zone diameters in a disk diffusion

assay with the indicated compounds. Data represent means and standard deviations from five independent experiments. Statistics: one-way ANOVA, Dunnett’s

post hoc test; *p < 0.05; **p < 0.01; only significant differences are indicated. See also Table S5 and Figure S5.
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bulkiness of substituents on this phenyl group, is important for

high inhibitory potential (Figure S4F). Compounds with the high-

est potency shared an ethylamino linker region, and docking

runs for one such compound, FZQ-C02, indicated a positioning

of the adjacent phenyl group close to T27NuoB (Figure 4E), which

may explain the decreased sensitivity of the more voluminous

variant T27NNuoB to this compound. To corroborate this conclu-

sion, we selectively analyzed four further derivatives of FZQ-

C02, in which the ethylamino linker between the quinazoline

and the trifluoromethyl-pyridyl-oxyphenyl moieties was replaced

by a butynylamino linker (Figure 4F), reasoning that an extended

linker should move the phenyl group farther away from T27NuoB,

so that the corresponding molecules might fit better into the nar-

rower quinone entry channel present in the T27NNuoB variant (Fig-

ure 4F). Indeed, two of these analogs (FZQ-C02#1 and FZQ-

C02#3) prevented growth of the T27NNuoB variant in the same

way as growth of the WT (Figure 4G), and showed, unlike FZQ-

C02, enlarged inhibition zones for T27NNuoB in disk diffusion

assays, thus overcoming the increased resistance of T27NNuoB

(Figure 4H). In contrast, none of the FZQ-C02 analogs showed

an activity superior to FZQ-C02 against the T27ANuoB variant.

Strikingly, a methyl group at C-1 of the linker chain, which might

increase its bulkiness (FZQ-C02#2 and FZQ-C02#4), reduced
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the inhibitory activity against the T27NNuoB and T27ANuoB vari-

ants. Collectively, these results strongly support the validity of

our docking models and demonstrate the feasibility of struc-

ture-informed drug design to overcome potential resistance

development against these inhibitors.

The extreme sensitivity of H. pylori toward complex I
inhibitors is caused by its unique quinone-binding
pocket
The observation that H. pylori is much more sensitive against

complex I inhibitors than other bacteria led us to examine plau-

sible reasons for the (relative) complex I inhibitor resistance in

other bacteria. Facultative anaerobes, such as E. coli, might

generally grow independent of aerobic respiration, but oxygen

consumption of E. coli cells upon feeding with pyruvate re-

mained unchanged in the presence of complex I inhibitors (Fig-

ure 5A). Similar to many other bacteria, E. coli contains a type

II NADH:ubiquinone oxidoreductase (NDH-2), which transfers

electrons to the respiratory chain independent of complex I

and without translocating protons.38 To examine its potential

relevance, we inactivated the ndh gene in E. coli and compared

the sensitivity of the resulting mutant against complex I inhibi-

tors. However, we did not find an increased sensitivity
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(Figure 5B), and thus no obvious contribution of NDH-2 to the

resistance phenotype, indicating that E. coli complex I itself is

not strongly affected by these inhibitors. However, when we

used an E. coli tolC mutant, which is generally more sensitive

to different antibiotics due to reduced efflux capabilities,39 we

found a growth defect in the presence of high DFM concentra-

tions (Figure 5C), albeit not in the presence of FPX or FZQ.

This again suggested that E. coli survives complex I inhibitors

because of altered complex I structural details compared with

H. pylori. Intriguingly, E. coli NuoB contains an asparagine resi-

due at the position analogous to T27NuoB ofH. pylori (Figure S3A).

To examine its potential relevance, we tested the sensitivity of

E. coli WT and its ndh or tolC mutants against the FZQ-C02 bu-

tynylamino analogs shown in Figure 4F. Interestingly, analogs

FZQ-C02#1 and FZQ-C02#3, but not FZQ-C02#2 and FZQ-

C02#4, were able to suppress the growth of the tolC mutant

significantly (Figure 5D), indicating that E. coli complex I inhibi-

tion is achievable if compounds overcoming the intrinsic

N27NuoB resistance reach sufficient intracellular concentrations.

These results suggest that the major reason for H. pylori hyper-

susceptibility to complex I inhibitors is a combination of ineffi-

cient compound efflux and specific structural elements within

the complex I quinone-binding pocket.

To identify further potentialH. pylori variants with altered com-

pound sensitivities due to changes in their complex I quinone-

binding pocket, we searched publicly available H. pylori genome

sequences for polymorphisms in theNuoBandNuoDproteins.Of

amultitudeof variants in both sequences, only a fewwere located

within or close to the quinone-binding pocket in our models

(Table S5). Based on these naturally occurring variants, and two

additional NuoD variants reported recently to cause reduced

sensitivity to thienopyrimidine inhibitors,40 we generated plas-

mids containing the respective mutations and transformed

H. pylori with selection on DFM, FPX, FZQ, the thienopyrimidine

analog DQA5, or the synthetic aureothin derivative compound

741 (Table S3). In this way, we obtained a further 11 mutants

(S35TNuoD, S35CNuoD, G37ANuoD, F129LNuoD, S132GNuoD,

D137ENuoD, I397LNuoD, T400INuoD, A402PNuoD, F404LNuoD, and

aT400INuoD/A402PNuoDdoublemutant)with increased resistance

toward several compounds (Figure S5). Particularly, variants

S35TNuoD and G37ANuoD caused a substantial resistance against

DFM,FPX, andcompound7. Importantly, however, noneof these

mutations caused an increased resistance against FZQ. Interest-

ingly, some of the amino acid exchanges causing reduced sensi-

tivity of H. pylori (F129LNuoD, T400INuoD, and F404LNuoD) are

already present inWTNuoD sequences of E. coli orC. jejuni (Fig-

ure S3B), indicating that the quinone-binding pocket of these

bacteria may naturally be less sensitive to complex I inhibitors.

Complex I inhibitors have the potential to be developed
as specific antibacterial agents (pathogen blockers)
against H. pylori
Finally, we asked whether the high sensitivity of H. pylori against

complex I inhibitors might be exploited to develop narrow-spec-

trum or species-specific antibacterials with promising character-

istics. Insecticidal or acaricidal complex I inhibitors such as

DFM, FPX, and FZQ were optimized to have low cytotoxicity

for plant or mammalian cells, taking advantage of the generally

increased sensitivity of insect mitochondria toward complex I in-
hibition.42 Thus, they exhibited only moderate toxicity for L929

cells (Figure S6), and respiratory inhibition in these cells was

apparent only at rather high concentrations (Figure 6A), confirm-

ing that H. pylori is much more sensitive to these compounds

than mammalian cells.

To estimate rates of resistance development, we employed a

protocol in whichH. pyloriwas exposed to compound concentra-

tions 4-fold above the respective MIC values. Under these condi-

tions, no spontaneous mutants with resistance against FZQ were

observed among pools of 109 bacteria, whereas mutants

with resistance against FPX were obtained at a frequency of

5.5 3 10�8 (Figure 6B). In comparison, resistance against rifam-

picin emerged at a rate of 6.1 3 10�7 under the same conditions

and resistance against the H. pylori eradication therapy compo-

nentmetronidazole at a rate of 1.23 10�7 (Figure 6B). Since spon-

taneous FZQ-resistant colonies were not obtained at 1.253MIC

either, the emergence of a T27NNuoB mutant was estimated to be

very unlikely, probably due to its severe growth defect.

As a further step to assess species specificity of the complex I

inhibitors, we measured their impact on the viability of typical

representatives of the human intestinal microbiota. Similar to

their lack of toxicity against C. jejuni, E. coli, and S. aureus

(Table S3), DFM, FPX, and FZQ did not interfere with growth of

these intestinal bacteria, even at comparably high concentra-

tions (Figure 6C). Furthermore, we confirmed that these inhibi-

tors were similarly active against H. pylori isolates that were

resistant to metronidazole, tetracycline, clarithromycin, and/or

amoxicillin (Figure 6D). Collectively, these observations highlight

the excellent potential of complex I inhibitors to be developed as

H. pylori-specific antibacterial agents.

DISCUSSION

The results of this study show that H. pylori is exceedingly sensi-

tive to respiratory complex I inhibitors. In fact, a substantial num-

ber of small-molecule inhibitors thatwere obtainedduring a study

to identify antivirulence compounds against the Cag T4SS of

H. pylori turned out to be respiration inhibitors. This implies that

the Cag type IV secretionmachinery itself is highly sensitive to in-

hibition of the respiratory chain, which probably represents ama-

jor pathway for ATP generation and constitutes the source of the

bacterial membrane potential. Administration of the identified in-

hibitors resulted in fast changes in profiles of 13C incorporation

into metabolites of the H. pylori central intermediary meta-

bolism,30 similar to those obtained with a known complex I inhib-

itor, suggesting that interference with complex I function leads to

redirected metabolic fluxes. Furthermore, the inhibitors caused

an almost immediate reduction in oxygen consumption and a

rapid ATP depletion, but had a more delayed and comparatively

slight impact on themembrane potential. This suggests that type

IV secretion strongly depends on bacterial cell ATP levels, a

conclusion that has similarly been drawn from experiments with

the VirB/D4 T4SS of Agrobacterium tumefaciens, where ATP

sensing by the cytosolic ATPases VirB11 and VirD4 was

concluded to result in translocation activation.43 Importantly,

adding respiration inhibitors to an ongoing infection rapidly

blocked CagA translocation, similar to high doses of the type IV

secretion-disrupting agent cisplatin,26 whereas treatment with

the protein biosynthesis inhibitor erythromycin resulted in rather
Cell Chemical Biology 30, 499–512, May 18, 2023 507
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Figure 6. Activity of complex I inhibitors toward eukaryotic and prokaryotic target cells

(A) L929 cells were placed in OxoPlates and treated for 10 min with DFM, FPX, or FZQ at the indicated concentrations. Subsequently, oxygen consumption was

determined. Data are indicated as percentages of untreated control and represent mean values and standard deviations of three independent experiments.

(B) H. pylori P12 grown for 2–3 days without selection was suspended and plated on serum agar containing the indicated compounds (equivalent to 43MIC for

each compound). Numbers of emerging resistant colonies were divided by the respective numbers of viable bacteria grown on inhibitor-free plates. Statistics:

one-way ANOVA, Bonferroni’s post hoc test; **p < 0.01; ***p < 0.001.

(C) Growth curves of the Firmicutes species Lactobacillus reuteri, Clostridium scindens, Agathobacter rectalis, and Enterococcus faecalis; the Proteobacteria

species Escherichia coli (Nissle) and Bilophila wadsworthia; the Bacteroidetes species Bacteroides vulgatus and Bacteroides thetaiotaomicron; and the Ver-

rucomicrobia species Akkermansia muciniphila in the presence or absence of DFM, FPX, or FZQ (at 100 mM each).

(D) Growth inhibition diagrams ofH. pylori P12 andmultiresistant isolates 1-17C, 1-30C3, and 6-18C in the presence of DFM, FPX, or FZQ. Data represent means

and standard deviations from five independent experiments. See also Figure S6.
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mild short-term reduction of CagA translocation levels, while effi-

ciently killing H. pylori only upon prolonged exposure. Collec-

tively, this indicated that type IV secretion inhibition is directly

associated with respiratory activity.

Although we initially identified natural complex I inhibitors as

compounds affecting type IV secretion activity, one of the surpris-

ing observations of this study was thatH. pylori is in general highly

sensitive against complex I inhibitors, whereas other bacteria,

including C. jejuni, display moderate sensitivities at most. This is
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not unexpected for S. aureus, which is known to lack a classical

complex I assembly,44 but many other bacteria, including some

Firmicutes species, do contain complex I orthologs.45 Generally,

bacterial complex I assemblies comprise 14 subunits (encoded

by the nuoA to nuoN genes), two of which (NuoC and NuoD) are

in some cases (for instance, in E. coli) fused to a single protein.45

Specific properties of H. pylori complex I, like in other Campylo-

bacterota species, are a replacement of nuoE and nuoF by

different genes,45,46which probably encode an alternativemodule



ll
Article
that accepts flavodoxin, rather thanNADH, as an electron donor47

and theexclusiveutilizationofmenaquinone (predominantlyMK-6)

instead of ubiquinone as the isoprenoid quinone for respiration.48

Furthermore, the H. pylori respiratory chain is considered a

simple system, with no branching of pathways49 and compa-

rably few metabolites used as electron donors for respiration.29

However, complex III inhibitors were not particularly effective

in H. pylori, and an E. coli ndh mutant was still resistant against

complex I inhibitors, arguing against missing redundancy in the

respiratory chain as a major factor for the observed hypersensi-

tivity. Instead, the unique composition and structure of the com-

plex I quinone-binding pocket in H. pylori emerge as central fac-

tors. Complex I components in H. pylori are generally well

conserved, also in comparison with the corresponding proteins

of the much larger mitochondrial complex I, which comprises

the same 14 core subunits and 31 additional structural sub-

units.50 Our models of the H. pylori complex I quinone-binding

pocket, formed by NuoB, NuoD, and NuoH, show a narrow entry

channel and a spacious inner cavity with a quinone reduction site

close to iron-sulfur cluster N2 and a second quinone-binding

site.36,37 Quinone-analogous inhibitors such as piericidin A

bind within this pocket to the first quinone-binding site.51,52

However, the same, or other, inhibitory compounds, which

may have widely different structures and little resemblance to

quinone substrates,53,54 may also bind in the second binding

site or within the long entry channel.34,52 Our modeling data indi-

cate the potential binding of inhibitory compounds in either bind-

ing site, depending on the structure used for model building,

consistent with the observation that the structure of the

quinone-binding pocket changes during substrate or inhibitor

occupancy.55 For inhibitors from the FPX series, the reduced

sensitivity of the V133MNuoD variant (and the minor influence of

a T27NNuoB mutation) shows that inhibition is based on interac-

tions in the first binding site. In contrast, inhibition by DFM and

FZQ series compounds seems to be rather based on interactions

between the first and the second quinone-binding sites. Our

structure-activity relationships suggest that high inhibitory po-

tency of compounds from the FZQ series corresponds to the

presence of a chain of aromatic rings, which is in line with a

recent observation that certain compounds may preferentially

use aromatic residues as p-stacking partners for high-affinity

binding in the second binding site.56 However, this principle

does not hold true for heterocyclic aromatic substituents in the

FZQ derivatives.

Using sublethal concentrations of individual compounds, i.e.,

under conditions favoring the emergence of mutations in direct

target genes, rather than metabolic alterations,57 we obtained

several mutants with reduced compound sensitivities. All muta-

tions could bemapped to the complex I quinone-binding pocket,

reinforcing the conclusion that its unique composition and struc-

ture lead to high sensitivity. None of the mutations described

earlier to provide decreased sensitivity against benzimidazole

or thienopyrimidine inhibitors40,58 was sufficient to increase

resistance against quinazoline inhibitors such as FZQ. The only

mutation conferring a resistance against this compound class

(T27NNuoB) was also the one with the most severe growth defect,

which is probably the reason it did not develop spontaneously

under FZQ selection pressure and why it does not seem to occur

naturally within the H. pylori population. Moreover, we demon-
strate the feasibility of structure-informed drug design with

FZQ modifications that overcome the resistance of this variant.

Collectively, our results suggest that species specificity of the in-

hibitors forH. pylori is most likely due to its unique quinone-reac-

tion chamber, possibly in conjunction with a weak efflux activity.

An open question is why this particular composition of the com-

plex I quinone-binding pocket, concomitant with inhibitor hyper-

sensitivity, has evolved in H. pylori. Possibly, it provides an addi-

tional selective advantage for bacteria using this subgroup of

complex I assemblies, which relies on a flavodoxin-oxidizing

module, a NuoG protein containing an additional iron-sulfur clus-

ter,59 and a low-potential quinone (menaquinone MK-6). Also,

the shorter quinone hexaprenyl tail, compared with the longer

menaquinone or ubiquinone tails in most other bacteria,60 might

play a role. Thus, respiration might be possible at higher effi-

ciency in the microenvironments thatH. pylori encounters during

infection or transmission, while this complex I assembly might be

stable only in a protected evolutionary niche that prevents con-

tact with microorganisms producing complex I inhibitors.

Taken together, these results show that respiratory complex I

inhibitors are highly promising candidates to be developed as

species-specific antibacterials against H. pylori. They show no

cross-resistance with currently used eradication therapy drugs,

are equally or even less prone to resistance development, and

have a strongly reduced impact on the gastrointestinal micro-

biota. The extreme sensitivity of H. pylori to 4-amino-

quinazoline compounds opens up the possibility of reaching a

high therapeutic index with lowmitochondrial toxicity. Other res-

piratory chain inhibitors used in therapeutic settings against in-

fectious agents, such as the complex III inhibitor atovaquone61

or the non-competitive biguanide complex I inhibitors metformin

and proguanil,62 demonstrate the principal feasibility of specif-

ically interfering with such targets.

Limitations of the study
Antibacterial activities of the analyzed compounds are limited to

single bacterial strains. Therefore, apart from potential limita-

tions originating from in vivo pharmacokinetics parameters, the

compounds might also act differently on a complex gastrointes-

tinal microbiota under in vivo conditions.

SIGNIFICANCE

The emergence of antibiotic resistance among pathogenic

bacteria highlights the importance of identifying additional

drug targets. Here, we show that the Cag T4SS of H. pylori

is highly sensitive to inhibition by natural compounds target-

ing mitochondrial respiration and describe a range of respi-

ratory complex I inhibitors interfering with H. pylori viability

at non-toxic concentrations for mammalian cells and many

other bacteria. This species-specific hypersusceptibility

thus emerged as a general concept with potential for the

development of tailored drugs. Structure-activity relation-

ships revealed compounds with extreme potency and

distinct susceptibility profiles. Generation of bacterial mu-

tants with decreased sensitivity and molecular modeling

and docking experiments led to a detailed map of the

H. pylori complex I quinone-binding pocket, showing that

its unique molecular composition causes the extraordinary
Cell Chemical Biology 30, 499–512, May 18, 2023 509
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susceptibility and makes it a promising target for develop-

ment of narrow-spectrum antibiotics.
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mutations, see Table S6

This manuscript N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Recombinant DNA

pKD4 Datsenko and Wanner68 RRID:Addgene_45605

pKD46-Dndh Datsenko and Wanner68 N/A

pCL32-nuoD-T400I This manuscript N/A

pCL33-nuoD-A402P This manuscript N/A

pCL34-nuoD-T400I/A402P This manuscript N/A

pCL43-nuoD-F129L This manuscript N/A

pCL44-nuoD-S132G This manuscript N/A

pCL45-nuoD-D137E This manuscript N/A

pCL46-nuoD-I397L This manuscript N/A

pCL47-nuoD-F404L This manuscript N/A

pCL49-nuoB-P25S This manuscript N/A

pCL50-nuoB-C32W This manuscript N/A

pCL51-nuoD-S35C This manuscript N/A

pCL52-nuoD-G37A This manuscript N/A

pCL60-nuoB-F54V This manuscript N/A

pCL61-nuoD-F144V This manuscript N/A

pSMART-HP2kb03_D21 Fischer et al.63 N/A

pSMART-HP2kb09_J02 Fischer et al.63 N/A

Software and algorithms

FlowJo 10.0 Becton Dickinson RRID:SCR_008520

Glide Schrödinger, LLC RRID:SCR_000187

GraphPad Prism 9 GraphPad Software Inc. RRID:SCR_002798

GROMACS v2021.2 Abraham et al.69 RRID: SCR_014565

LigPrep (2020) Schrödinger, LLC RRID:SCR_016746

MARS Data Analysis software BMG Labtech RRID:SCR_021015

Modeller 10.2 Sali and Blundell70 RRID:SCR_008395
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wolfgang

Fischer (fischer@mvp.lmu.de).

Materials availability
This study did not generate new unique reagents.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains
H. pylori strains were grown on GC agar plates (Oxoid) supplemented with vitamin mix (1%) and horse serum (8%) (serum plates), or

in Brucella broth (BB) supplemented with 10% FCS, and cultured for 16-60 h in a microaerobic atmosphere (85% N2, 10% CO2, 5%

O2) at 37
�C. S. aureus and E. coli strains were grown at 37 �C on Luria-Bertani (LB) agar plates or in LB liquid medium supplemented

with antibiotics, as appropriate. C. jejuniwas grown on serum plates or in Brucella broth, 10% FCS at 37�C, 10%CO2. All other bac-

terial species were grown in Anaerobic Akkermansia Medium at 37 �C, using a 7% H2, 10% CO2, 83% N2 gas mixture.
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Cell lines
AGS cells (human, female) were cultivated in RPMI/10% FCS at 37 �C, 5% CO2 in 75 cm2 tissue culture flasks (BD Falcon) and

subcultivated in 6-well, 96-well (black, transparent bottom, tissue cultured treated, 4titude), or 384-well microtiter plates (black,

transparent bottom, tissue culture treated, Corning Inc.), as appropriate. For cultivation of AGS [LgBiT] cells, a stably transfected de-

rivative of AGS cells,26 media were supplemented with 0.5 mg/ml hygromycin. L929 cells (murine, male) were cultivated in DMEM/

10% FCS supplemented with 2 mM L-glutamine and 1 mM sodium pyruvate at 37 �C, 5% CO2.

METHOD DETAILS

Chemicals
The MXL library was provided by the Helmholtz Institute for Pharmaceutical Research Saarland (Dept. Microbial Natural Products;

Saarbr€ucken, Germany) via the Helmholtz Center for Infection Research (Braunschweig, Germany). Compounds in this library were

confirmed by MS upon generation of stock solutions. Compounds described in Table S3 were either produced as described previ-

ously,41 obtained from commercial suppliers, as indicated in the key resources table, or provided by BASF SE (Ludwigshafen, Ger-

many). All compounds shown in Figure 4 or Table S4 have been described previously in patentsWO9404527 A1,WO2010025451 A2,

or US 2016/0221964 A1mentioned below, and/or are commercially available, and were also provided by BASF SE. Compounds pro-

vided by BASF SE were re-confirmed via LC/MS analysis with correct mass and LC purity >95%. Compound FZQ_C02 has been

described in patents WO9404527 A1 (Dreikorn, B.A., et al.; Pyridylethoxy-, pyridylethylamino-, and pyridylpropyl- derivatives of

quinoline and quinazoline as pesticides and agrochemical fungicides) and WO2010025451 A2 (Brewster, W., et al.; Preparation of

difluoro(((heteroaryloxy)phenyl)ethylamino)quinazoline derivatives for use as fungicides, insecticides, and pesticides). Compounds

FZQ-C02#1 to FZQ_C02#4 have been described in patent US 2016/0221964 A1 (Grammenos, W., et al.; Preparation of pyrimidine

compounds as agricultural and horticultural fungicides).

TEM-1 type IV secretion reporter assay
For screening, compound libraries were pre-pipetted into 384-well plates (low volume, sterile, Corning Inc.) such that thewell content

was sufficient for a 20mL test volume, and air-dried. Suspensions of bacterial cells (H. pylori P12 [TEM-1-CagA]) with an OD550 of

0.075 in Dulbecco’s PBS supplemented with 10% (v/v) FCS were added to the plates (20 ml per well) and incubated for 30 min at

37 �C and 10% CO2. Subsequently, 17 mL of the bacteria-compound mixture was gently aspirated and transferred onto AGS cells

seeded in 384-well microtiter plates. Infection was performed by incubation for 2.5 h at 37 �C, 10%CO2. For evaluation, infected cells

were loaded with CCF4-AM substrate, and TEM-1 activity was determined using a Clariostar plate reader (BMG Labtech), as

described previously.25 CagA translocation was defined as the ratio of emissions (E): [E460 nm (sample) - E460 nm (blank)] / [E530 nm

(sample) - E530 nm (blank)], where the blank wells contained only CCF4-AM loading solution, but no cells or bacteria. In subsequent

re-screen assays, compounds were tested in a 96-well format with different incubation and washing conditions (BAC, CELL,

SCREEN layouts), as indicated in Figure S1A. All other quantitative type IV secretion measurements were performed in a 96-well

format, using the SCREEN layout.

Growth curves and MIC/IC50 determination
Bacteria grownonagarplateswerediluted toanOD550 of 0.075 to0.15 in the respectivemedia andsubcultured in 96-well plates (clear,

flat-bottom). Plates were sealed with a gas-permeable membrane (Breathe-Easy� sealing membrane, Diversified Biotech) and incu-

bated at 37 �C, 200 rpm in a plate reader (Clariostar, BMG Labtech). In case of H. pylori and C. jejuni, CO2 levels were additionally

adjusted to 10% using an atmospheric control unit (BMG Labtech). Anaerobic bacteria were grown at 37�C in a plate reader (Epoch

2,Agilent) positioned in ananaerobic chamber.OD550wasautomaticallymeasuredevery 5minuntil the stationaryphasewas reached.

To evaluate the antimicrobial activity of selected compounds in vitro, the sameexperimental setupwas used,with the respective com-

pounds added to the corresponding concentrations. Inhibitors were tested in serial two-fold or ten-fold dilutions. Growth curveswere

processed with MARS Data Analysis software 3.30 applying a curve-smoothing factor of 21. The lowest compound concentrations

that showed complete growth inhibition in five independent experiments were considered as MIC values. Additionally, MICs were

evaluated for growth on serum plates supplemented with the respective compounds and antibiotics. To do so, inhibitors were either

added to the agar prior to solidification, or compounds were spread on the already solid agar surface. All substances were tested in

two-fold dilutions. Bacteria (OD550 = 0.1, 5 ml) were spotted on the agar and grown for 2 days at 37 �C, 10%CO2 to obtainMIC values.

Plasmids and transformation of H. pylori
Plasmids pCL32 to pCL61 were generated by inverse PCR with primers nuoDmut1 to nuoD-F144V (Table S6) from gene library plas-

mids pSMART-HP2kb03_D21 or pSMART-HP2kb09_J02 (containing strain P12 chromosomal fragments from nucleotide 1314906

to 1317526, or from 1312897 to 1314898, respectively). H. pylori strain P12 was transformed using linear PCR products (obtained

with primers nuoAB fwd to nuoN rev, see Table S6), plasmids pCL32 to pCL61, or genomic DNA, as described previously.71 Briefly,

bacteria were suspended in BB/10% FCS at an OD550 of 0.2, and incubated at 37�C, 10% CO2 under gentle agitation for 2 h. DNA

was added, and suspensions were incubated for 4 h under the same conditions, and then spread on serum agar plates containing the

respective antibiotics. For selection of transformants with reduced sensitivity to respiration inhibitors, transformation mixtures were

spread on serum agar plates, and sterile, 6 mm diameter paper disks were placed on these plates, and soaked with 15 ml of the
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respective compound diluted to the indicated concentration in BBmedium. An E. coli TOP10Dndhmutant was generatedwith a one-

step PCR-based protocol68 using primers Dndh fwd and Dndh rev (Table S6).

Cross-resistance and disk diffusion assays
To analyze resistance patterns, H. pylori P12 wt, nuoB or nuoD mutant strains were collected from serum plates and suspensions

were adjusted to OD550 = 0.1. Aliquots of 5 ml bacterial suspensions were spotted on serum plates supplemented with the desired

concentrations of the compounds. Growth was checked after incubation for 2-3 days, and pictures were taken using a SLR camera

(Canon). To compare the sensitivities of H. pylori mutants to selected small molecule inhibitors quantitatively, zones of growth inhi-

bition were determined via disk diffusion tests. To do so, bacteria were harvested, suspensions were adjusted to OD550 = 0.1, and

100 ml of the respective strainswere plated on non-selective serumplates. Sterile paper disks (Ø 0.6 cm) were placed on the agar, and

15 ml of the compound of interest diluted to the indicated concentration in BBmediumwere applied. Bacteria were grown under stan-

dard conditions for 3-4 days and the zones of inhibition were measured.

Determination of resistance development rates
A protocol adapted from72 was used to determine the spontaneous emergence of resistance. Briefly, H. pylori liquid cultures were

started with low amounts of bacteria (6 x 105 cfu) in a small volume of BB/FCS (50 ml) and grown in 96-well plates for 12 h at 37 �C,
10% CO2 under gentle agitation. The culture volume was subsequently increased to 500 ml and finally to 10 ml in a cell culture flask

(T25). After 2-3 days, bacteria in the stationary growth phase were harvested (4000 rpm, 20 min) and resuspended in 1 ml BB/FCS.

Next, 100 ml were spread on serum plates supplemented with the indicated concentration of the compound of interest (this corre-

sponds to 1 ml of the original culture). In parallel, the total number of cfu/ml was determined. Plates were incubated for 5-6 days

at 37 �C, 10% CO2, and colonies were counted. Resistance rates were computed by dividing the number of resistant colonies by

the count of viable cells. The median was calculated from at least five independent experiments with three independent cultures

each, so that occasional ‘‘jackpot cultures’’ have no influence on the statistics. Due to the minimal amount of bacteria used to inoc-

ulate the liquid cultures, the presence of resistant mutants in the initial samples was considered rather unlikely. To further prove this

assumption, 6 x 106 cfu (i.e., ten times the inoculum), were plated on selective plates without prior liquid cultures. In five independent

experiments, <10 (rifampicin), or <3 (all other compounds), colonies per plate were observed.

Oxygen consumption
OxoPlates (OP96U, PreSens) were used tomonitor oxygen consumption rates. Every batch of OxoPlates was calibrated according to

the manufacturer’s instructions. To measure oxygen consumption of bacteria treated with small molecule inhibitors, H. pylori or

E. coli were diluted to an OD550 of 1 in nutrient-free buffer (D-PBS), OxoPlates were filled with 140 ml bacterial suspension per

well and incubated for 10 min at 37 �C in a 10 % CO2 incubator. Subsequently, compounds were added at the desired concentra-

tions, and incubation was continued for further 10 min. Oxygen consumption was monitored in a prewarmed plate reader (Fluostar,

BMG Labtech) at 37 �C for 20-30 min using the time-resolved mode (integration start: 0 ms, integration time: 500 ms). Indicator (I650)

and reference (I590) fluorescence values were recorded every 2 min, and partial oxygen pressures (pO2) were calculated as percent-

ages of values in air-saturated water. During the third cycle (i.e. after 4 min), 4 ml of a 250 mM pyruvate stock solution in D-PBS was

injected. To monitor oxygen consumption of eukaryotic cells, L929 cells were harvested using trypsin-EDTA and washed twice with

D-PBS. In themeantime, OxoPlates were preincubated with 70 ml D-PBS at 37 �C to allow equilibration of the optical sensor. Next, 1 x

106 cells/70 ml, and corresponding compound solutions were added to each well and incubated for 10 min at 37 �C. Oxygen con-

sumption was monitored for up to 1 h, as described for bacterial samples.

Determination of membrane potential
The bacterial membrane potential was measured via flow cytometry using the BacLight� Bacterial Membrane Potential Kit (Thermo

Fisher). Briefly, H. pylori were diluted to a final OD550 of 0.075 in PBS/FCS and incubated for the indicated time with the respective

compounds at 37 �C, 10% CO2. The ionophore CCCP (Sigma) was used as a control for disruption of the membrane potential. Sub-

sequently, 12.5 ml of the bacterial suspension were transferred to 200 ml D-PBS supplemented with 1 mM EDTA and 15 mMDiOC2(3)

and stained for 30 min at 37 �C, 10%CO2. Red and green fluorescence was measured by flow cytometry using PE and FITC settings

(BD FACSCantoTM II, BD). Results were evaluated using FlowJo 10.0.

ATP content measurements
Relative cellular ATP contents were measured using the ATP Bioluminescence Assay Kit CLS II (Sigma). Briefly, 450 ml H. pylori sus-

pension (OD550 = 0.15 in BB/FCS) was incubated with the respective compounds for 5 min at 37 �C, 10% CO2 and subsequently

harvested by centrifugation (8000 x g, 5 min). The supernatant was discarded, and the cell pellet was resuspended in 75 ml cold

100 mM Tris/HCl, 4 mM EDTA (pH 7.6). The samples were boiled for 2 min and centrifuged for 1 min at 10000 x g, 4 �C to remove

cell debris. 50 ml of the ATP-containing supernatant were transferred to a 96-well plate (black, clear flat bottom, Corning) and mea-

surement was immediately started in a plate reader (Clariostar, BMG Labtech). Bioluminescence was recorded with 1 s delay after

automatic injection of 50 ml luciferase reagent per well using a signal integration time of 10 s. ATP contents were calculated as per-

centage of the untreated control after subtracting the blank value (100 mM Tris/HCl, 4 mM EDTA).
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Isotopolog profiling
All 13C labeling and isotopolog profiling experiments were essentially performed as described previously.30 Briefly, H. pylori cultures

were grown in the presence of 10 mM [U-13C6]D-glucose for 16 h, and then equilibrated to 10%CO2 for 2 h. To determine the impact

of small-molecule inhibitors and reference compounds on the central metabolism, bacteria were subsequently treated for 5 min with

the respective compounds at the indicated concentrations, or left untreated, and harvested by centrifugation. Pellets were inacti-

vated by freezing on dry ice and subsequent boiling, freeze-dried, and further processed and analyzed by GC/MS, as described.30

To compensate for a growth defect of the V133MNuoD variant, precultures were inoculated with an OD550 of 0.2 and main cultures

with an OD550 of 0.1, respectively. Experiments were evaluated using absolute 13C excess values of the respective metabolites,

or by calculating the percental 13C surplus values with respect to the untreated control using the equation: D13C surplus =

[(13C excesssample -
13C excesscontrol)/

13C excesscontrol] x 100.

HiBiT-CagA translocation assay
Time dependent effects of selected compounds on CagA translocation were analyzed using the split luciferase-based HiBiT-CagA

translocation assay, as described recently.26 Briefly, P12[HiBiT-CagA] cells were diluted to a final OD550 of 0.1 in PBS/FCS and incu-

bated for 2 h at 10% CO2, 37
�C. Next, AGS[LgBiT] cells seeded in 96-well plates (black, clear-flat bottom, Greiner/4titude) were

infected with 40 ml bacterial culture (MOI 25) and simultaneously supplied with 10 ml furimazine substrate mixture (Promega). Lumi-

nescence values at 470 nm were recorded in a prewarmed Clariostar plate reader, with CO2 levels adjusted to 5%, using an atmo-

spheric control unit (BMG Labtech). After 20-25 min, measurements were shortly paused to add the respective compounds or sol-

vents to the appropriate concentrations.

Cytotoxicity
Proliferation and viability of eukaryotic cells treated with small molecule inhibitors was assessed using the WST-1 cell proliferation

assay (Roche/Sigma-Aldrich). Briefly, murine L929 fibroblasts seeded into 96-well plates (3.0 x 105 cells/well, black, clear flat bottom,

4titude) were cultured in Phenol red-free medium for 24 h at 37 �C, 5% CO2. Next, test compounds or DMSO were added to the

respective concentrations and incubation was continued for 3 days.WST-1 reagent was added according to themanufacturer’s pro-

tocol and plates were kept at 37 �C, 5%CO2 for 1 h. The absorbance at 450 nm and 690 nm (reference wavelength) was recorded in a

plate reader (Clariostar, BMG Labtech). For evaluation, the difference of A450nm and A690nm was calculated, and the blank control

(medium and WST-1 only) was subtracted. Percental viability was normalized to the untreated control.

Molecular modeling and in silico docking
We performed molecular docking to characterize the possible binding modes of the ligands in H. pylori complex I. As the structure

H. pylori complex I was not available, we built 5 different models of the structure, using 5 different templates, including mouse mito-

chondrial complex I in the active state (PDB: 6G2J), Y. lipolytica complex I bound to ubiquinone-9 (UQ-9) in the second binding site

(PDB: 6RFR), mouse mitochondrial complex I bound to inhibitor in the second binding site (PDB: 7B93), T. thermophilus complex I

bound to piericidin A in the first binding site (PDB: 6Q8O), and ovine complex I in the deactivated open state (PDB: 6ZKI). The ho-

mology models were built for subunits NuoB, NuoD, and NuoH using Modeller 10.2.70 In order to investigate the respective binding

modes, compounds DFM, FPX, FZQ, piericidin A, FZQ-C02, and FZQ-C02_#1 were docked into all 5 generated H. pylori complex I

models usingGlide.73 The initial coordinates of all ligandswere generated from 2D geometry in LigPrep (Schrödinger, LLC, NewYork,

2020). The stereochemistry was corrected. Docking was performed over three search spaces of 35 x 35 x 35 Å3 for the inner box and

453 453 45 Å3 for the outer box next to each other in the Z direction to cover the whole quinone-binding cavity. The binding poses

obtained from three docking runs were pooled together for each compound and then clustered using the cluster module of the Gro-

macs program (v2021.2) with the Jarvis-Patrick method, and a cut-off of 4 Å.69 As a validation, we compared the binding modes of

piericidin A from the docking runs and from the T. thermophilus complex I structure. The most populated cluster of the piericidin A

binding modeled into the model built based on 6Q8O was indeed very similar to the piericidin A binding mode from the experimental

structure (Figure S4A). However, the main cluster for the model built based on 6RFR (UQ-9 bound in the second binding site) shows

the headgroup of piericidin A near the headgroup of UQ-9 in the original structure (data not shown).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using the GraphPad Prism 9 software. Quantitative data sets are generally shown as average

values resulting from at least three independent experiments, with standard deviations, or standard errors of themean (SEM), as indi-

cated in the figure legends. The significance of differences was determined using One-way ANOVA, with post-hoc tests as indicated.

IC50 values were calculated from five independent experiments using non-linear fit in Graph Pad Prism 9.
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