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Integration of multi-omics enables uncovering cellular responses to stimuli or the mechanism of action of
a drug at a system level. Bismuth drugs have long been used for the treatment of Helicobacter pylori
infection and their antimicrobial activity was attributed to dysfunction of multiple proteins based on
previous proteome-wide studies. Herein, we investigated the response of H. pylori to a bismuth drug at
transcriptome and metabolome levels. Our multi-omics data together with bioassays comprehensively
reveal the impact of bismuth on a diverse array of intracellular pathways, in particular, disruption of
central carbon metabolism is systematically evaluated as a primary bismuth-targeting system in H. pylori.
Through temporal dynamics profiling, we demonstrate that bismuth initially perturbs the TCA cycle and

then urease activity, followed by the induction of oxidative stress and inhibition of energy production,
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Accepted 23rd July 2018 and in the meantime, induces extensive down-regulation in H. pylori metabolome. The present study
thus expands our knowledge on the inhibitory actions of bismuth and provides a novel systematic

DOI: 10.1039/¢85c01668b perspective of H. pylori in response to a clinical drug that sheds light on enhanced therapeutic

rsc.li/chemical-science methodologies.

Introduction

Helicobacter pylori (H. pylori), a highly prevalent human path-
ogen, is associated with a variety of human gastrointestinal
diseases such as chronic gastritis, peptic ulcer and gastric
carcinoma in severe cases."? It is reported that H. pylori infects
over 50% of the world's population with the characteristics of
extremely rare spontaneous eradication and increased antibi-
otic resistance.>* Following the identification of H. pylori in
1982,° extensive research on this bacterium has been carried out
in an effort to make clear the way of its survival under acidic
conditions in the human stomach,*® to elucidate the relation-
ship between H. pylori infection and the development of gastric
cancer,” and importantly, to fully understand the underlying
mechanisms of current treatment regimens'®'* for better ther-
apeutic options.
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The commonly used therapy for H. pylori infection based on
proton pump inhibitors (PPI) and a combination of antibiotics
is frequently challenged for its decreased eradication rates,
primarily owing to the increasing prevalence of antibiotic
resistance.* Bismuth-containing quadruple therapy, with the
addition of bismuth to the standard antibiotic regimens, has
been recommended as first-line therapy and shown improved
cure rates even towards resistant strain-caused infections." As
a borderline metal ion, Bi(u) shows high affinity towards bio-
logical thiols and is able to replace essential metals such as
Ni(u), Zn(u) and Fe(ur) from metalloproteins.**™*¢ According to
previous studies, bismuth-based drugs can utilize certain iron-
transport pathways to enter H. pylori cells and functionally
disrupt a number of key enzymes through multi-targeted mode
of action.'™"”'® However, the inhibitory mechanisms of bismuth
against the bacterium were mostly studied at the proteome
level. Further exploration of cellular responses of H. pylori to
bismuth drugs at transcriptome and metabolome levels may
provide more insights into the cellular events and molecular
changes.

To depict a complete cellular response of an organism under
stress, integration of multiple-omics data is necessary and is an
active research area with many successful applications.*>**
Transcriptomics enables identification of genes involved in an
affected physiological state. At the metabolome level, due to the
more direct relationship of the metabolic profiles with the
phenotype of an organism,> metabolomics represents
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a sensitive and systemic approach to reveal the alterations of
endogenous low molecular weight compounds that reflects the
interventions on cellular physiology. Furthermore, metallomics
and metalloproteomics are emerging research areas aiming at
the entirety of metals and metalloids within a cell or tissue to
study their physiological functions.”*** Different from tradi-
tional quantitative proteomics, metalloproteomics aims to
recognize the relationship between biometals and cellular
proteins as well as the functional alterations of proteins upon
metal binding, which significantly facilitates the mechanistic
understanding of metals in biology and medicine and opens
a new horizon for unveiling the role of biometals at the
proteome-wide scale.™

In this study, we extensively examined the cellular responses
of H. pylori under the stress of a bismuth drug i.e., colloidal
bismuth subcitrate (CBS) at transcriptome and metabolome
levels by RNA-sequencing and a combination of NMR and GC-
MS-based metabolic profiling, respectively. By integration of
the results of transcriptomics and metabolomics with metal-
loproteomics, we demonstrate that bismuth influences multiple
metabolic pathways and suppresses energy production in H.
pylori through disruption of the central carbon metabolism of
the bacterium. We further provide the temporal dynamics
profile for describing the adaptive and toxic responses of H.
pylori exposed to bismuth at the metabolome and phenotype
levels. The inhibitory mechanisms of bismuth against H. pylori
are comprehensively discussed based on the findings from
multiple omics analyses and bioassays, yielding a much deeper
understanding than either approach alone.

Results
CBS transcriptionally impairs central metabolism in H. pylori

Given that H. pylori generally grows much more slowly than
other laboratory bacteria (Fig. S1At), we first examined the
growth curves of H. pylori in the absence and presence of CBS
under the condition as described in the experimental section.
As shown in Fig. S1A (ESIt), treatment of CBS led to slightly
increased ODg, values of H. pylori culture, indicating that CBS
is bacteriostatic. To fully reveal the inhibitory effects of CBS on
H. pylori, we therefore analyzed the transcriptome profile of H.
pylori upon CBS treatment for 12 h (ca. 1.5 generation time),
during which good quality RNAs were extracted, further veri-
fying that the bacteria were not in a severely damaged state.
Compared to the control group, the transcription levels of 920
genes were significantly altered by CBS, among which, 588
genes including 286 up- and 302 down-regulated genes were
contributed by both 20 and 80 pg mL ™" CBS treatment groups
(Fig. 1A). Moreover, hierarchical clustering analysis revealed
that the transcription pattern of the altered genes in the CBS-
treated groups was different from that of the control group
(Fig. S1BY).

Significantly down-regulated genes were found to enrich in
several central carbon metabolic pathways such as the TCA
cycle, glycolysis/gluconeogenesis and oxidative phosphorylation
(Fig. 1C and S1Cf). Apart from that, the down-regulated genes
in CBS treatment groups were also related to glutathione
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Fig. 1 Transcriptomic profiling reveals altered gene transcription
patterns in H. pylori upon CBS-treatment. (A) Venn diagram showing
the number of altered genes in the 20 and 80 ng mL~! CBS treated
groups compared to the control group. (B) Volcano plots showing the
altered genes in the 20 and 80 pg mL~! CBS treated groups compared
to the control group. Colored dots represent each gene that was
significantly up-regulated (red) or down-regulated (green). (C) Gene
transcription profiles from H. pylori cells treated with 20 and
80 ug mL™! CBS for 12 h. Values of three biological replications
reported as log, fold changes over untreated control (CTL) in the
transcription level of the TCA cycle, oxidative phosphorylation,
glycolysis, and urease related genes.

metabolism, microbial metabolism in diverse environments,
epithelial cell signalling in H. pylori infection and a two-
component system (Fig. S2B and DY), while the genes related
to urease maturation, nucleotide excision repair, porphyrin and
chlorophyll metabolism, biosynthesis of amino acids, and
ribosome were up-regulated (Fig. 1C, S2A and Ct), reflecting the
complicated response of H. pylori towards CBS stress.

CBS induces global changes of the metabolome in H. pylori

To further explore the global responses of H. pylori to CBS
treatment, we examined the CBS-induced metabolic changes in
H. pylori in detail. Firstly, "H NMR spectroscopy was employed
to analyze the metabolites of CBS treated groups at a concen-
tration of 20 or 80 ug mL " for 12 h and the untreated group (as
a control) (Fig. S3A7). In total, 29 metabolites (Table S2t) were
obtained and further confirmed by a series of 2D NMR spectra,
including COSY, TOCSY, HSQC and HMBC. The identified
metabolites consisted of a range of amino acids, such as
alanine, arginine, glycine, ornithine and proline; organic acids,
such as lactate, acetate, and fumarate; and a number of nucle-
osides and nucleotides, such as inosine, adenosine, uracil, and
nicotinamide adenine dinucleotide (NAD"). Multivariate data
analyses including PCA and OPLS-DA were subsequently per-
formed to further analyze the variance among the three groups
and screen significantly altered metabolites. The PCA scores
plots (Fig. S3Bf) of the '"H NMR spectral data showed clear
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separations between the profiles of the CBS-treated and
untreated cells. OPLS-DA models were used to further evaluate
metabolic changes induced by CBS through limiting correlation
coefficient values (Fig. 2). The model quality was indicated by
the values of R” and Q°, which represents the quality of fit and
predictability of the model, respectively. Compared to the
untreated cells, organic acids including lactate, acetate, nic-
otinate and formate showed a marked increase in CBS treated
groups, while reduction in the levels of certain amino acids
including alanine, arginine, glutamate and ornithine was
observed, which may lead to slowing down of the urea cycle.
Meanwhile, the changes of other metabolites including pyru-
vate, succinate, betaine, hypoxanthine, acetamide and NAD"
indicated that CBS could affect the energy metabolism and
nucleotide metabolism in H. pylori.
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Furthermore, we also examined the metabolome profiles of
H. pylori in response to CBS by GC-MS. After removal of the
internal standard (ribitol), 74 metabolites with reliable signals
were detected for each sample. Representative total ion current
chromatograms from the three groups are shown in Fig. S4A
(ESIt). The correlation coefficient of two technical repeats was
0.996-0.999, indicative of the reliability of the data (Fig. S4B¥).
The metabolomic profiles of the three groups are shown as
a heat map in Fig. 2B, which clearly indicates that CBS modu-
lated the H. pylori metabolome and the abundance of the
majority of metabolites decreased. In total, 22 and 49 metabo-
lites with differential abundance were identified in CBS treated
groups at a concentration of 20 and 80 pug mL ™', respectively. Z-
Scores with values of —5.38 to 53.83 displayed variations of
these metabolites based on the control (Fig. 2E). According to
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Fig. 2 Metabolic profiling of H. pylori upon CBS treatment. (A) OPLS-DA scores plots (left) and coefficient-coded loading plots (right),
discriminating the 600 MHz *H NMR profiles between the untreated (green squares) and 20 or 80 pg mL™ CBS-treated H. pylori cells (blue
squares) (n = 10). These models are cross-validated with CV-ANOVA, p < 0.05. (B) Heat map for relative abundances of all identified metabolites

of H. pylori in the control and 20 and 80 pg mL™! CBS treated groups
identified metabolites and differential metabolites (upon 80 ug mL~* CBS

through GC-MS analysis. (C) Pie chart showing the distribution of all
treatment) in four major categories. (D) PCA analysis of GC-MS profiles

obtained from the control and 20 and 80 ng mL~! CBS-treated H. pylori metabolite extracts. Each dot represents metabolite profiling data from
one individual sample and colors indicate samples in different treatment groups. (E) Z-score plot of differential metabolites based on the control,
corresponding to data in (B). Each point represents one metabolite in one technical repeat, and the points are colored by sample types (black,
control; blue, 20 ng mL™* CBS treatment; orange, 80 ug mL~* CBS treatment).
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the Kyoto Encyclopedia of Genes and Genomes (KEGG) data-
base, 74 identified metabolites could be classified into four
major categories, ie., amino acids (42.05%), carbohydrates
(30.68%), lipids (18.18%), and nucleotides (9.09%) (Fig. 2C).
After treatment of H. pylori with CBS for 12 h, 49 differential
metabolites showed a decrease in amino acids to 37.50% and an
increase in lipids to 22.50%. The control and CBS treated
groups were clearly separated in three different quadrants of the
PCA scores plot (Fig. 2D). Furthermore, OPLS-DA models were
used for the multivariate analysis, revealing a much clearer
separation between the control and CBS treated metabolic
profiles (Fig. S4C¥).

We then jointly evaluated the metabolomics results from
these two techniques. 21 metabolites (6 increased and 15
decreased) identified by NMR with a correlation coefficient |r| >
0.602 and 49 metabolites (6 increased and 43 decreased) iden-
tified by GC-MS with a VIP value >1 and p-value < 0.05 were
considered to be significantly different in abundance after CBS
treatment. Among these, 13 metabolites were identified by both
techniques: 8 metabolites including alanine, fumarate, gluta-
mate, lactate, ornithine, succinate, uracil and hypoxanthine
were identified with decreased abundance by two techniques,
whereas the abundance of glycine, proline, valine and beta-
alanine was found to be decreased only in GC-MS analysis;
while no changes in abundance of aspartate were observed as
revealed by both techniques (Fig. S5Af). Six pathways were
identified to be enriched by combined analysis of the differen-
tial metabolites by both NMR and GC-MS, including aminoacyl-
tRNA biosynthesis, methane metabolism, citrate cycle, pyruvate
metabolism, glyoxylate and dicarboxylate metabolism and
glycine, serine and threonine metabolism (Fig. S5B¥).

CBS treatment leads to decreased activities in the H. pylori
TCA cycle

We then evaluated the effects of CBS on H. pylori by integrating
the transcriptomics and metabolomics data in this study with
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our previous metalloproteomics data.'® By mapping the identi-
fied CBS-regulated genes, proteins (including 63 Bi-binding
proteins) and metabolites to their respective biochemical
pathways outlined in KEGG, we identified the TCA cycle as
a common enriched pathway from all three omics analyses
(Fig. 3A), which may serve as a key pathway that contributes to
the toxicity of CBS in H. pylori. Five metabolites involved in the
H. pylori TCA cycle were identified by GC-MS, generally showing
a decreased abundance upon CBS treatment, except the obvious
increase in citrate level (Fig. 3B), which may be caused by the
citrate ligand in the Bi drug. We also detected the decreased
abundance of acetyl-CoA, the starting compound in the TCA
cycle. According to the changes of metabolites in the citrate
cycle, we speculate that CBS may slow down the central carbon
metabolism and reduce the activity of the TCA cycle. We thus
analyzed the gene transcription levels of the TCA cycle by qRT-
PCR and measured the activities of enzymes in the TCA cycle,
ie, citrate synthase, aconitase, isocitrate dehydrogenase,
fumarase and malate dehydrogenase. As shown in Fig. 3B,
activities of the tested enzymes were generally decreased by CBS
in a dose-dependent manner. Among them, the decline in the
activities of fumarase and malate dehydrogenase was most
obvious, and the relevant genes including gitA, frdA, frdB, frdC,
fumC and mgqo showed a consistent downward trend after 12 h
CBS treatment (Fig. S5CT). It was worth noting that the
increased abundance of citrate due to the supplementation of
CBS did not promote enzyme activities in the cycle.

Temporal dynamics response of H. pylori towards CBS
treatment

Due to the multi-targeted mode of action of Bi(i) (as CBS) in H.
pylori,”® and as revealed by our multi-omics data, many cellular
pathways in H. pylori including the citrate cycle, oxidative
phosphorylation, amino acid metabolism and nucleotide
metabolism could be affected by CBS. However, mapping only
adverse outcomes of a toxicant may fall short of describing the
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Fig. 3 Enriched KEGG pathways and activities of key enzymes in the H. pylori TCA cycle: (A) comparison of the functional pathways enriched by
Bi-altered genes, metabolites, and Bi-binding and regulated proteins, as revealed by transcriptomics, metabolomics and metalloproteomics
studies. (B) Effect of CBS in regulation of the enzyme activities and metabolite abundance in the H. pylori TCA cycle. The asterisks indicate
significant difference from the control group, as compared by two-tailed t-test. (*0.01 < p < 0.05; **0.001 < p < 0.01; ***p < 0.001).
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adaptive response. We thus extracted H. pylori metabolites at
a series of time points from 15 min to 8 h and analyzed the
changes in the metabolic profiles. We found that H. pylori
responded to CBS treatment quickly, and metabolic changes
were observable within 15 min of exposure, followed by a clearly
up-regulated metabolite abundance up to the time point of 4 h.
At 30 min, the abundance of most differential metabolites
increased while an extensive decrease in abundance was
observed at 8 h (Fig. S6AT) and 12 h (Fig. 2B), possibly sug-
gesting that the bacterium mounted a defense response to
combat continuous drug exposures from 30 min to 4 h, while
a decrease in metabolic rates occurred at 8 h. Growth of H. pylori
on agar plates could be observed after 8 h CBS treatment
(Fig. S6Bt), indicating the survival of H. pylori at the studied
time points. As shown in Fig. 4A, the control and CBS treatment
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Fig. 4 CBS-induced physiological responses of H. pylori at different
time points. (A) PCA analysis of GC-MS profiles of control and CBS-
treated H. pylori metabolite extracts at a series of time points. (B)
Relative transcriptions of TCA cycle genes in H. pylori treated with 80
ng mL~t CBS for 0, 15, 30 and 60 min. Gene transcriptions were
normalized against 16S rRNA and the untreated control. (C) Abun-
dance of ATP in H. pylori. (D) Relative ROS levels in H. pylori. (E) Urease
activities of H. pylori, defined as nmol ammonia produced per min
(per mg total protein). (F-H) Boxplots of normalized abundance of
metabolites at different time points. (F) Fumarate. (G) Adenine. (H)
Aminomalonic acid. Data are presented as mean + SEM of triplicate
samples from three biological replicates. The two-tailed t-test was
used for all comparisons between two groups. The asterisks in (B) and
(D) indicate significant changes of the measured values from that in H.
pylori at the starting time point. The asterisks in (C) and (E) indicate
significant difference from the untreated control group of the same
time point. (¥*0.01 < p < 0.05; **0.001 < p < 0.01 and ***p < 0.001).
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groups showed an obvious separation in the PCA profile at
15 min, 30 min, 4 h and 8 h of CBS exposure.

We further determined the ATP and ROS levels in H. pylori
upon CBS treatment at different time points. We found that ATP
production was significantly decreased at 4 h, and almost
completely stopped at 8 h and 12 h of CBS exposure (Fig. 4C), in
accordance with the time points where extensive metabolome
decreases occurred, indicative of decreased metabolic rates and
reduced energy output of H. pylori after 8 h of CBS treatment.
Significant increases in intracellular ROS levels were detected at
4 h and thereafter (Fig. 4D), suggesting elevated oxidative stress
caused by CBS.

Alterations of ATP and ROS levels also suggested the
disturbance in the bacterial TCA cycle and cellular respiration.>®
We speculate that the TCA cycle in H. pylori serves as a primary
target of the Bi drug. As urease has long been considered as an
important target of CBS to inhibit H. pylori,”>° we thus
compared the transcription levels of major genes involved in
these two systems upon CBS treatment by qRT-PCR. We
observed that most of the genes coding for TCA cycle enzymes
such as gitA, acnB, icd, frdA, frdB, frdC, fumC and mqo were
down-regulated at 30 min exposure (Fig. 4B), while alteration of
urease related genes ureA, ureB, ureE, ureF, ureG and ureH was
noted mostly at the time point of 2 h (Fig. S6Ct), consistent with
the apparently decreased urease activity detected after 2 h
(Fig. 4E). These results indicated that CBS treatment affected
the H. pylori TCA cycle prior to the urease system.

Discussion

In this study, we unveiled alterations of several H. pylori meta-
bolic pathways in response to CBS at both the transcriptional
and metabolic levels. Our combined data from transcriptomics,
metabolomics and metalloproteomics allowed more detailed
mechanistic insights of CBS toxicity to be uncovered.

Iron and nickel homeostasis

The survival and colonization of H. pylori depend strongly on
the proper homeostasis of intracellular essential metals.*
Effective bismuth uptake is the premise of CBS toxicity in H.
pylori. A recent study on tracking metal uptake in single H.
pylori cells suggested the competition between bismuth and
iron transport into H. pylori.” Among the proposed iron traf-
ficking proteins in H. pylori,** more than half of the genes or
proteins were regulated by bismuth, such as the up-regulated
genes encoding ferrous iron uptake protein (feoB), the ferric
iron uptake Fec system (fecA, fecD), the iron uptake energy
transduction protein (¢tonB) and the iron-sensing global regu-
latory protein (fur). As a major iron storage protein, ferritin (Pfr)
is essential for the survival of H. pylori in infected hosts and
protects bacteria against oxidative stress and lethal iron star-
vation.”> Under 80 pg mL ' CBS stress, about 5-fold up-
regulation of gene pfi was detected in our study. Importantly,
HpPfr was identified as a direct Bi-binding protein by a Bi(m)-
coordinated fluorescent probe.* It is likely that bismuth
binding may disrupt the function of HpPfr in iron storage,

This journal is © The Royal Society of Chemistry 2018
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which could be important for H. pylori, owing to the large iron
requirements of metalloenzymes such as [Ni,Fe]-hydrogenase,*
catalase,** SOD** and cytochrome systems.**

Concomitantly, we also observed nickel homeostasis being
interfered by Bi(mr). The transcription level of nix4, encoding the
high-affinity nickel transport protein, showed a significant
decrease after CBS treatment; genes encoding nickel chaperone
proteins (hypA, hypB, hypF, slyD, hspA, ureE, ureG, ureF, and
ureH) and a nickel storage protein (hpnl) were also regulated,
implying the interference of nickel uptake and transport. H.
pylori urease is a crucial metalloenzyme for its colonization at
acidic pH. Its maturation is highly dependent on the proper
insertion of nickel ions into its active site via a battery of
accessory proteins. We have demonstrated very recently that the
inhibition of urease activity by Bi(m) was achieved through
binding to UreG, leading to disruption of nickel incorporation
into apo-urease.”” Dynamic analysis of urease activity showed
that a significant decrease of urease activity occurred at the time
point of 2 h after CBS treatment, consistent with the qRT-PCR
results (Fig. S6BT) of the regulated transcriptional levels of
genes encoding urease and its accessory proteins (ureA, ureB,
ureE, ureF, ureG and ureH) at 2 h. Furthermore, amino acids
related to urea metabolism®** such as arginine, citrulline,
ornithine, glutamate and glutamine identified in this study
were down-regulated in H. pylori in response to CBS, which may
correlate with the inhibited urease activity.

Central carbon metabolism

Glucose appears to be the main carbohydrate utilized by H.
pylori***® The entry of glucose into H. pylori is sodium-linked
via a highly specific transporter protein GluP located in the
bacterial membrane.*** H. pylori is able to metabolize glucose
by using glycolysis, the pentose phosphate pathway, and the
Entner-Doudoroff pathway.** Genes glk, tpiA, and HP1346 in
glycolysis and zwf, pgl, and rpe in the pentose phosphate
pathway were down-regulated in response to CBS, and bindings
of bismuth to glycolytic enzymes fructose-bisphosphate
aldolase (FbpA) and enolase (Eno) were detected,' indicative
of suppressed glucose catabolism by the metallodrug. This
corroborated well with the decreased abundance of lactate and
gluconate (1.8-fold and 1.4-fold, respectively), which were re-
ported to be the major products of glucose catabolism in H.
pylori,***° and the decreased abundance of pyruvate, which
represents the end point for glycolysis and the Entner-Dou-
doroff pathway.**

Acetyl-CoA is a key metabolite which is at the branch point of
several metabolic routes. In H. pylori, acetyl-CoA is formed
through both the direct conversion of acetate catalyzed by
acetyl-CoA synthetase (AcsA),*” and the oxidative decarboxyl-
ation of pyruvate catalyzed by highly oxygen labile enzyme
pyruvate-ferredoxin oxidoreductases (POR).* The decrease in
acetyl-CoA abundance in response to CBS treatment was
possibly a result of its inhibited formation and accelerated
consumption via the fatty acid biosynthesis pathway, as evi-
denced by the accumulation of acetate, decreased transcription
of genes por and acsA, and up-regulation of genes accA and accD
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encoding acetyl-CoA carboxylase which catalyzes the conversion
of acetyl-CoA to form malonyl-CoA, the first step of fatty acid
biosynthesis.*

The H. pylori TCA cycle is proposed to be a noncyclic
branched pathway directed toward o-ketoglutarate in the
tricarboxylic oxidative branch and toward succinate in the
dicarboxylic reductive branch.*®* Although evidence suggests
the presence of a cyclic TCA cycle in H. pylori,*~>* it should not
be efficiently circulated as in other bacteria such as E. coli,
since the reduction of fumarate to succinate was not easily
reversed.”>>* As the starting compound for the TCA cycle, the
decreased acetyl-CoA abundance further indicated an
inhibited TCA cycle flux. In support of this, decreased activi-
ties of TCA cycle enzymes in response to Bi(ur) were detected
at 12 h (Fig. 3B), and alternations of TCA cycle metabolites
(citrate, succinate, and o-ketoglutarate) and genes were
observed as early as 30 min after bismuth treatment (Fig. 4B
and Table S31). Indeed, binding of Bi(m) to enzymes in the
TCA cycle, i.e., AcnB, Icd, FrdA, FrdB and FumC was identified
by metalloproteomics'®® and inactivation of fumarase
activity as a result of bismuth-binding was demonstrated in
a previous study.”

The importance of a reductive dicarboxylic pathway is that
fumarate, reduced by fumarate reductase, serves as a terminal
electron acceptor in the electron transport chain and provides
an important source for ATP production in anaerobic bacteria.>
H. pylori uses a simple respiratory chain composed of cyto-
chrome c reductase, cytochrome ¢-553 and cb-type cytochrome ¢
oxidase as terminal oxidase, with NADPH being the most likely
electron donor* and menaquinones as electron carriers.>® We
observed extensive down-regulations of genes encoding
complex II to V in oxidative phosphorylation and enzymes
related to menaquinone biosynthesis®*** after 12 h CBS treat-
ment (Fig. 1C, Table S17), indicative of the inhibited respiration
in H. pylori. Under CBS stress, decreased ATP content in H.
pylori was initially observed at 4 h and almost complete ATP
depletion occurred at the later time points (Fig. 4C), confirming
the disrupted ATP generation via oxidative phosphorylation.
The significant ATP reduction upon bismuth treatment was also
reported previously.®> The phenotype of ATP content was also
consistent with the metabolic profile in that extensive metab-
olite decrease in H. pylori occurred at the time points of ATP
depletion (Fig. S6AT), indicating that CBS induces irreversible
damage in H. pylori and the energy is not sufficient to maintain
inner balance for normal bacterial metabolism. Moreover, the
decreased abundance of fumarate was only detected after 8 h
CBS treatment (Fig. 4F), implying the reduced ability of fuma-
rate to serve as a biosynthetic and bioenergetic precursor in H.
pylori central carbon metabolism. Although an immediate
response of the H. pylori TCA cycle was noted upon CBS treat-
ment (Fig. 4B), it was not promptly leading to disturbance in
ATP generation, indicating there exist certain adaptive mecha-
nisms in H. pylori in response to early Bi(u) stress. Overall, the
changes at transcriptomic, metallomic and metabolomic levels
as discussed above suggest that CBS suppresses energy
production in H. pylori by targeting and disrupting the central
carbon metabolism as one of its toxic mechanisms.

Chem. Sci,, 2018, 9, 7488-7497 | 7493
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Amino acid, fatty acid and nucleotide metabolism

Amino acids are important sources of carbon, nitrogen and
energy in H. pylori. The bacterium is able to utilize urea nitrogen
for amino acid synthesis following hydrolysis of urea to
ammonia,*” and deamination of amino acids such as glutamine
and asparagine would lead to the formation of central inter-
mediary metabolites and ammonium ions that participate in
the organism's carbon and nitrogen metabolism.*”*® According
to the temporal dynamics analysis, the severe influence of
bismuth on H. pylori was observed after 8 h treatment, corre-
sponding to the time point of saturated Bi(m) uptake by H.
pylori.*” Therefore, right after CBS treatment, the bacterium may
enter a state that requires a major metabolic shift to adapt to
bismuth-induced stress, which could be inferred by the
increased metabolite levels of H. pylori exposed to CBS at the
time point of 30 min, including the regulation of a number of
amino acids such as isoleucine, glycine, threonine, phenylala-
nine, tryptophan and tyrosine. Interestingly, the essential
amino acids that are strictly required for H. pylori growth* i.e.,
valine, leucine, isoleucine, methionine and phenylalanine
detected by GC-MS did not show decreased abundance before
the time point of 8 h (Table S3t). As H. pylori is unable to
synthesize these amino acids due to lack of the corresponding
genes in their biosynthetic pathways,**® our results indicate
that the bacterium tends to regulate the transport and maintain
normal levels of essential amino acids to adapt to early bismuth
stress. The significant reduction of amino acid abundance upon
prolonged CBS treatment may lead to deficient bacterial growth.

Moreover, three saturated fatty acids including sebacic acid,
palmitic acid and stearic acid also increased significantly at the
time point of 30 min (Table S3}). Fatty acids are important
components of lipids that play a role in cell membrane orga-
nization, signal transduction, and energy storage.®® Stearic acid
and palmitic acid in Bacillus species are able to improve resis-
tance against decreased membrane potential caused by proto-
nophores.® Palmitic acid is a common fatty acid involved in
protein palmitoylation, an important protein modification for
mediating protein localization, protein-protein interactions®
and promoting the invasiveness of infectious bacteria.®® In view
of the crucial role of bacterial fatty acids, their increased
abundance at the time point of 30 min may thus represent an
adaptive response of H. pylori to early bismuth stress. After 12 h
CBS treatment, fatty acid metabolism-related pathways
enriched by the bismuth-regulated genes were identified by
transcriptome analysis (Fig. S2t), along with the generally
decreased fatty acid abundance (Table S37), indicating that
bismuth affects the metabolism of fatty acids in H. pylori,
possibly leading to the reduced utilization of fatty acids as
sources of metabolic energy and effector molecules.

Purine and pyrimidine nucleotides play a central role as
building blocks of nucleic acids, elements of energy metabo-
lism, constituents of coenzymes, etc. Tracing the incorporation
rates of nucleotide precursors into H. pylori reveals that the
bacterium utilizes a de novo pathway and a less active salvage
pathway for the biosynthesis of pyrimidine nucleotides,* while
for purine nucleotide biosynthesis, it takes salvage pathways as
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the ordinary routes.®®** Under bismuth stress, extensive genes
in purine and pyrimidine metabolism pathways were regulated,
such as the down-regulation of genes pyrB, pyrG, ndk and apt
encoding key nucleotides biosynthesis enzymes aspartate
transcarbamoylase, CTP synthetase, nucleoside diphosphoki-
nase and adenine phosphoribosyltransferase; while at the
metabolome level, we observed decreased abundance of uracil,
uridine, thymine, and hypoxanthine, indicating the influenced
nucleotide metabolism by bismuth. Significant up-regulation of
adenine abundance was noted upon 30 min bismuth treatment
(Fig. 4G), which also implies an adaptive response of the
bacterium, in view of the reported role of adenine in supporting
H. pylori growth and proliferation.”

Antioxidant response

H. pylori is continuously exposed to attack from reactive oxygen/
nitrogen species when colonizing in gastric mucosa, as its
infection could induce an inflammatory response, resulting in
an oxidative burst. To counter the deleterious oxidative attack,
the bacterium has developed a range of defensive strategies,
including antioxidant enzymes, inhibitors of oxidant genera-
tion and DNA repair systems.” We have demonstrated in
previous studies that bismuth impairs the oxidative defense
systems in H. pylori by binding and functionally disrupting key
enzymes such as catalase, arginase and peroxiredoxin.'®”*
Herein, we observed at the transcriptome level the down-
regulation of genes tpx, trxA and ¢rxB encoding key antioxi-
dant enzymes,”® and genes mutS and recA encoding DNA repair
enzymes,’*”® further corroborated the reduced oxidative
defense ability of H. pylori upon CBS treatment. Moreover, we
detected elevated levels of intracellular ROS induced by CBS
(Fig. 4D)."® Generation of ROS is considered a common mech-
anism of killing bacteria by antibiotics, which primarily results
from the interaction of antibiotics with their cellular targets,
leading to disruption of the TCA cycle and hyperactivation of
the electron transport chain that induces the formation of
superoxide and hydroxyl radicals.”®”” Considering the multi-
targeted mode of action of CBS against H. pylori, it is difficult
to delineate the specific series of intracellular events of
bismuth-induced ROS production based on current results. As
the elevated ROS level in H. pylori was detected at the same time
point of decreased ATP production, i.e., after 4 h CBS treatment,
the disturbed proton gradient in the respiratory chain may
contribute to the elevated ROS, which was also proposed to be
the reason for Ag(i)-mediated ROS generation in bacteria and
algae.”®”® Meanwhile, impairment of the oxidative defense
system by bismuth disabled the bacterium to counterbalance
the increased oxidative stress. At the metabolome level, we
observed the significant up-regulation of aminomalonic acid
(Ama) after 12 h CBS treatment (Fig. 4H). As a potential marker
of oxidative damage to proteins,” the accumulation of Ama may
directly correlate with the elevated ROS levels caused by CBS.
Moreover, we observed the significantly decreased level of
betaine as analyzed by "H NMR (Table S27), which could be due
to its excessive consumption in counteracting free radicals and
repairing the damaged membrane caused by ROS.*

This journal is © The Royal Society of Chemistry 2018
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Conclusions

The complex, dynamic responses of living cells to external
stimuli make it difficult to obtain a comprehensive under-
standing of the precise cellular events. Here, we decipher the
complicated inhibitory mechanisms of bismuth to H. pylori by
integrating multiple omics data and bioassays, which deepens
our knowledge of the actions of bismuth on various intracel-
lular pathways at systemic levels (Fig. 5). We uncover the
adaptive and toxic responses of H. pylori exposed to CBS at
different treatment periods. The severe damage of H. pylori by
the metallodrug was observed after 8 h treatment, characterized
by the depleted energy production and extensively down-
regulated H. pylori metabolome, which possibly occurred due
to the functional perturbation of multiple cellular proteins as
a result of accumulated bismuth binding. Moreover, disruption
of the central carbon metabolism by CBS in H. pylori is
proposed for the first time and systematically investigated,
which is a unique target of bismuth in H. pylori that cannot be
inhibited by other components of the clinical bismuth-
containing quadruple therapy. Importantly, bacterial central
metabolism has recently been regarded as a crucial yet largely
unexplored druggable system in view of its importance in
pathogenesis and less likelihood to develop mutational resis-
tance.**> Bismuth drugs may therefore show the advantage in
targeting the central carbon metabolism in H. pylori and
suppress its energy production. These insights could lead to
enhanced therapeutic options in the clinical battle against
bacterial infection and guide drug design in the future.
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