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ABSTRACT Control of protein folding is a conserved function in all domains of life. The
ubiquitous peptidyl-prolyl cis-trans isomerases (PPlases) catalyze the cis/trans-isomeriza-
tion of peptidyl-prolyl bonds, often a rate-limiting step for protein folding. PPlases are
involved in central processes in eucaryotes but their functions in bacteria are poorly
understood. We applied a large-scale two-hybrid screen to identify novel targets of SlyD,
a metallochaperone PPlase, from the model organism Escherichia coli, and the important
gastric pathogen Helicobacter pylori. SlyD from both organisms interacts with metal-con-
taining proteins including TCA cycle enzymes and with enzymes driving the biogenesis
of iron-sulfur (Fe-S) clusters. In H. pylori, a AslyD mutant contains strongly diminished
amounts of MisSU, its sole Fe-S biogenesis proteins as well as diminished activity of
the Fe-S aconitase. E. coli and H. pylori AslyD mutants are less susceptible to ampicillin
and gentamicin antibiotics and under microaerobic conditions to the ROS-producing
molecule hypochlorite. In addition, the intracellular ATP content and proton motive force
are reduced in the H. pylori AslyD mutant, and its gentamicin and hypochlorite suscepti-
bility phenotypes are rescued upon restoration of MisSU expression. Measurement of
malate and fumarate in the H. pylori AslyD mutant suggests that the two enzymes
before and after fumarase in the TCA cycle are affected. We conclude that SlyD regulates
the activity of TCA cycle enzymes by controlling the efficiency of their Fe-S cluster
formation. This is the first report of the role of a bacterial PPlase in central metabolism
and susceptibility to stress and antibiotics.

IMPORTANCE Correct folding of proteins represents a crucial step for their functions.
Among the chaperones that control protein folding, the ubiquitous PPlases catalyze
the cis/trans-isomerization of peptidyl-prolyl bonds. Only few protein targets of PPlases
have been reported in bacteria. To fill this knowledge gap, we performed a large-scale
two-hybrid screen to search for targets of the Escherichia coli and Helicobacter pylori
SlyD PPlase-metallochaperone. SlyD from both organisms interacts with enzymes (i)
containing metal cofactors, (ii) from the central metabolism tricarboxylic acid (TCA) cycle,
and (iii) involved in the formation of the essential and ancestral Fe-S cluster cofactor. E.
coli and H. pylori AslyD mutants present similar phenotypes of diminished susceptibility
to antibiotics and to oxidative stress. In H. pylori, measurements of the intracellular
ATP content, proton motive force, and activity of TCA cycle proteins suggest that SlyD
regulates TCA cycle enzymes by controlling the formation of their indispensable Fe-S
clusters.

KEYWORDS protein chaperone, PPlase, Helicobacter pylori, Fe-S clusters, TCA cycle,
antibiotic susceptibility, ROS susceptibility, metallochaperone, Escherichia coli

P rotein folding is a controlled process in all cells. Among the conserved enzymes
controlling this essential step, the ubiquitous peptidyl-prolyl cis-trans isomerase
(PPlase) activity occupies a unique position. Indeed, these enzymes specifically catalyze
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the cis/trans-isomerization of peptidyl-prolyl (XAA-Pro) bonds in polypeptide chains, a
reaction that occurs spontaneously in the cells but is often a rate-limiting step for
protein folding. PPlases are required for the folding of some newly synthesized proteins
and regulate the stability, localization, and activity of mature proteins (1). While their role
in the eucaryotic immune response, neuronal differentiation, cell cycle control, and viral
response is widely documented (2), the function of PPlases in bacteria and archaea is still
poorly defined.

The SlyD PPlase is ubiquitous in bacteria (3). SlyD is a member of the FK506-binding
protein (FKBP) subfamily characterized by the insertion of a chaperone domain into the
FKBP region, which enables it to also function as an efficient molecular chaperone (4). A
unique feature of SlyD proteins is a C-terminal extension varying from 2 to 50 residues
in length that is rich in histidine and cysteine residues and binds divalent cations such as
Ni?*, Zn**, and Co*". In Escherichia coli, the extension contains 13 histidine and six cysteine
residues and was shown to bind up to seven nickel ions per SlyD molecule (5). Notably,
nickel binding to the C-terminal region has been shown to downregulate the in vitro
enzymatic activity of the E. coli SlyD PPlase (6).

The SlyD protein was originally discovered in E. coli as a host factor required for
the function of the ¢X174 bacteriophage E-protein (7). Since its discovery, finding in
vivo SlyD targets and phenotypes associated with SlyD inactivation has proven to be
difficult. This is probably because SlyD is usually not essential for the activity of its
targets. Accordingly, the E. coli AslyD mutant has no growth defect. Importantly, most
of the SlyD functions identified so far are associated with metal-related functions (8). In
E. coli, the SlyD protein is required for nickel insertion and maturation of [NiFe]-hydroge-
nase, a process that depends on the SlyD C-terminal nickel-binding region and on the
interaction between the SlyD chaperone domain and the hydrogenase accessory factor
HypB (9). In addition, E. coli SlyD was recently found to participate in an YdiV-dependent
regulation of the Fur regulator (10).

We have recently discovered that the SlyD protein of the major pathogen Helicobacter
pylori is essential for colonization of a mouse model and is involved in the control of
the uptake of nickel, an essential virulence determinant (11). H. pylori is a Gram-negative
bacterium, discovered only 40 years ago, that belongs to the Campylobacterota phylum
(formerly Epsilonproteobacteria) (12). H. pylori colonizes the stomach of about half of
the human population worldwide. Upon infection, H. pylori establishes persistent gastric
colonization leading to the development of gastritis and, in about 10% of the infected
individuals, peptic ulcer disease (13, 14). In 1-3% of the infected people, decades of
infection result in the development of gastric cancer, a very aggressive adenocarcinoma,
causing up to 800,000 deaths worldwide every year. H. pylori is till now the sole
bacterium recognized by IARC as a class | carcinogen, that is, causing cancer in humans
(15).

Efficient and controlled nickel uptake, trafficking, and homeostasis is crucial for H.
pylori virulence since the survival of this organism in the acidic stomach relies on
two nickel-containing enzymes, urease and [NiFe]-hydrogenase. These two enzymes are
essential for gastric colonization and important for the virulence of the bacterium (16,
17). Urease catalyzes the hydrolysis of urea to ammonium, which serves as a buffer
that allows H. pylori to resist the acidity of the stomach (18). The [NiFe]-hydrogenase is
also essential for colonization by allowing the bacterium to utilize molecular hydrogen
as an energy substrate (19). H. pylori possesses two sole nickel uptake systems, the
NixA permease (20) and the essential NiuBDE ABC transporter, which we previously
characterized (21). We established that the SlyD chaperone function is required for full
activity of NiuD, the nickel permease of the Niu ABC system in H. pylori cells, probably
by direct physical interaction (11). The H. pylori SlyD protein comprises a C-terminal
metal-binding domain that contains five histidine and five cysteine residues (11). Purified
H. pylori SlyD protein binds several divalent cations including nickel (3, 22), and its in vitro
PPlase enzymatic activity is also repressed by nickel (11).
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Early interatomic studies suggested that H. pylori SlyD is part of a complex comprising
the UreA urease subunit and the hydrogenase maturation accessory protein HypB (22,
23). It was reported later that H. pylori SlyD binds, through its chaperone domain, to
HypB and to the TAT signal peptide of the periplasmic HydA [NiFe]-hydrogenase subunit
(3, 6). However, in our studies, we found that neither hydrogenase nor urease activity is
affected in the H. pylori AslyD mutant and that a AslyD mutant has no growth defect (11).
Thus, although a pleiotropic function of SlyD in both E. coli and H. pylori is anticipated,
very few was known on their targets and even less was reported on the phenotypes of
slyD mutants. To fill this knowledge gap, we applied a large-scale two-hybrid screening
strategy to identify new targets of the SlyD protein, both in E. coli and in H. pylori. In
order to attribute novel functions to the SlyD protein in both organisms, we performed
a phenotypic analysis of E. coli and H. pylori mutant deficient in the slyD protein and its
newly identified targets.

We discovered that, in both bacteria, SlyD protein is interacting with iron-sulfur
(Fe-S) biogenesis proteins and interfering with central carbon metabolism. Phenotypic
analysis revealed a major role of SlyD in the response to antibiotics and oxidative stress
of E. coli and H. pylori. While long overlooked, it is now accepted that, under certain
circumstances, the bacterial metabolic state influences bacterial susceptibility to stress
and particularly to antibiotics (24). Several physiological factors affecting the metabolic
state are proposed to impact antibiotic resistance or persistence but only few effectors
have been identified. Among these factors are toxin-antitoxin systems, (p)ppGpp or the
SOS system, this latter being absent from H. pylori. Our present study identified, for the
first time, a bacterial PPlase as a novel factor controlling central metabolic functions and
susceptibility to stress and antibiotics.

RESULTS
Large-scale screen of E. coli and H. pylori SlyD interactors

To search for interactors of SlyD from E. coli and H. pylori, we performed a large-scale
screen using bacterial two hybrid (BACTH) experiment (25). Ec-SlyD and Hp-SlyD were
fused at their C- and N-terminus to the T25 adenylate cyclase fragment into pKT25
and pNKT25 vectors, respectively, and transformed in the E. coli strain DHM1. These
strains were then electro-transformed by an E. coli or an H. pylori whole genomic library
randomly cloned into vector pUT18C expressing the T18 adenylate cyclase fragment.
On plates containing X-gal, the blue colonies attesting to the reconstitution of the
adenylate cyclase activity were selected and the inserts of pUT18C were sequenced.
For the screen with EcSlyD, only five positive clones with inserts in frame with the T18
encoding sequence were obtained (Table S1). For the HpSlyD, among the 22 clones that
we sequenced, only nine contained an open reading frame in frame with the T18 gene
(Table S2).

SlyD interacts with proteins with metal co-factors in both E. coli and H. pylori

Among the hits of our SlyD interactors screen, fumarase was detected in both E. coli and
H. pylori. For the H. pylori hits, six out of the nine interactors had a metallic cofactor (Zn,
Fe, Mg, Fe-S clusters) (Table S2). In order to individually validate and extend the results
of the screens, we first tested the interactions of EcSlyD and HpSlyD with fumarases
(Fig. 1). Fumarases (or fumarate hydratases) catalyze the reversible hydration of fumarate
to malate and take part in the tricarboxylic acid (TCA) cycle. E. coli possesses three
fumarases: FumaA, a class | fumarate hydratase that relies on a Fe4Sy4 cluster for its activity
and functions under aerobic conditions. FumB also contains a Fe4S4 cluster and is mainly
expressed during anaerobic growth (26, 27). FumCis a class Il fumarate hydratase, which
is iron-independent and functions as a backup under iron limitation and oxidative stress
conditions. H. pylori possesses a sole FumC fumarase (28). Using BACTH, we measured
robust interactions of the EcSlyD with EcFumA and with EcFumC while no interaction was
found with FumB (Fig. 1A). The interaction of HpSlyD with HpFumC and with two Fe4S4
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FIG 1 BACTH pairwise tests of interactions of the Escherichia coli and Helicobacter pylori SlyD proteins.
(A) B-Galactosidase activities of pairwise combinations of the E. coli SlyD protein with FumA, FumB,
and FumC proteins. (B) B-Galactosidase activities of pairwise combinations of the H. pylori SlyD protein
with OorD, HemN, and FumC proteins. 3-Galactosidase activities are expressed in Miller units (29). Each
measurement corresponds to at least three independent experiments and at least five replicates. Error
bars represent the standard deviation. *** and **** correspond to the P values <0.001 and <0.0001, in

comparison with the slyD-empty control activity, respectively. ns corresponds to nonsignificant (P > 0.05).

cluster proteins, OorD and HemN, was also validated (Fig. 1B). OorD is the delta subunit
of the 2-oxoglutarate ferrodoxin oxidoreductase. This enzyme contains a Fe4S4 cluster
and is also part of the TCA cycle. HemN also containing an Fe4S4 cluster is an oxygen-
independent coproporphyrinogen lll oxidase involved in the biosynthesis of heme, an
iron-containing cofactor of enzymes involved in energy metabolism, detoxification, and
sensing of environmental cues. These results point to an interaction between the SlyD
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protein and proteins containing metal co-factors, in particular Fe-S clusters, both in E. coli
and in H. pylori.

SlyD interacts with proteins of the Fe-S biogenesis pathways in E. coli and H.
pylori

Using tandem affinity purification (TAP) in H. pylori, we previously defined the interac-
tome of the hydrogenase accessory protein HypB and found that it includes both the
SlyD protein and the two sole Fe-S biogenesis proteins of this bacterium (23). Fe-S
clusters are made and delivered to apo-proteins by dedicated machineries of different
types but working on the same principle: a cysteine desulfurase produces sulfur from
L-cysteine, iron and sulfur meet and form a cluster on scaffold proteins, then carrier
proteins deliver the cluster to terminal apo-targets (30). By analogy with the Fe-S
machinery of nitrogenase-containing bacteria, the two sole H. pylori proteins were
originally designated NifU-NifS, despite the absence of nitrogenase in this organism (31).
This inconsistency has recently been solved by a large context and phylogeny analysis
revealing that the two Fe-S machinery proteins of H. pylori belong to a specific class of
“minimal Fe-S biogenesis systems,” accordingly renamed MisU and MisS for a cysteine
desulfurase and a scaffold protein, respectively (32, 33). In contrast, E. coli possesses two
dedicated machineries, ISC and SUF, which synthesize and deliver Fe-S clusters to their
cognate apo-proteins (30).

Thus, our TAP data together with the present BACTH results prompted us to
systematically test the interactions of SlyD with the proteins involved in Fe-S biogenesis
in both E. coli and H. pylori (Fig. 2). Most interestingly, we found that EcSlyD interacts with
core components of both the ISC and SUF machineries, namely with EclscU, EclscS, and
EcSufS, while EcSlyD presented an interaction with neither EclscA nor EcSufA, B, or C.

For H. pylori, our BACTH experiments demonstrated the interaction of HpSlyD with
both MisU and MisS proteins. These data indicate that SlyD interacts with Fe-S cluster
biogenesis proteins in both E. coli and H. pylori.

Does SlyD impact Fe-S synthesis machinery or Fe-S proteins?

To examine whether SlyD could play a role in the biogenesis of Fe-S clusters, three
strategies were applied. First, in E. coli, we analyzed the maturation of two regulatory
proteins, whose activities depend on the insertion of Fe-S centers, IscR (Fe;S;) and NsrR
(Fe4S4). To this end, we measured the activity of target promoters of these regulators
using the reporter fusions PiscR-lacZ and PhmpA-lacZ, as previously published (34) (Table
S3). Transcription of the PiscR-lacZ and PhmpA-lacZ fusions is repressed by the holo-
forms of IscR-Fe5S; and NsrR-FesS4, respectively. IscR is maturated by the ISC machinery
only, whereas NsrR can be maturated by ISC and SUF. No change in the expression of
the lacZ fusions was measured in the E. coli AslyD-AiscAU and AslyD-Asuf mutants as
compared to the wild-type (WT) strain indicating that the activity of SlyD is not required
for full Fe-S maturation of IscR and NsrR (data not shown).

The second strategy was to measure whether the activity of the Fe-S-containing
enzyme aconitase relies on the SlyD protein. This was tested in H. pylori, our main
organism of interest that, in contrast to E. coli, expresses a sole aconitase B. When
compared to the WT strain, the aconitase activity of the H. pylori AslyD mutant presented
a 2.6-fold reduction (Fig. 3A).

As a third approach, we analyzed the amounts of the MisS and MisU proteins by
western blot using H. pylori WT and AslyD strains, expressing MisS-FLAG and MisU-FLAG
tagged proteins, from their native locus. Fractionation confirmed that these two proteins
are soluble. Interestingly, we reproducibly observed, in the AslyD context as compared
to the WT strain, a 3-fold and 18-fold reduction in the amounts of MisS-FLAG and
MisU-FLAG, respectively (Fig. 3B and Fig. STA). Using RT-qPCR, we could exclude a role
of SlyD in the control of the misS and misU genes transcription as their expressions were
similar in the WT and AslyD mutant (Fig. S1B). These data show that, in H. pylori, WT
amounts of the two sole Fe-S biogenesis proteins rely on an active SlyD protein.
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FIG 2 The SlyD proteins of Escherichia coli and Helicobacter pylori interact with major proteins of the
iron-sulfur cluster biogenesis machineries. (A) B-Galactosidase activities of pairwise combinations of the
E. coli SlyD protein with IscA, IscU, IscS, and SufS proteins, tested by BACTH. (B) B-Galactosidase activities
of pairwise combinations of the H. pylori SlyD protein with MisS and MisU proteins, tested by BACTH.
B-Galactosidase activities are expressed in Miller units (29). Each measurement corresponds to at least
three independent experiments and at least five replicates. Error bars represent the standard deviation.
*** and **** correspond to P values <0.001 and <0.0001, in comparison with the slyD-empty control
activity, respectively. ns corresponds to nonsignificant (P > 0.05).

Both E. coli AslyD and H. pylori AslyD mutants present reduced susceptibility
to ampicillin and gentamicin

Given the pleiotropic activity of SlyD and the established relation of Fe-S cluster enzymes
and central metabolism with antibiotic resistance or tolerance (35), we decided to
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FIG 3 Test of the influence of SlyD on the Fe-S cluster biogenesis machinery in H. pylori. (A) Assay of the activity of the Fe-S cluster containing aconitase enzyme

of H. pylori wild type and AslyD mutant. The aconitase activity is expressed as the A of absorbance at 240 nm/min/mg of protein. The results of three independent

assays are presented by dots. The mean is indicated by a bar. * corresponds to a Pvalue of <0.05 with the Wilcoxon test. (B) Western blot of MisS-FLAG and

MisU-FLAG proteins, the sole two Fe-S cluster biogenesis proteins of H. pylori in a wild-type strain and the AslyD mutant, soluble (S) and membrane (M) extracts

are shown. Anti-FLAG antibody was used. Calibration of the protein loading of each lane was performed with the stain-free image of the gel used for western

blot (Fig. S1). This western has been reproduced three times with identical results for the ratio between wild-type strain and the AslyD mutant, and with two

independent misS-flag and misU-flag expressing strains.

analyze this phenotype for the AslyD mutants of E. coli and H. pylori. Cell viability was
tested upon exposure to two antibiotics: gentamicin, an aminoglycoside that targets
the ribosome, and ampicillin, a beta-lactam that inhibits the synthesis of peptidoglycan.
Among the treatments used against H. pylori infections, aminoglycosides, including
gentamicin, are not employed. On the contrary, the beta-lactam amoxicillin, but not
ampicillin, is part of the classical treatment used against H. pylori in clinics. We found that
the deletion of the slyD gene was associated with significantly decreased susceptibility
to gentamicin and ampicillin, both in E. coli and H. pylori, in this latter organism it was
particularly prominent (Fig. 4). This phenotype was not observed in the slyD-AC mutant
(deletion of the C-terminal region) indicating that it does not rely on the C-terminal
domain. WT sensitivity to both antibiotics was recovered upon complementation, i.e., the
re-introduction of WT slyD copies in AslyD mutants of both organisms (Fig. 4). Thus, the
SlyD protein is involved in susceptibility to two antibiotics in E. coli and H. pylori.

Antibiotic susceptibility of mutants deleted in genes encoding SlyD interac-
tors

We then asked whether the diminished antibiotic susceptibility of the AslyD mutant
could be mediated by one of its interactors. In E. coli, we observed that the AfumC mutant
was also less susceptible to the two antibiotics (Fig. 5A). In H. pylori, mutants carrying a
total deletion of the oorD, hemN or fumC genes were easily obtained and did not present
any significant growth defect indicating that these genes are not essential under normal
conditions. As shown in Fig. 5B, only the H. pylori AfumC mutant presented a decreased
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to ampicillin and gentamicin of E. coli wild type and mutants including a AslyD mutant, a AslyD mutant carrying a plasmid expressing wild-type SlyD (pslyD) or

a slyD-ACter mutant. Experiments were performed in triplicate with ampicillin at 10 ug:-mL™" and gentamicin at 5 pg-mL™". (B) Susceptibility to ampicillin and

gentamicin of H. pylori wild-type strain, of a AslyD mutant, of AslyD c-slyD: a strain chromosomally complemented with a wild-type slyD gene and a slyD-AC

mutant. Experiments were performed in triplicate with ampicillin at 10 ug-mL™" and gentamicin at 5 pg-mL". (C) Susceptibility to gentamicin of H. pylori wild-type

strain and the AslyD mutant with plasmids expressing misSU (pmisSU) or a control plasmid (pcontrol). Experiments were performed in triplicate with gentamicin

at 5 pug-mL™". Relative cell viability corresponds to the percentage of colony-forming units (CFUs) with antibiotics versus without antibiotics. Error bars represent

the standard deviation. The P values were calculated in comparison with the WT values, * corresponds to P < 0.05, ** corresponds to P < 0.01, *** corresponds to P

<0.001, and **** corresponds to P < 0.0001. ns corresponds to nonsignificant (P > 0.05).

sensitivity to the two tested antibiotics comparable to that of the AslyD mutant. Thus, in
both E. coli and H. pylori, deletion of a TCA cycle gene fumC, phenocopies the reduced
susceptibility of the AslyD mutant to antibiotics. The misS and misU genes being essential
in H. pylori, their importance in this phenotype could not be evaluated. Given that the
amounts of MisS and MisU proteins are reduced in the H. pylori AslyD mutant, we tested
whether overexpression of these proteins from a plasmid could restore the antibiotic
susceptibility. Indeed, overexpression of MisS-U in an H. pylori AslyD mutant rescues the
susceptibility to gentamicin while it had no effect on ampicillin resistance. This suggests
that, in H. pylori, the AslyD gentamicin resistance phenotype is associated to reduced
amounts of the sole Fe-S biogenesis proteins (Fig. 4C).

SlyD participates in the E. coli and H. pylori response to oxidative stress

Several studies report a link between the bacterial response to oxidative stress and
antibiotic susceptibility, although this was never analyzed in H. pylori. Thus, we

Month XXXX Volume 0 Issue 0

10.1128/mbio.00967-23 8

Downloaded from https://journals.asm.org/journal/mbio on 24 October 2023 by 157.99.10.136.


https://doi.org/10.1128/mbio.00967-23

Research Article

Escherichia coli

A Ampicillin Gentamicin
60— 50—
*ekkk *kkk Fkkk
< 5 40
2 e}
< <
5 :
30
2 * 2
= T =
.g — % ek
> > 204
8 204 8
o o
= 2
z £ 10- -
« x =
0- T T T 0- T T
< ,,\io e\\\0 \‘6‘0 < é\io 9\*0 \)\*‘o
v & & £
X v >
& a\ﬂo‘
N ¥
Helicobacter pylori
B
Ampicillin Gentamicin
80 Fkkk 8-
5 60— Feedek T 6 Fkkk
< 2°
3 3
2 2
2 2
§ 40— '_E 4 Fekkk
> S
8 E
e o
= >
& 207 g 2
] °
4
ns ns ns &
I=| ns
0= T T T 0 T T
& ,,\%0 9\~\° oo& 0&‘\ N ,,\\\o e\io
> o > Ny » > 58
9\”‘0 ,,\\\O
v W

FIG 5 Susceptibility to ampicillin and gentamicin of mutants carrying deletions of genes encoding SlyD-interacting protein
partners. (A) Susceptibility to ampicillin and gentamicin of Escherichia coli wild-type strain and the AfumC mutant strains,
NslyD and AslyD+pslyD are shown for comparison. Experiments were performed in triplicate with ampicillin at 10 pg-mL™" and
gentamicin at 5 ug-mL"". (B) Susceptibility to ampicillin and gentamicin of H. pylori wild type strain and the AfumC, AoorD,
and AhemN mutants, strains AslyD and AslyD c-slyD are shown for comparison. Experiments were performed in triplicate with
ampicillin at 10 ug:-mL™" and gentamicin at 5 ug-mL™". Relative cell viability corresponds to the percentage of colony-forming
units (CFUs) with antibiotics versus without antibiotics. Error bars represent the standard deviation. The P values were
calculated in comparison with the WT values; * corresponds to P < 0.05, ** corresponds to P < 0.01, and **** corresponds to

P <0.0001. ns corresponds to nonsignificant (P > 0.05).

examined how exposure to oxidative stress impacted the survival of E. coli and H.
pylori AslyD mutants. Chronic infection by H. pylori induces a strong inflammatory
response associated with neutrophil infiltration and the production of reactive oxygen
species (ROS). In neutrophiles, hydrogen peroxide and superoxide are funneled into the
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production of hypochlorite (HOCI) as the major product, a molecule that also acts as a
chemoattractant to H. pylori (36). Because the response of H. pylori to hypochlorite has
been previously characterized and shown to be robust (36), this oxidative stress was
tested for both organisms.

As H. pylori is a microaerophilic organism, the whole experiment was standardized
under microaerobic conditions. To our surprise, we found that by measuring cell viability
the H. pylori AslyD mutant is significantly more resistant to HOCI than the parental strain
and the WT phenotype was restored in the slyD complemented strain (Fig. 6A). Moreover,
WT sensitivity to hypochlorite was restored in the AslyD mutant upon overexpression
of the MisS-U proteins from a plasmid (Fig. 6B). In E. coli, a facultative anaerobe, the
response to HOCI was tested during growth under different atmospheres. Only under
microaerobic conditions, we found that the E. coli AslyD is also more resistant to the
hypochlorite stress (Fig. 6C). Given the data of antibiotic resistance shown earlier, we also
investigated the role of fumarase in the response of both organisms to HOCI. We found
that both E. coli and H. pylori AfumC mutants as well as the E. coli AfumA mutant were
more resistant to hypochlorite under microaerobic conditions.

Measurement of the impact of the slyD and fumC mutations on the proton
motive force and ATP concentration in H. pylori

The activities of TCA cycle enzymes including fumarases are required for ATP synthesis
and maintenance of the proton motive force (pmf). In both AslyD and AfumC H. pylori
mutants, ATP concentration and pmf were measured using protocols that we previously
validated in this organism (37). TCS (3,3",4’,5-tetrachlorosalicylanilide), a protonophore
active in H. pylori was used as a negative control for the pmf measurements. The results
showed that in both the H. pylori AslyD and the AfumC mutants, the intracellular ATP
concentration was significantly diminished (Fig. 7A). For the pmf measurement by flow
cytometry, a highly significant reduction was observed in the AslyD mutant as compared
to the parental strain while the pmf of the AfumC mutant was only mildly but signifi-
cantly diminished (Fig. 7B and Fig. S2).

These data indicate that in an H. pylori mutant deficient in SlyD, the TCA cycle is
indeed affected leading to a reduced cellular energetic status.

SlyD is impacting the TCA cycle in H. pylori

Our data so far point to a role of SlyD in Fe-S biogenesis pathways and in the TCA cycle.
FumC does not contain an Fe-S cluster, but being the sole fumarase it occupies a central
position in the H. pylori TCA cycle. We decided to measure, in H. pylori WT strain and
mutants, the intracellular concentrations of the substrate and product of the fumarase
enzyme, namely fumarate and malate. Coupled enzymatic tests were applied for both
metabolites using cell extracts of the WT strain and the AslyD and AfumC mutants. We
also tested the effect of the addition of malate and fumarate to the cultures.

No major difference in the concentrations of both metabolites was observed for the
AslyD and AfumC mutants grown under normal conditions (Fig. 8A and B). Upon the
addition of nontoxic concentrations of malate (5 mM) and of fumarate (25 mM), striking
differences in the metabolites’ concentrations were measured only in the AslyD mutant.
Indeed, in the presence of fumarate, the AslyD mutant accumulates high concentrations
of malate (8.5-fold that of the WT strain) (Fig. 8A and B). In the presence of malate, the
AslyD mutant accumulates both malate and fumarate, 6- and 4.7-fold more than that of
the WT strain, respectively (Fig. 8A and B). We concluded that SlyD has a general impact
on the TCA cycle, in particular on the enzymes “flanking” the FumC fumarase step,
namely the malate:quinone oxidoreductase (MQO) and the fumarate reductase (FrdB).
These two latter enzymes directly or indirectly depend on Fe-S clusters’ biogenesis; FrdB
is an Fe3S4 enzyme and just like MQO relies, for its activity, on menaquinones, whose
synthesis is Fe-S dependent.
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FIG 6 Susceptibility to oxidative stress of wild-type E. coli and H. pylori strains and of mutants. (A) Susceptibility to 1 mM hypochlorite (HOCI) of H. pylori
under microaerobic conditions. The tested strains were wild type, AslyD, AslyD c-slyD, and AfumC. Experiments were performed in triplicate. (B) Susceptibility
to hypochlorite of H. pylori wild-type strain and the AslyD mutant with plasmids expressing misSU (pmisSU) or a control plasmid (pControl). Experiments were
performed in triplicate. (C) Susceptibility to 1.5 pM hypochlorite (HOCI) of E. coli under microaerobic conditions. The tested strains were wild type, AslyD,
AslyD+pslyD, AfumA, AfumC, and AfumABC. Experiments were performed in triplicate. Relative cell viability corresponds to the percentage of colony-forming
units (CFUs) with HOCI versus without addition. Error bars represent the standard deviation. The P values were calculated in comparison with the WT values; *
corresponds to P < 0.05, *** corresponds to P < 0.001, and **** corresponds to P < 0.0001. ns corresponds to nonsignificant (P > 0.05).

DISCUSSION

The SlyD protein is a PPlase and multifunctional metallochaperone for which very few
targets have been established in vivo. Given its functions, SlyD has the potential of
displaying a wide targetome and to modulate numerous cellular functions by accelerat-
ing isomerization of peptidyl-proline bonds that are required for full enzymatic activity.
However, SlyD targets are difficult to detect as no specific signature has been identified.
Here, we tackled this question by applying a two-hybrid screen to search for novel
SlyD interactors in E. coli, an easily tractable model organism, and in H. pylori, an
important pathogen, and our study model. Many of the identified interactors contain
metal cofactors in agreement with the metallochaperone function of SlyD. Several SlyD
interactors of E. coli and H. pylori had similar or even identical functions strengthening
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FIG7 Measurement of intracellular ATP content and of the proton motive force in H. pylori wild-type strain and mutants. (A) Intracellular ATP content of H. pylori

WT, AslyD, and AfumC cells was determined using a luciferase-based assay (BacTiter-Glo, Promega). Results from three independent experiments performed in

triplicates are shown. Error bars represent the standard deviation. The Pvalues were calculated in comparison with the WT values; ****, P < 0.0001. (B) Proton

motive force (pmf) measurements of H. pylori WT, AslyD, and AfumC cells. MitoTracker Red CMXRos, a membrane potential-reactive dye was used to analyze the

samples of live H. pylori bacteria. Samples were stained with MitoTracker Red CMXRos and the PMF was measured by flow cytometry as the mean fluorescence

intensity (MFI) in A.U. (arbitrary units). The cell population distribution histograms are presented in Fig. S2, for each condition, 50,000 cells were analyzed. As

a control, the wild-type cells were treated with 500 uM TCS (3,3'4'5-tetrachlorosalicylanilide), a protonophore active on H. pylori, resulting in a massive loss of

membrane potential. The experiment was performed three times. Student’s t test was used to determine significant differences of the means of the data with the

WT cells. Error bars represent the standard deviation, with ** corresponding to P < 0.01 and **** corresponding to P < 0.0001, indicating that the mean values are

significantly different from the wild-type mean value.

our findings. In both E. coli and H. pylori, SlyD was shown to interact with Fe-S clusters’
biogenesis proteins and with some Fe-S-containing enzymes.

Fe-S clusters rank among the oldest and most conserved prosthetic groups found in
proteins (33). E. coli is predicted to contain about 200 Fe-S proteins that constitute about
4% of the total proteome and are involved in a large variety of reactions and cellular
processes, with one-third in respiration and the TCA cycle (38). Fe-S clusters are made
and delivered to apo-proteins by dedicated machineries of different types, ISC and SUF
for E. coli and MisSU for H. pylori. Here, we found that SlyD interacts in both E. coli and
H. pylori with the cysteine desulfurases, EclscS, EcSufS, and HpMisS and with the scaffold,
EclscU, HpMisU, components of the Fe-S protein synthesis machineries, suggesting
a possible metallochaperone function of SlyD in the activity of these machineries.
Interestingly, previous in vitro studies have demonstrated that the function of IscU, one
of the E. coli SlyD interactors, requires the cis-trans isomerization of two peptidyl-prolyl
bonds in order to increase the efficiency of Fe-S formation and delivery (39). Since no
PPlase has been assigned to this isomerization reaction, SlyD is an outstanding candidate
to help the transition of the E. coli IscU metamorphic protein.

We applied several approaches to examine whether SlyD might play a role in the Fe-S
biogenesis pathways in either E. coli or H. pylori. In E. coli, no defect of maturation of the
IscR and NsrR Fe-S-dependent regulators was measured. In addition, the E. coli AslyD-Aisc
and AslyD-Asuf double mutants were viable, indicating that the Fe-S cluster maturation
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FIG 8 Measurement of intracellular concentrations of fumarate and malate in H. pylori wild-type strain and mutants. (A)
Fumarate measurement of cells from H. pylori wild-type strain and AfumC, AslyD mutants grown with the addition of malate
5 mM of fumarate 25 mM or without any addition. (B) Malate measurement of cells from wild-type strain and AfumC, AslyD
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FIG 8 (Continued)

mutants grown with the addition of malate 5 mM of fumarate 25 mM or without any addition. Error bars represent the
standard deviation. ¥, ***, and **** correspond to P values of <0.05, <0.001, and <0.0001, respectively, in comparison with the
WT strain with any addition. ns corresponds to nonsignificant (P > 0.05). These experiments were performed three times in
triplicate.

of the two essential IspGH proteins is not completely blocked by SlyD inactivation.
However, these results neither rule out the hypothesis that SlyD inactivation causes a
moderate global decrease of the efficiency of Fe-S synthesis machineries nor that SlyD
has an effect on specific proteins that we did not test. In contrast to the complexity of
the two E. coli Fe-S machineries, the system of H. pylori only relying on MisSU is easier to
study. In H. pylori, the AslyD mutant presents a striking decrease in the cellular content of
both MisS and MisU proteins. That decrease is not caused by a diminished transcription
of the misSU operon, and thus reflects a reduction in MisSU protein synthesis/stability.
The effect is so strong that it is hardly conceivable that it has no effect on the activity
of Fe-S proteins. Indeed, we found that the activity of the sole H. pylori Fe-S aconitase B
is decreased by about 2.6-fold in a AslyD mutant. Aconitase B is an enzyme converting
citrate to isocitrate and is part of the TCA cycle, which is of type VIII in H. pylori (see Fig.
S3). Position of the Fe-S cluster in the aconitase structure renders this group particularly
sensitive to oxidation, accordingly the cluster requires frequent repair. Aconitase activity
is thus a good readout of the efficacity of the Fe-S biogenesis machineries.

These findings prompted us to search for phenotypes associated to the deletion of
slyD. Most strikingly, we found that AslyD mutants in both E. coli and H. pylori are less
susceptible to antibiotics. The two antibiotics tested act differently in distinct cellular
compartments: ampicillin on the cell wall in the periplasm and gentamicin on translation
on the ribosome. Our data with aconitase and the conserved two-hybrid interactions
of SlyD with fumarase in both E. coli and H. pylori are suggestive of an impact of
SlyD at the level of the TCA cycle. Indeed, in both bacteria, a AfumC deletion phenocop-
ied the reduced antibiotic susceptibility of the AslyD mutants. Data are accumulating
in several bacteria linking a diminished metabolic activity, in particular that of the
TCA cycle, with reduced susceptibility to antibiotics and increased persister formation
(40). In particular, in Staphylococcus aureus, a mutant deficient in the sole fumarase
FumC presents increased tolerance to diverse antibiotics, oxacillin (a B-lactam such as
ampicillin), gentamicin, and ciprofloxacin (41). This tolerance has been associated with
low ATP levels that could be confirmed by in vivo measurements (42). In the present
work, we measured a lower cellular ATP content and reduced pmf in both the H. pylori
AslyD and AfumC mutants. This attests of a reduction in the cellular energetic status of
these mutants that can be associated with diminished susceptibility to antibiotics.

Our data suggest a role of SlyD in Fe-S biogenesis. However, the FumC fumarase,
a SlyD interactor conserved in E. coli and in H. pylori, does not contain a Fe-S cluster.
To understand the basis of the phenotypic similarity of the AslyD and AfumC mutants,
we decided to evaluate the activity of fumarase in H. pylori by measuring the intracel-
lular concentrations of fumarate and malate. In contrast to AfumC, the AslyD mutant
accumulated fumarate when malate was added to the culture. This suggests that
fumarase activity itself is not significantly affected in the absence of SlyD. In contrast,
malate was accumulated when either malate or fumarate was added to the culture
suggesting that fumarase mainly functions in the fumarate to malate direction. These
data also suggest that, in H. pylori, the activities of the enzymes before and after
fumarase in the TCA cycle, namely malate quinone oxidoreductase (MQO) and fumarate
reductase (FrdABC), both depending on Fe-S clusters for their functions, are affected
in the AslyD mutant (see the H. pylori TCA cycle in Fig. S3). This could explain why the
AfumC mutant, in which the TCA cycle is interrupted, phenocopies the AslyD mutant,
deficient in Fe-S biogenesis. FrdB is an Fe3S4 enzyme and, in H. pylori, both MQO and
FrdABC enzymes rely on menaquinone (MK) for their activities. Biosynthesis of MK relies
on Fe-S SAM radical enzymes. Unfortunately, our measurements of total (oxidized and
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reduced) intracellular MK6 amounts in H. pylori WT compared to AslyD mutants did not
reveal differences. However, we cannot exclude that, in an H. pylori AslyD mutant, MK6
is affected in its function and/or recycling as a consequence of the low MisSU protein
amounts.

In favor of this hypothesis is the observation that overexpressing the Fe-S biogenesis
proteins (MisSU) in an H. pylori AslyD mutant restores gentamicin susceptibility. The
requirement on Isc-dependent Fe-S clusters allowing a pmf compatible with efficient
gentamicin uptake has been demonstrated in E. coli (35). It is probable that the reduced
pmf measured in the H. pylori AslyD mutant contributes to diminished gentamicin
uptake and thus susceptibility. The lack of rescue of ampicillin susceptibility in the
AslyD +pmisSU strain suggests that higher MisSU amounts and/or other SlyD activities
are needed to restore the activity of this antibiotic. In E. coli, only a small reduction in
ampicillin susceptibility was observed in the IscS mutant (35).

Another phenotype of the E. coli and H. pylori AslyD mutants is, under microaerobic
growth conditions, a reduced susceptibility to hypochlorite, a potent ROS producer
generated by neutrophiles upon host colonization. Again, fumarase mutants phenocopy
this resistance, both AfumA and AfumC in E. coli and AfumC in H. pylori. As discussed
earlier, the H. pylori AslyD sensitivity to hypochlorite is restored in a AslyD mutant
overexpressing misSU also indicating that this phenotype is most probably associated
to a reduction in Fe-S clusters’ synthesis. Several interpretations to this phenotype can be
proposed. The first one is that, under low oxygen conditions, the AslyD mutants, having a
slowed-down TCA cycle and a reduced amount of Fe-S clusters, it becomes less sensitive
to this oxidative stress. However, H. pylori is well equipped with ROS defense mecha-
nisms, with a constitutive catalase and a superoxide dismutase (SOD). Alternatively, given
that we previously showed that SlyD helps nickel entry in H. pylori, it might be that
SlyD more generally affects metal uptake in both E. coli and H. pylori by acting on the
transporters either directly or indirectly through the reduction of pmf. Several metals, in
particular iron, react with ROS through the Fenton reaction to generate hydroxyl radicals,
which are powerful oxidizing agents. Nevertheless, the precise mechanism associated to
this phenotype requires more investigation.

In conclusion, we showed, for the first time, that a bacterial PPlase metallochaperone
can act as a factor controlling central metabolic functions and susceptibility to oxidative
stress and antibiotics. We previously characterized an H. pylori metallochaperone with
comparable properties, the metal-binding GroES-homolog HspA, that acts as both a
chaperone and a metal donor for [NiFe]-hydrogenase (43). Our data suggest that SlyD
activity is required to optimize the Fe-S biogenesis of some enzymes particularly from
the TCA cycle. SlyD is not essential for Fe-S cluster formation, but our data are compatible
with a model in which this metallochaperone helps some proteins acquiring a functional
conformation compatible with Fe-S transfer and/or help the cluster biogenesis process
itself. SlyD seems to act only on a subcategory of Fe-S proteins. SlyD substrate specificity
could correspond to a checkpoint in the distribution of Fe-S clusters, which might
possibly be modulated by metabolic signals. We also showed that SlyD is required for
antibiotic and oxidative stress resistance. While the flow of the TCA cycle is associated
to antibiotic susceptibility, the mechanism underlying SlyD-mediated stress resistance is
still to be explored further.

Finally, given the role of SlyD, understanding the role of this metallochaperone could
help opening up new avenues to improve the antibiotic treatments to fight bacteria in
refractory infections.

MATERIALS AND METHODS
Bacterial strains and growth conditions

The H. pylori strains used in this study are derivatives of B128, and the E. coli
are derivatives of MG1655 (Table S3). H. pylori strains were grown at 37°C under
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microaerophilic conditions (6% O,, 14% CO,, 80% N;) on blood agar base 2 (Oxoid)
plates supplemented with 10% defibrinated horse blood or Brucella broth agar (BD
Difco) plates (designated BB) supplemented with 10% fetal calf serum (FCS, Eurobio).
For liquid cultures, we used Brucella broth (BD Difco), supplemented with 10% fetal calf
serum (Eurobio). For H. pylori, all plates and liquid cultures were supplemented with the
following antibiotics-anti-fungal cocktail: amphotericin B 2.5 ug-mL™", polymyxin B 0.31
pg-mL~', trimethoprim 6.25 pug-mL™" and vancomycin 12.5 ug-mL™". Selection of H. pylori
mutants and transformants was performed using kanamycin 20 ug-mL™', chlorampheni-
col 6 ug-mL™", streptomycin 10 pug-mL™', or apramycin 10 ug-mL™". E. coli strains were
grown on solid or liquid Luria-Bertani (LB) medium. XL1-Blue was used for subcloning
and as a host for the preparation of the plasmids employed to transform H. pylori. E.
coli MG1655 strain was used for the construction of mutants and phenotypic analysis.
E. coli strain BTH101 and DHM1 were used for BACTH (Tables S1 to S3) and plates
were supplemented with X-Gal (5-bromo-4-chloro-3-indolyl-beta-D-galactopyranoside)
at 40 pg-mL™" for the library screening. LB medium was supplemented with chloram-
phenicol 30 pg-mL™", ampicillin 100 ug-mL™', or kanamycin 50 ug-mL™" when required.
When indicated, 0.1 mM of isopropyl (3-D-1-thiogalactopyranoside (IPTG, EuroMedex)
was added to the plates or cultures.

Molecular techniques

Molecular biology experiments were performed according to standard procedures and
the supplier (Fermentas) recommendations. NucleoBond Xtra Midi Kit (Macherey-Nagel)
and QlAamp DNA Mini Kit (Qiagen) were used for plasmid preparations and H. pylori
genomic DNA extractions, respectively. PCR was performed with either DreamTaq DNA
polymerase (ThermoFisher), Q5 DNA polymerase (Biolabs), or PrimeSTAR Max DNA
polymerase (Takara) when the product required high-fidelity polymerase.

Construction of E. coli mutant strains

To obtain an E. coli MG1655 mutant carrying a complete deletion of the slyD gene (Table
S3), we first replaced the entire slyD gene by an apramycin resistance cassette into strain
CF10230 (44) using the primers shown in Table S4 and the E. coli recombination strategy
of reference 45. Then, this mutation was transduced with phage P1vir into strain MG1655
and validated by PCR (Tables S3 and S4). The MG1655 AslyD mutant was complemented
with plasmids derived from vector plLL2150 (46) expressing either the full-length E. coli
SlyD protein (pslyD) or a SlyD protein truncated of its 42 last amino acids (pslyD-ACter)
(Table S3). These plasmids were obtained by cloning of PCR products obtained with
the primers shown in Table S4 between the BamHI and EcoRl restrictions sites of vector
pILL2150. The plasmids were validated by PCR and sequencing.

The MG1655 E. coli AfumA and AfumC mutants were obtained by Plvir phage
transduction of individual mutations of the Keio mutant collection and selection on
kanamycin plates (47). The triple AfumABC mutant was obtained by successive P1vir
phage transductions of the individual fum mutations followed by elimination of the
kanamycin cassette by the method proposed by reference (48). All the mutants were
validated by PCR.

To test whether the SlyD protein impacted the Fe-S clusters’ formation in E. coli, two
reporter fusions were used as we previously described (35). These fusions were expressed
from plasmids Ppmpa-lacZ and Pjscg-lacZ that were transformed into MG1655 iscAU::cat
and MG1655 Asuf::cat mutants, respectively (34) (Table S3). Then, the slyD deletion was
transduced from strain MG1655 AslyD by phage P1vir into strains AiscAU:cat Phmpa-lacZ
and Asuf:cat Piscp-lacZ (Table S3). These constructs were verified by PCR and sequencing.

Construction of H. pylori mutant strains

The H. pylori B128 AslyD, slyD-ACter mutants, and AslyD mutant recomplemented by a
WT slyD copy at the locus were previously described (11) (Table S3). Unmarked oorD,
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fumC, and hemN deletion mutants of H. pylori strain B128 (Table S3) were constructed by
allelic exchange as previously described (21). We used a H. pylori suicide plasmid derived
from pGEMT, in which about 500 bp of the 5-end and the 3’-end regions immediately
flanking the open reading frames of the genes to be deleted were cloned on each side
of a difH-cat-rpsL-difH cassette (primers are listed in Table S4). These plasmids were used
to naturally transform H. pylori strain B128 that we made streptomycin resistant. The
insertion of the cassette by homologous recombination was selected on blood agar
plates containing chloramphenicol 6 pg-mL™". Removal of the cassette was achieved
by plating the Cm® clones on blood agar plates containing streptomycin 10 pg-mL™".
Unmarked deletions of the oorD, fumC and hemN gene were verified by PCR and
sequencing of the gene regions.

The E. coli-H. pylori shuttle vector pILL2157 was used to construct a plasmid express-
ing the misS-misU operon under control of an inducible promoter (46). For this construct,
the misS-misU operon was PCR amplified from B128 chromosomal DNA using the
primers shown in Table S4, digested with Spel and cloned into pILL2157. Depending
on the orientation of the cloned PCR fragment, two plasmids were obtained (Table S3).
In the first one, designated pmisSU, the genes are under the control of the IPTG-inducible
promoter. In the opposite orientation, the genes have no promoter and the plasmid
designated pcontrol served as negative control. The two plasmids were introduced by
natural transformation into the H. pylori AslyD mutant as reported previously (21) (Table
S3). RT-qPCR was used to validate that, upon induction by IPTG, the misS-misU genes
were indeed overexpressed (4-5 fold) in a AslyD H. pylori strain containing the pmisS-misU
plasmid as compared to a AslyD strain containing a control plasmid that does not express
the misS-misU genes (pcontrol) (Fig. S1B).

H. pylori strains carrying on the chromosome, under control of their native promoter,
misS FLAG-tag or misU FLAG-tag fusions were obtained as follows. Overlap extension
PCR was used to construct a fragment comprising, in this order, 500 bp including the
entire misS or misU genes fused to the FLAG-tag sequence at its 3™-extremity followed
by a kanamycin resistance cassette and finally 500 bp corresponding to the downstream
region of the misS or misU gene. The final PCR product was directly naturally transformed
into H. pylori WT strain and AslyD mutant and allelic exchange was selected on kanamy-
cin as in reference 21. Correct insertion of the fusion and cassette were verified by PCR
and sequencing.

BACTH tests and -galactosidase assays

The BACTH assay is based on the reconstitution of adenylate cyclase activity in a cya™ E.
coli strain as a result of the interaction between two proteins: a bait and a prey fused
to two separate domains (T18 and T25) of the Bordetella pertussis adenylate cyclase.
The reconstitution of cyclase activity is measured by the activity of the f-galactosidase
enzyme expressed from the lacZ reporter gene (25). Empty pNKT25 and pUT18C vectors
served as controls in combination with every fusion construct shown in Fig. 1 and 2 (49).
For every control combination, the reporter 3-galactosidase activity is below 50 Miller
units corresponding to nonsignificant background activity.

First, two genome-wide screens were performed in order to identify novel interactors
of SlyD from E. coli and from H. pylori. The E. coli slyD gene was PCR amplified from
strain MG1655 with primers shown in Table S4, cloned into vector pKT25 (Table S3) and
introduced into strain BTH101. The E. coli library consisted of DNA fragments ranging
from 300 to 1,000 bp from strain MG1655 cloned into vector pUT18C (Table S3). The
construction of the library was described in detail in reference 50. E. coli pKT25 slyD
strain was transformed with the library, transformants were selected at 30°C on LB
agar plates containing kanamycin and ampicillin with the addition of X-Gal (5-bromo-4-
chloro-3-indolyl-beta-D-galactopyranoside) at 40 pg-mL™". Blue colonies were reisolated
and the insert of the pUT18C plasmid was PCR amplified and sequenced (Table S4). The
H. pylori slyD gene was PCR amplified from strain B128 with primers shown in Table
S4, cloned into vector pNKT25 (Table S3), and introduced into strain BTH101. The same
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strategy was used for the H. pylori slyD screening against a DNA library prepared from H.
pylori strain 26695 using the same strategy than the E. coli library (50, 51) and cloned into
vector pUT18C (Table S3).

In a second time, several pairwise interactions were tested by BACTH with both E.
coli SlyD and H. pylori SlyD proteins. For these assays, the genes of interest were PCR
amplified with primers listed in Table S4 from chromosomal DNA of E. coli MG1655 or H.
pylori B128 strain and cloned into vector pUT18 (Table S3). The two plasmids expressing
fusions to be tested were co-transformed in E. coli strain BTH101 and transformants were
selected on LB agar plates containing kanamycin and ampicillin at 30°C. Then, 5 mL of
LB medium supplemented with antibiotics and IPTG 10 M were inoculated with the
transformant clones and incubated overnight at 30°C. Quantification of the interactions
in strains carrying each plasmid combination was obtained by measurement of the
B-galactosidase activity expressed in Miller units that was performed in at least three
independent experiments and at least five replicates as in reference 49.

Measurement of aconitase activity
Cell lysis

H. pylori cells were harvested by centrifugation and lysed after spheroplast preparation
using the E. coli protocol (52). Cell pellets normalized to the same absorbance reading at
600 nm were suspended in 10 mM Tris-HCl (pH 7.5) containing 0.7 M sucrose and T mM
phenylmethylsulfonyl fluoride. Lysozyme (0.2 mg-mL™") and EDTA (10 mM) were added,
and the suspensions were incubated for 20 min at 4°C. The samples were centrifuged
for 5 min at 10,000 rpm in an Eppendorf microcentrifuge and the supernatants were
removed. The pellets were freeze-thawed, resuspended in cold water, and then sonicated
for 10 s with a Branson digital sonifier.

Aconitase assay

The aconitase activity of cell lysates was measured spectrophotometrically by monitor-
ing the formation of cis-aconitate from isocitrate at OD 240 nm using a Jasco V-730
spectrophotometer. Samples were added to 3 mL of 50 mM Tris-HCI (pH 7.4) containing
20 mM isocitrate and 0.5 mM MnCl; to initiate the reaction at 30°C (53). Specific activities
were calculated using the molar extinction coefficient of 3.6 mM™".cm™ for cis-aconitate
and the protein content determined by the Bradford assay.

Western blotting

Western blots were performed with 20 ug of proteins loaded and separated on a 4-20%
Mini-Protean TGX Stain-Free precast protein gel (BioRad) and subsequently electro-trans-
ferred on a polyvinylidene difluoride (PVDF) membrane (Biorad) by TransBlot Turbo
system (Biorad). Fractionation to separate soluble fraction from membrane fraction
was performed as previously established for H. pylori cells and is described in detail
in reference 11. The H. pylori MisS-FLAG and MisU-FLAG proteins were detected with
anti-FLAG M2 antibodies (dilution 1/1,500) produced in mice (F3165, Sigma). HRP-Anti-
mice was used as secondary antibodies at 1:10,000 dilution and the detection was
achieved with the ECL reagent (Thermo Fisher). A stain-free gel was used to be able to
precisely normalize the amounts of proteins in each lane of the gel used for the western
(see Fig. S1A).

RT-qPCR

Three independent H. pylori liquid cultures of 30 mL each were grown for 16 h until OD 1,
centrifuged for 15 min at 4000 g, treated with RNA protect solution (Qiagen), and stored
at —80°C. Then, cells were lysed, and RNA was extracted with the “Total RNA Purification
Plus Kit” (Norgen Biotek 48300). DNA was removed from RNA preparations by incubation
for 30 min at 37°C with 2 U/pL of Turbo RNase-free DNase (Invitrogen). Synthesis of cDNA
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was carried out following the manufacturer’s protocol using SuperScript IV First-Strand
Synthesis System (ThermoFisher), starting with 1 pg total RNA. cDNA was diluted to
10 ng/pL in nuclease-free water. Finally, RNA transcripts were quantified on an Applied
Biosystems StepOnePlus PCR machine using the Power SYBR Green PCR Master Mix
(Applied Biosystems), 900 nM of each primer (Table S4), and 30 ng of total cDNA.
PCR products were amplified and detected with an Applied Biosystem (Thermofisher)
instrument. The cycling conditions were as follows: one cycle at 95°C for 10 min, 45
cycles at 95°C for 15 s and 60°C for 2 min, and 80 cycles at 55°C for 30 s with a 0.5°C
increase every 30 s. The transcript levels were normalized to the level of the housekeep-
ing ppK gene (encoding polyphosphate kinase, hp1070) as previously validated (54). The
data correspond to at least three independent experiments with two technical replicates
each time.

Measurement of the susceptibility of E. coli and of H. pylori to antibiotics and
oxidative stress

In order to test whether the absence of the SlyD protein might impact the susceptibil-
ity of E. coli and H. pylori to antibiotics, we first determined, under our liquid growth
conditions, the MIC50 (the MIC value at which 50% of the cells have lost viability) for
ampicillin and gentamicin for both WT E. coli and H. pylori strains. E. coli MG1655 strains
were grown in liquid LB medium, H. pylori B128 strains in liquid Brucella broth. Under our
test conditions, MIC50 for gentamicin, was 3 pg-mL™" and 1.5 pug-mL™" for H. pylori and E.
coli, respectively. For ampicillin, MIC50 was 7.5 pg-mL™" for both H. pylori and E. coli. For
our tests, we chose sublethal concentrations that were slightly above the MIC50 for both
H. pylori and E. coli: 5 pg-mL™" for gentamicin and 10 ug-mL™" for ampicillin.

The experiment started with an overnight preculture without added antibiotics, the
preculture was diluted to an OD of 0.2 and was further grown during 2 h. When the
strain contained a plasmid, chloramphenicol at 20 pg-mL™" and IPTG at 10 uM were
added to the cultures. The cultures were incubated at 37°C under agitation at 150 rpm,
aerobically for E. coli or under microaerophilic conditions for H. pylori. Then, the cultures
were divided in two, one without antibiotics and one to which the antibiotic was added
at the indicated concentrations. The time of exposure to antibiotics was chosen in order
to obtain a reduction of relative viability (ratio of cell viability with antibiotics versus
without antibiotics in %) of at least 50% for the WT strains. These times of exposure to
antibiotics were 60 min for the experiment with ampicillin and 30 min with gentamicin,
times at which aliquots were taken from each culture. From these aliquots, the number
of viable bacteria was measured by bacterial numeration after plating of serial dilutions
to 107 on LB or Brucella agar medium for E. coli and for H. pylori, respectively, providing
CFUs (colony forming units). The Y axis of Fig. 4 and 5 presents the “Relative cell viability
with antibiotics versus without antibiotics expressed as a percentage.”

For the tests of susceptibility to hypochlorite, the procedure was similar. First, the
conditions at which a reduction of relative cell viability (ratio of cell viability with
hypochlorite versus without hypochlorite in %) of at least 50% for the E. coli and H.
pylori WT strains was established using different concentrations of hypochlorite and
exposure times. The chosen conditions were overnight incubation under microaerophilic
conditions and exposure to the oxidative stress generated by hypochlorite at 1.5 uM for
E. coli and 1 mM for H. pylori. Aliquots were taken and the number of viable bacteria
was measured by bacterial numeration after plating of serial dilutions to 107 on LB
or Brucella agar medium for E. coli and for H. pylori, respectively, providing CFUs. The
Y axis of Fig. 6 presents the “Relative cell viability with hypochlorite versus without
hypochlorite expressed as a percentage”.

ATP extraction and assay

H. pylori WT, AslyD, and AfumC strains were exponentially grown in 30 mL of liquid
medium until OD 1. Then, they were harvested by centrifugation at room temperature
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for 4 min at 5,000 g. Metabolites from the resulting cell pellets were extracted imme-
diately using 300 pL of a solvent mixture of acetonitrile/methanol/H,0 (40/40/20) for
15 min at 4°C. Mixtures were subsequently spun in a microfuge for 5 min at maxi-
mum speed and 4°C to separate insoluble materials from the extracted metabolites.
The resulting pellets were then re-extracted twice with 200 pL of solvent at 4°C. The
supernatants were pooled to yield 700 uL of final extract. Metabolites were lyophilized
and subsequently diluted in water for ATP assays. ATP content was determined by a
luciferase-based ATP bioluminescence assay kit (BacTiter-Glo Microbial cell viability assay,
Promega). Luminescence values were determined using a 10 s RLU signal integration
time and measured using a Centro XS® LB960 Luminometer (Berthold Technologies).
ATP concentrations were calculated based on values determined using serial dilutions of
known amounts of ATP and expressed as a function of the ODggq of the corresponding
culture. Three independent experiments were performed in triplicates.

Measurement of H. pylori PMF by flow cytometry

H. pylori WT, AslyD, and AfumC strains were inoculated at OD 0.025 and grown in liquid
medium in triplicate for 16 h. For the measurement of pmf, samples of 10 live cells per
experimental condition were taken, washed, and stained with 25 nM MitoTracker Red
CMXRos (Invitrogen), a PMF-sensitive dye. As a control for PMF depletion, the bacteria
were treated with 500 uM of the protonophore TCS (3,3",4’,5-tetrachlorosalicylanilide;
Fisher Scientific) as in reference 37. The fluorescent signal from 50,000 individual bacteria
per condition was measured by flow cytometry with a MCSQuant VYB analyzer (Miltenyi
Biotec) (Y2 channel, Agy=561 nm and A¢,=605-625 nm) after calibration. The experiment
was performed three times. Data were analyzed with FlowJo V10.

Intracellular concentrations of fumarate and malate in H. pylori strain

To measure the concentrations of malate and fumarate in H. pylori cells, we used the
MAKO067 Malate and MAKO60 Fumarate Assay Kits (Sigma Aldrich). In these assays, malate
is specifically oxidized to generate a product, which reacts with a substrate probe to
generate color (\max = 450 nm). The fumarate assay also results in a colorimetric
product (450 nm) proportional to the fumarate. For these assays, 30 mL of H. pylori
cultures were prepared by liquid medium inoculation at initial OD 0.025 and growth
until OD 1. H. pylori cells were collected by centrifugation, concentrated in water to OD
50, and further lysed by sonification. The cell debris was eliminated by centrifugation
and the supernatant was boiled during 10 min to denaturate the proteins. The test
was first validated with H. pylori cell extracts to which a defined range of malate or
fumarate was added. The concentration of malate and fumarate was calculated from
the standard curve and expressed as nmol of malate or fumarate per OD cell culture.
Malate and fumarate concentrations of WT, AslyD, and AfumC cells were assayed without
any addition or upon the addition to the culture medium of 5 mM malate or 25 mM
fumarate. Several concentrations were first tested (Fig. S4), H. pylori growth was found
to be strongly affected by the addition of 15 mM malate. In the presence of 10 mM
malate, only growth of the AslyD and AfumC mutants were strongly reduced with a most
prominent effect in the absence of fumarase. All the strains grew similarly with 5 mM
malate. In contrast, fumarate was nontoxic until the concentration of 50 mM similarly to
what is observed in other bacteria such as E. coli. These experiments were performed
three times in triplicate.

Statistical analysis

The Student t-test was used to determine significant differences of the means of the data
for all the experiments except for the aconitase assay, for which the Wilcoxon test was
applied. Error bars represent the standard deviation, with * (P < 0.05), ** (P < 0.01), *** (P
< 0.001), **** (P < 0.0001) indicating that the mean values are significantly different and
ns that they are not significantly different (P > 0.05).

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio.00967-23 20

Downloaded from https://journals.asm.org/journal/mbio on 24 October 2023 by 157.99.10.136.


https://doi.org/10.1128/mbio.00967-23

Research Article

ACKNOWLEDGMENTS

This study was funded by the "Fondation pour la Recherche Médicale" for the grant
DBF20161136767 and Agence Nationale de la Recherche ANR-19-CE12-0003-02.

We thank G. Karimova and D. Ladant from the Biochemistry of Macromolecular
Interactions Unit of the Institut Pasteur for the construction of the E. coli and H. pylori
BACTH whole-genome libraries and generous gift. We thank Laurent Loiseau from the
Laboratoire de Chimie Bactérienne, CNRS, Marseille for the gift of plasmids. We also
thank Frédéric Vernel-Pauillac and Manon Lang for help in the flow cytometry assays
and analysis. We thank Fabien Pierrel and Katayoun Kazemzadeh-Ferizhendi from the
University of Grenoble-CNRS for the measurements of menaquinone in H. pylori extracts.
We also thank Frédéric Barras for his helpful comments on our manuscript.

The authors declare that they do not have competing interests. The funders had no
role in study, design, data collection and analysis, decision to publish, or preparation of
the manuscript.

AUTHOR AFFILIATIONS

'Unité Pathogenése de Helicobacter, Département de Microbiologie, UMR CNRS 6047,
Institut Pasteur, Université Paris Cité, Paris, France

Université Paris Diderot, Sorbonne Paris Cité, Cellule Pasteur, Paris, France

*Department of Chemistry, University of Toronto, Toronto, Ontario, Canada

“Department of Biochemistry, University of Toronto, Toronto, Ontario, Canada

*Unité Adaptation au stress et Métabolisme chez les entérobactéries, Département de
Microbiologie, UMR CNRS 6047, Institut Pasteur, Université Paris Cité, Paris, France

PRESENT ADDRESS

Milica Denic, Laboratoire de Chimie Bactérienne (UMR7283), IMM, CNRS, Aix-Marseille
Université, Marseille, France

Daniel Vinella, Signalétique et asymétrie de la cellule bactérienne, MMSB, CNRS, Lyon,
France

AUTHOR ORCIDs

Milica Denic @ http://orcid.org/0000-0003-4109-3461
Daniel Vinella @ http://orcid.org/0009-0001-9887-2290
Hilde De Reuse  http://orcid.org/0000-0002-0100-4826

FUNDING

Funder Grant(s) Author(s)
Fondation pour la Recherche Médicale (FRM) DBF20161136767 Hilde De Reuse
Agence Nationale de la Recherche (ANR) ANR-19-CE12-0003-02 Hilde De Reuse

AUTHOR CONTRIBUTIONS

Milica Denic, Conceptualization, Formal analysis, Investigation, Methodology, Validation,
Writing - original draft, Writing — review and editing | Evelyne Turlin, Conceptualiza-
tion, Data curation, Formal analysis, Investigation, Validation, Writing — original draft,
Writing - review and editing | Deborah B. Zamble, Conceptualization, Investigation,
Validation | Jean-Michel Betton, Investigation, Writing - review and editing | Daniel
Vinella, Conceptualization, Data curation, Formal analysis, Investigation, Methodology,
Supervision, Validation, Writing - original draft, Writing - review and editing | Hilde De
Reuse, Conceptualization, Data curation, Formal analysis, Funding acquisition, Project
administration, Supervision, Validation, Writing - original draft, Writing - review and
editing

Month XXXX Volume 0 Issue 0

mBio

10.1128/mbio.00967-23 21

Downloaded from https://journals.asm.org/journal/mbio on 24 October 2023 by 157.99.10.136.


https://doi.org/10.1128/mbio.00967-23

Research Article

DATA AVAILABILITY

mBio

All data needed to evaluate the conclusions in the paper are present in the paper and/or
the supplemental material. Additional data related to this paper may be requested from
the authors.

ADDITIONAL FILES

The following material is available online.

Supplemental Material

Figure S1 (mBio00967-23-s0001.docx). Western blot of MisSU and RTqPCR of misSU.
Figure S2 (mBio00967-23-s0002.pdf). Representative flow cytometry histograms of
different H. pylori cells.
Figure S3 (mBio00967-23-s0003.pdf). Representation of the TCA cycle of H. pylori.
Figure S4 (mBio00967-23-s0004.docx). Growth of H. pylori strains in the presence of
malate or fumarate.
Table S1 (mBio00967-23-s0005.docx). Results of the BACTH screen of the Escherichia coli
EcSlyD interactors.
Table S2 (mBi000967-23-s0006.docx). Result of the BACTH screen of the H. pylori HpSlyD
interactors.
Table S3 (mBi000967-23-s0007.docx). List of strains and plasmids used in the study.

Table S4 (mBi000967-23-s0008.docx). List of primers used in the study.

REFERENCES

1.

Month XXXX Volume 0

Schmidpeter PAM, Schmid FX. 2015. Prolyl isomerization and its catalysis
in protein folding and protein function. J Mol Biol 427:1609-1631. https:/
/doi.org/10.1016/j,jmb.2015.01.023

Wang P, Heitman J. 2005. The cyclophilins. Genome Biol 6:226. https://
doi.org/10.1186/gb-2005-6-7-226

Cheng T, Li H, Xia W, Sun H. 2012. Multifaceted SlyD from Helicobacter
pylori: implication in [NiFe] hydrogenase maturation. J Biol Inorg Chem
17:331-343. https://doi.org/10.1007/s00775-011-0855-y

Kovermann M, Schmid FX, Balbach J. 2013. Molecular function of the
prolyl cis/trans isomerase and metallochaperone SlyD. Biol Chem
394:965-975. https://doi.org/10.1515/hsz-2013-0137

Kaluarachchi H, Sutherland DEK, Young A, Pickering 1J, Stillman MJ,
Zamble DB. 2009. The Ni(ll)-binding properties of the metallochaperone
SlyD. J Am Chem Soc 131:18489-18500. https://doi.org/10.1021/
ja9081765

Hottenrott S, Schumann T, Pliickthun A, Fischer G, Rahfeld JU. 1997. The
Escherichia coli SlyD is a metal ion-regulated peptidyl-prolyl cis/trans-
isomerase. J Biol Chem 272:15697-15701. https://doi.org/10.1074/jbc.
272.25.15697

Mezhyrova J, Martin J, Peetz O, Dotsch V, Morgner N, Ma Y, Bernhard F.
2021. Membrane insertion mechanism and molecular assembly of the
bacteriophage lysis toxin ®x174-E. FEBS J 288:3300-3316. https://doi.
org/10.1111/febs.15642

Tsang KL, Wong K-B. 2022. Moving nickel along the hydrogenase-urease
maturation pathway. Metallomics 14:mfac003. https://doi.org/10.1093/
mtomcs/mfac003

Kaluarachchi H, Zhang JW, Zamble DB. 2011. Escherichia coli SlyD, more
than a Ni(ll) reservoir. Biochemistry 50:10761-10763. https://doi.org/10.
1021/bi201590d

Zhang F, Li B, Dong H, Chen M, Yao S, Li J, Zhang H, Liu X, Wang H, Song
N, Zhang K, Du N, Xu S, Gu L. 2020. YdiV regulates Escherichia coli ferric
uptake by manipulating the DNA-binding ability of Fur in a SlyD-
dependent manner. Nucleic Acids Res 48:9571-9588. https://doi.org/10.
1093/nar/gkaa696

Denic M, Turlin E, Michel V, Fischer F, Khorasani-Motlagh M, Zamble D,
Vinella D, de Reuse H. 2021. A novel mode of control of nickel uptake by
a multifunctional metallochaperone. PLoS Pathog 17:1009193. https://
doi.org/10.1371/journal.ppat.1009193

Issue 0

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Waite DW, Vanwonterghem |, Rinke C, Parks DH, Zhang Y, Takai K, Sievert
SM, Simon J, Campbell BJ, Hanson TE, Woyke T, Klotz MG, Hugenholtz P.
2017 Comparative genomic analysis of the class Epsilonproteobacteria
and proposed reclassification to Epsilonbacteraeota (phyl. nov.). Front.
Microbiol 8. https://doi.org/10.3389/fmicb.2017.00682

Salama NR, Hartung ML, Miller A. 2013. Life in the human stomach:
persistence strategies of the bacterial pathogen Helicobacter pylori. Nat
Rev Microbiol 11:385-399. https://doi.org/10.1038/nrmicro3016

Prashar A, Capurro M, Jones NL. 2022. Under the radar: strategies used
by Helicobacter pylori to evade host responses. Annu Rev Physiol 84:485-
506. https://doi.org/10.1146/annurev-physiol-061121-035930

Amieva M, Peek RM 2016. Pathobiology of Helicobacter pylori-induced
gastric cancer. Gastroenterology 150:64-78. https://doi.org/10.1053/j.
gastro.2015.09.004

de Reuse H, Vinella D, Cavazza C. 2013. Common themes and unique
proteins for the uptake and trafficking of nickel, a metal essential for the
virulence of Helicobacter pylori. Front Cell Infect Microbiol 3:94. https://
doi.org/10.3389/fcimb.2013.00094

Kumar S, Vinella D, De Reuse H. 2022. Nickel, an essential virulence
determinant of Helicobacter pylori: transport and trafficking pathways
and their targeting by bismuth. Adv Microb Physiol 80:1-33. https://doi.
org/10.1016/bs.ampbs.2022.01.001

Stingl K, De Reuse H. 2005. Staying alive overdosed: how does
Helicobacter pylori control urease activity. Int J Med Microbiol 295:307-
315. https://doi.org/10.1016/j.ijmm.2005.06.006

Olson JW, Maier RJ. 2002. Molecular hydrogen as an energy source for
Helicobacter pylori. Science 298:1788-1790. https://doi.org/10.1126/
science.1077123

Fulkerson JF, Mobley HLT. 2000. Membrane Topology of the NixA nickel
transporter of Helicobacter pylori: two nickel transport-specific motifs
within transmembrane helices Il and lll. J Bacteriol 182:1722-1730. https:
//doi.org/10.1128/JB.182.6.1722-1730.2000

Fischer F, Robbe-Saule M, Turlin E, Mancuso F, Michel V, Richaud P,
Veyrier FJ, De Reuse H, Vinella D, Baumler AJ. 2016. Characterization in
Helicobacter pylori of a nickel transporter essential for colonization that
was acquired during evolution by gastric Helicobacter species. PLoS
Pathog 12:e1006018. https://doi.org/10.1371/journal.ppat.1006018

10.1128/mbio.00967-23 22

Downloaded from https://journals.asm.org/journal/mbio on 24 October 2023 by 157.99.10.136.


https://doi.org/10.1128/mbio.00967-23
https://doi.org/10.1016/j.jmb.2015.01.023
https://doi.org/10.1186/gb-2005-6-7-226
https://doi.org/10.1007/s00775-011-0855-y
https://doi.org/10.1515/hsz-2013-0137
https://doi.org/10.1021/ja9081765
https://doi.org/10.1074/jbc.272.25.15697
https://doi.org/10.1111/febs.15642
https://doi.org/10.1093/mtomcs/mfac003
https://doi.org/10.1021/bi201590d
https://doi.org/10.1093/nar/gkaa696
https://doi.org/10.1371/journal.ppat.1009193
https://doi.org/10.3389/fmicb.2017.00682
https://doi.org/10.1038/nrmicro3016
https://doi.org/10.1146/annurev-physiol-061121-035930
https://doi.org/10.1053/j.gastro.2015.09.004
https://doi.org/10.3389/fcimb.2013.00094
https://doi.org/10.1016/bs.ampbs.2022.01.001
https://doi.org/10.1016/j.ijmm.2005.06.006
https://doi.org/10.1126/science.1077123
https://doi.org/10.1128/JB.182.6.1722-1730.2000
https://doi.org/10.1371/journal.ppat.1006018
https://doi.org/10.1128/mbio.00967-23

Research Article

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

Month XXXX Volume 0

Cheng T, Li H, Yang X, Xia W, Sun H. 2013. Interaction of SlyD with HypB
of Helicobacter pylori facilitates nickel trafficking. Metallomics 5:804-807.
https://doi.org/10.1039/c3mt00014a

Stingl K, Schauer K, Ecobichon C, Labigne A, Lenormand P, Rousselle J-C,
Namane A, de Reuse H. 2008. In vivo interactome of Helicobacter pylori
urease revealed by tandem affinity purification. Mol Cell Proteomics
7:2429-2441. https://doi.org/10.1074/mcp.M800160-MCP200

Lopatkin AJ, Stokes JM, Zheng EJ, Yang JH, Takahashi MK, You L, Collins
JJ. 2019. Bacterial metabolic state more accurately predicts antibiotic
lethality than growth rate. Nat Microbiol 4:2109-2117. https://doi.org/
10.1038/541564-019-0536-0

Karimova G, Pidoux J, Ullmann A, Ladant D. 1998. A bacterial two-hybrid
system based on a reconstituted signal transduction pathway. Proc Natl
Acad Sci U S A 95:5752-5756. https://doi.org/10.1073/pnas.95.10.5752
Woods SA, Schwartzbach SD, Guest JR. 1988. Two biochemically distinct
classes of fumarase in Escherichia coli. Biochim Biophys Acta 954:14-26.
https://doi.org/10.1016/0167-4838(88)90050-7

van Vugt-Lussenburg BMA, van der Weel L, Hagen WR, Hagedoorn P-L.
2013. Biochemical similarities and differences between the catalytic
[4Fe-4S] cluster containing fumarases FumA and FumB from Escherichia
coli. PLoS One 8:e55549. https://doi.org/10.1371/journal.pone.0055549
Pitson SM, Mendz GL, Srinivasan S, Hazell SL. 1999. The tricarboxylic acid
cycle of Helicobacter pylori. Eur J Biochem 260:258-267. https://doi.org/
10.1046/j.1432-1327.1999.00153.x

Miller JH. 1992. A short Course in Bacterial Genetics: A laboratory
manual and handbook for Escherichia coli and related bacteria. Cold
Spring Harbor, N. Y. Cold Spring Harbor Laboratory.

Esquilin-Lebron K, Dubrac S, Barras F, Boyd JM. 2021. Bacterial
approaches for assembling iron-sulfur proteins. mBio 12:€0242521.
https://doi.org/10.1128/mBi0.02425-21

Olson JW, Agar JN, Johnson MK, Maier RJ. 2000. Characterization of the
NifU and NifS Fe-S cluster formation proteins essential for viability in
Helicobacter pylori. Biochemistry 39:16213-16219. https://doi.org/10.
1021/bi001744s

Benoit SL, Holland AA, Johnson MK, Maier RJ. 2018. Iron-sulfur protein
maturation in Helicobacter pylori: identifying a Nfu-type cluster carrier
protein and its iron-sulfur protein targets. Mol Microbiol 108:379-396.
https://doi.org/10.1111/mmi.13942

Garcia PS, D'Angelo F, Ollagnier de Choudens S, Dussouchaud M,
Bouveret E, Gribaldo S, Barras F. 2022. An early origin of iron-sulfur
cluster biosynthesis machineries before earth oxygenation. Nat Ecol Evol
6:1564-1572. https://doi.org/10.1038/s41559-022-01857-1

Vinella D, Loiseau L, Ollagnier de Choudens S, Fontecave M, Barras F.
2013. In vivo [Fe-S] cluster acquisition by IscR and NsrR, two stress
regulators in Escherichia coli. Mol Microbiol 87:493-508. https://doi.org/
10.1111/mmi.12135

Ezraty B, Vergnes A, Banzhaf M, Duverger Y, Huguenot A, Brochado AR,
Su S-Y, Espinosa L, Loiseau L, Py B, Typas A, Barras F. 2013. Fe-S cluster
biosynthesis controls uptake of aminoglycosides in a ROS-less death
pathway. Science 340:1583-1587. https://doi.org/10.1126/science.
1238328

Perkins A, Tudorica DA, Amieva MR, Remington SJ, Guillemin K. 2019.
Helicobacter pylori senses bleach (HOCL) as a chemoattractant using a
cytosolic chemoreceptor. PLoS Biol 17:@3000395. https://doi.org/10.
1371/journal.pbio.3000395

El Mortaji L, Tejada-Arranz A, Rifflet A, Boneca IG, Pehau-Arnaudet G,
Radicella JP, Marsin S, De Reuse H. 2020. A peptide of a type | toxin-
antitoxin system induces Helicobacter pylori morphological transforma-
tion from spiral shape to coccoids. Proc Natl Acad Sci U S A 117:31398-
314009. https://doi.org/10.1073/pnas.2016195117

Lénon M, Arias-Cartin R, Barras F. 2022. The Fe-S proteome of Escherichia
coli: prediction, function, and fate. Metallomics 14:mfac022. https://doi.
0rg/10.1093/mtomcs/mfac022

Issue 0

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

mBio

Dai Z, Tonelli M, Markley JL. 2012. Metamorphic protein IscU changes
conformation by cis - trans isomerizations of two peptidyl-prolyl peptide
bonds. Biochemistry 51:9595-9602. https://doi.org/10.1021/bi301413y
Liu Y, Yang K, Zhang H, Jia Y, Wang Z. 2020. Combating antibiotic
tolerance through activating bacterial metabolism. Front Microbiol
11:577564. https://doi.org/10.3389/fmicb.2020.577564

Zalis EA, Nuxoll AS, Manuse S, Clair G, Radlinski LC, Conlon BP, Adkins J,
Lewis K. 2019. Stochastic variation in expression of the tricarboxylic acid
cycle produces persister cells. mBio 10:e01930-19. https://doi.org/10.
1128/mBi0.01930-19

Manuse S, Shan Y, Canas-Duarte SJ, Bakshi S, Sun WS, Mori H, Paulsson J,
Lewis K. 2021. Bacterial persisters are a stochastically formed subpopula-
tion of low-energy cells. PLoS Biol 19:e3001194. https://doi.org/10.1371/
journal.pbio.3001194

Schauer K, Muller C, Carriere M, Labigne A, Cavazza C, De Reuse H. 2010.
The Helicobacter pylori GroES cochaperonin HspA functions as a
specialized nickel chaperone and sequestration protein through its
unique C-terminal extension. J Bacteriol 192:1231-1237. https://doi.org/
10.1128/JB.01216-09

Turlin E, Heuck G, Simées Brandao MI, Szili N, Mellin JR, Lange N,
Wandersman C. 2014. Protoporphyrin (PPIX) efflux by the MacAB-TolC
pump in Escherichia coli. Microbiologyopen 3:849-859. https://doi.org/
10.1002/mbo3.203

Yu D, Ellis HM, Lee EC, Jenkins NA, Copeland NG, Court DL. 2000. An
efficient recombination system for chromosome engineering in
Escherichia coli. Proc Natl Acad Sci U S A 97:5978-5983. https://doi.org/
10.1073/pnas.100127597

Boneca IG, Ecobichon C, Chaput C, Mathieu A, Guadagnini S, Prévost M-
C, Colland F, Labigne A, de Reuse H. 2008. Development of inducible
systems to engineer conditional mutants of essential genes of
Helicobacter pylori. Appl Environ Microbiol 74:2095-2102. https://doi.
org/10.1128/AEM.01348-07

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, Datsenko KA,
Tomita M, Wanner BL, Mori H. 2006. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst
Biol 2:2006. https://doi.org/10.1038/msb4100050

Datsenko KA, Wanner BL. 2000. One-step inactivation of chromosomal
genes in Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S
A 97:6640-6645. https://doi.org/10.1073/pnas.120163297

Karimova G, Ullmann A, Ladant D. 2000. A bacterial two-hybrid system
that exploits a cAMP signaling cascade in Escherichia coli. Methods
Enzymol 328:59-73. https://doi.org/10.1016/50076-6879(00)28390-0
Karimova G, Robichon C, Ladant D. 2009. Characterization of YmgF, a 72-
residue inner membrane protein that associates with the Escherichia coli
cell division machinery. J Bacteriol 191:333-346. https://doi.org/10.1128/
JB.00331-08

Karimova G, Ladant D, Ullmann A, Selig L, Legrain P. 2002. Bacterial two-
hybrid system for protein-protein interaction screening, new strains for
used therein, and their applications. US 2002/0045237, USA.

Osborn MJ, Gander JE, Parisi E, Carson J. 1972. Mechanism of assembly of
the outer membrane of Salmonella typhimurium: isolation and
characterization of cytoplasmic and outer membrane. J Biol Chem
247:3962-3972.

Hausladen A, Fridovich I. 1996. Measuring nitric oxide and superoxide:
rate constants for aconitase reactivity. Methods Enzymol 269:37-41.
https://doi.org/10.1016/50076-6879(96)69007-7

Muller C, Bahlawane C, Aubert S, Delay CM, Schauer K, Michaud-Soret |,
De Reuse H. 2011. Hierarchical regulation of the NikR-mediated nickel
response in Helicobacter pylori. Nucleic Acids Res 39:7564-7575. https://
doi.org/10.1093/nar/gkr460

10.1128/mbio.00967-23 23

Downloaded from https://journals.asm.org/journal/mbio on 24 October 2023 by 157.99.10.136.


https://doi.org/10.1039/c3mt00014a
https://doi.org/10.1074/mcp.M800160-MCP200
https://doi.org/10.1038/s41564-019-0536-0
https://doi.org/10.1073/pnas.95.10.5752
https://doi.org/10.1016/0167-4838(88)90050-7
https://doi.org/10.1371/journal.pone.0055549
https://doi.org/10.1046/j.1432-1327.1999.00153.x
https://doi.org/10.1128/mBio.02425-21
https://doi.org/10.1021/bi001744s
https://doi.org/10.1111/mmi.13942
https://doi.org/10.1038/s41559-022-01857-1
https://doi.org/10.1111/mmi.12135
https://doi.org/10.1126/science.1238328
https://doi.org/10.1371/journal.pbio.3000395
https://doi.org/10.1073/pnas.2016195117
https://doi.org/10.1093/mtomcs/mfac022
https://doi.org/10.1021/bi301413y
https://doi.org/10.3389/fmicb.2020.577564
https://doi.org/10.1128/mBio.01930-19
https://doi.org/10.1371/journal.pbio.3001194
https://doi.org/10.1128/JB.01216-09
https://doi.org/10.1002/mbo3.203
https://doi.org/10.1073/pnas.100127597
https://doi.org/10.1128/AEM.01348-07
https://doi.org/10.1038/msb4100050
https://doi.org/10.1073/pnas.120163297
https://doi.org/10.1016/s0076-6879(00)28390-0
https://doi.org/10.1128/JB.00331-08
https://doi.org/10.1016/s0076-6879(96)69007-7
https://doi.org/10.1093/nar/gkr460
https://doi.org/10.1128/mbio.00967-23

	The SlyD metallochaperone targets iron-sulfur biogenesis pathways and the TCA cycle
	RESULTS
	Large-scale screen of E. coli and H. pylori SlyD interactors
	SlyD interacts with proteins with metal co-factors in both E. coli and H. pylori
	SlyD interacts with proteins of the Fe-S biogenesis pathways in E. coli and H. pylori
	Does SlyD impact Fe-S synthesis machinery or Fe-S proteins?
	Both E. coli ∆slyD and H. pylori ∆slyD mutants present reduced susceptibility to ampicillin and gentamicin
	Antibiotic susceptibility of mutants deleted in genes encoding SlyD interactors
	SlyD participates in the E. coli and H. pylori response to oxidative stress
	Measurement of the impact of the slyD and fumC mutations on the proton motive force and ATP concentration in H. pylori
	SlyD is impacting the TCA cycle in H. pylori

	DISCUSSION
	MATERIALS AND METHODS
	Bacterial strains and growth conditions
	Molecular techniques
	Construction of E. coli mutant strains
	Construction of H. pylori mutant strains
	BACTH tests and β-galactosidase assays
	Measurement of aconitase activity
	Western blotting
	RT-qPCR
	Measurement of the susceptibility of E. coli and of H. pylori to antibiotics and oxidative stress
	ATP extraction and assay
	Measurement of H. pylori PMF by flow cytometry
	Intracellular concentrations of fumarate and malate in H. pylori strain
	Statistical analysis



