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Bismuth drug eradicates multi-drug resistant Burkholderia cepacia
complex via aerobic respiration

Jingru LI*®, Haibo WANG?, Peng GAOS, Runming WANG?, Chun-Lung CHAN?, Richard Yi-Tsun KAOY,
Hongyan LI** and Hongzhe SUN>*

Burkholderia cepacia complex (Bcc) is a group of Gram-negative opportunistic pathogens highly responsible for chronic
pulmonary infection in cystic fibrosis (CF). Current therapies involving double or triple antibiotics combinations can rarely
eradicate the pathogen in chronically infected patients owing to its intrinsic resistance to a variety of antibiotics. Herein, we
show that a bismuth drug (and related compounds) could inhibit the growth of clinically antibiotic-resistant Bcc strains, with
MIC (ca. 25 [ig/mL) comparable to that for Helicobacter pylori, and the combination of a bismuth drug and antibiotics also
demonstrated excellent activity against biofilm and persisters of Bcc. Importantly, the in vitro antimicrobial activity of a
bismuth drug could be well translated into in vivo evidenced by about 50% survival rates in Galleria mellonella infection
model. Transcriptomics analysis shows the dynamic responses of Bcc to bismuth treatment. Using a home-made
metalloproteomic approach, we could identify 26 Bi"-binding proteins (15 cytosolic proteins and 11 membrane proteins).
Further mechanistic studies reveal that bismuth drugs initially target TCA cycle through binding and inactivation of a series
of enzymes including malate dehydrogenase (MDH), malate synthase (AceB) and succinyl coenzyme A synthetase (SCS), then
interfere oxidative phosphorylation through binding to terminal oxidases, i.e., CyoC and CydA, to disrupt electron transport
chain, eventually, disrupt protein translation and ribosome via binding and down-regulation of key proteins. Our studies

highlight a great potential of bismuth drugs and/or compounds to treat multidrug-resistant Bcc infections.

Introduction

Antibiotics are the most commonly used drugs to treat bacterial
infections in humans. However, the global rise and spread of
antibiotic-resistant bacterial strains and the scarcity of new antibiotic
currently in the pipeline have forced scientists to develop new
therapeutic strategies.> Among which metal complexes have
receiving an increasing attention in recent years either as direct-
killing metallo-antimicrobials®® or resistance breakers to combat
antimicrobial resistance.19-12 This is largely owing to the fact that
metal complexes possess unique multi-target mode of action’. 13, 14
and also have the ability to disrupt antibiotic resistant biofilms.15 16

In recent years, metallodrugs are receiving increasing attentions as
anti-cancer, antibacterial agents, contrast agents for magnetic
resonance imaging.17-18 Cisplatin has been known to be used for over
half of chemotherapy.1® Bismuth compounds are amongst the few
metallo-antimicrobials which are currently in clinic for the treatment
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of stomach ulcers caused by Helicobacter pylori infection.1® The
bismuth-based quadruple therapy containing a proton-pump
inhibitor (PPI), a bismuth drug (bismuth subsalicylate, BSS or colloidal
bismuth subcitrate (CBS)) and two antibiotics (e.g. tetracycline and
metronidazole) is a well-established first-line therapy, which shows
excellent success rates in the eradication of H. pylori even for
antibiotic resistant strains. 20.21 |n spite of being used for over three
decades, bismuth-based antimicrobial drugs are surprisingly still
effective towards the pathogen and there is no bismuth resistant
bacterial strain reported.1® 22 |n addition to anti-H. pylori activity,
bismuth compounds have also been demonstrated to possess anti-
Leishmania® 23 and antivirus activities.?42’ The use of bismuth as
anti-H. pylori agents is highly empirical, rather than rational design.28
Indeed, recent studies also revealed that bismuth drugs could
eradicate an oral bacterium, Porphyromonas gingivalis (P.
gingivalis)?®, methicillin-resistant Staphylococcus aureus (MRSA), as
well as revitalize the efficacy of certain antibiotics against drug
resistant bacteria to fight against AMR.12.30 Such studies open a new
horizon for further exploration of the new medicinal application of
bismuth.

Burkholderia cepacia complex (Bcc) is a group of catalase-producing,
non-spore-forming-bacilli Gram-negative bacteria consisting of at
least 18 different subspecies3? 32, which are collectively regarded as
human opportunistic pathogens. Certain subspecies including B.
cepacia and B. cenocepacia have been identified to be significant
causes of the pneumonia in immunocompromised individuals and
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cystic fibrosis (CF) patients.33 Bcc infections, which are responsible
for the premature death of about 5-10% of these patients
worldwide34, are difficult to treat clinically owing to their high-level
intrinsic resistance to a variety of antibiotics including most
cephalosporins, polymyxins, ticarcillin,  fosfomycin  and
aminoglycosides.3% 3¢ Current therapies involving double or triple
antibiotics combinations can rarely eradicate the pathogen in
chronically infected patients. Therefore, development of effective

treatment against Bcc infections is urgently needed.

In this study, we aim to further expand antimicrobial spectrum of
bismuth drugs by screening a panel of bismuth compounds against
different bacterial strains other than H. pylori and found that bismuth
compounds exhibit excellent activity against the clinical antibiotic-
resistant Bcc strains ie., B. cenocepacia, B. cepacia and B.
multivorans with a MIC value of 25 pg/mL for CBS comparable to H.
pylori strains. Besides, bismuth drug (CBS) could synergistically kill
Bcc with multiple antibiotics, while combinations of CBS and
antibiotics showed excellent anti-biofilm and anti-persister activity.
By using transcriptomics and our in-house metalloproteomics
together with bioinformatics and bioassays, we uncovered the
molecular mechanism of action of bismuth compounds against Bcc.
We show dynamic killing processes of bismuth compounds, i.e.,
bismuth compounds initially target TCA cycle, then oxidative
phosphorylation, finally disrupting translation and ribosomes
through binding or downregulation of key enzymes. Considering the
good in vivo efficacy and well-documented safety profile of bismuth
drugs, bismuth drugs hold great potential to be repurposed to treat
multidrug resistant Bcc infections in clinic.

Results

Bismuth compounds are effective in eradicating B. cepacia.

To further expand the antimicrobial spectrum of bismuth
compounds/drugs, we performed a primary screening on a panel of
bismuth compounds, including 7 synthesized compounds (with
chemical structures and characterization shown in Fig. S11) against
different Gram-positive and -negative bacterial strains using agar
diffusion test. The inhibitory effect was defined as the zone diameter
greater than 6 mm, the larger the inhibitory zone, the higher the
antimicrobial activity. Silver nanoparticle (AgNP) was used as a
positive control. As shown in Table S1t, all the bismuth compounds
had no observable inhibitory effects against tested pathogens
including E. coli, Pseudomonas aeruginosa (P. aeruginosa),
Acinetobacter baumannii (A. baumannii), Klebsiella pneumonia (K.
pneumonia) apart from B. cepacia. B. cepacia was thus selected to

further evaluate the antimicrobial efficacy of bismuth compounds.

The susceptibility of three Bcc subspecies i.e., B. cenocepacia 12315,
B. cepacia 6349 and B. multivorans C1576 to bismuth compounds
and antibiotics was examined using standard micro-dilution method.
As shown in Table S21, all the three strains show high-level resistance
to tetracycline (TCN), amoxicillin and metronidazole with MIC values
of 32 ug/mL, >256 pg/mL and >256 pg/mL, respectively, and a certain

2 | J. Name., 2012, 00, 1-3

level of resistance to meropenem (MEM) and chlgramphenicol.
Notably, bismuth thiolates i.e., [Bi(NAC)s] dvd![Bi(GSH)5dispiayed
potent anti-Bcc activity with MICs ranging from 8 to 32 uM, which
are comparable to those of most effective antibiotics e.g.
levofloxacin and ciprofloxacin with MIC of 6 and 12 uM respectively.
Other bismuth compounds including the bismuth drug CBS also
possess anti-Bcc activity though with less potency compared with
these two fluoroquinolone antibiotics (Table S2t).

Although CBS did not exhibit the best anti-B. cepacia activity, the
susceptibility of Burkholderia strains to CBS (MIC: 25 pg/mL) is
comparable to H. pylori strains according to our previous data (MICsg
value of 20 pg/mL), and importantly, no neurotoxicity and
cardiotoxicity were reported in clinic.37-3% We therefore selected CBS
as the drug candidate in this study for further evaluation.

Table 1 MIC value of bismuth compounds against Bcc strains

Bismuth MIC (uM)
complex B. cenocepacia B. cepacia  B. multivorans
J2315 6349 C1576
CBS 62.5 (25 pg/mL) 62.5 62.5
(25 pg/ml) (25 pg/ml)

Bi(Hino)3 16 16 16
Bi(NAC)3 8 8 8
Bi(GSH)3 16 32 16
Bi(Tro-NH,); 32 64 32
Bi(DTT)OTf 64 32 16
Bi(p- 32 32 32
PySH)3(NOs)s
Bi(TS)s 64 32 64

*CBS represents colloidal bismuth subcitrate (CBS); Bi(Hino)s and
Bi(GSH); represent the complex of one molar equivalent of CBS with
three molar equivalent of hinokitiol and glutathione respectively.
Other bismuth compounds were synthesized, their chemical
structures and solubilities were described in Fig. S1t. The cytotoxicity
of compounds above are reported in Table S37.

Bismuth compounds potentiate bactericidal antibiotics both in
vitro and in cell-infection model also suppress Bcc resistance
evolution.

Despite metallo-antimicrobials possess bactericidal or bacteriostatic
activity via multi-targeted mode of action’. 13 14, it is difficult to
predict their combined activity with antibiotics. For example, silver
and bismuth have the ability to potentiate bactericidal antibiotics?- 19;
while gallium shows synergistic interactions only with certain
antibiotics e.g. colistin and piperacillin/tazobactam, but antagonistic
to tobramycin’s activity.? We asked whether bismuth could
potentiate bactericidal antibiotics and synergistically kill Bcc. We
assessed the combined activity of bismuth (as CBS) with a range of
antibiotics from different families including kanamycin (KAN),

This journal is © The Royal Society of Chemistry 20xx
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Fig. 1 Bismuth potentiates antibiotic activity and suppresses the development of high-level resistant B. cepacia. (A) The change in
colony-forming units (CFU)/mL of B. cepacia in the presence of 0.5x MIC of CBS (12.5 pug/mL), AMP (100 pg/mL), GEN (64 uM), TOB
(64 uM), TCN (16 pg/mL), KAN (100 pug/mL) and combinations of CBS with the respective antibiotics. (B) Time-dependent killing of
B. cepacia by the combination of CBS and TOB. (C) A549 cell-associated bacterial load in the presence of the combination of CBS
and TOB. (D) Biofilm inhibitory assay of the combination of CBS and TOB by sonication. (E) Time-kill curves for CBS and TOB and
their combination against B. cepacia pesisters. (F) Resistance acquisition curves during serial passage in the presence of sub-MIC

concentrations of meropenem or CBS individually or combination of CBS and meropenem.

ampicillin (AMP), tobramycin (TOB), gentamycin (GEN) and
tetracycline (TCN) by calculating the log reduction of bacterial
contents (CFU) in single drug treated groups and combination
treated groups. As shown in Fig. 1A, bismuth significantly potentiated
antibacterial activities of all antibiotics, especially in the combination
with tobramycin (TOB), leading to around 5 log reductions in
bacterial load compared to single drug treated groups (treated with
12.5 pg/mL CBS or 64 pM TOB), indicating the potential
synergismbetween bismuth and TOB. We further evaluated
synergistic effects between CBS and antibiotics by Bliss model, in
which the degree of synergy (S) is applied for quantification.0 As
shown in Fig. S27, the degree of synergy of five antibiotics were
ranging from 0.524 to 0.835, in which the combination of TOB and
CBS exhibited the highest score, indicating these antibiotics all show
synergistic effect with bismuth and the synergism between
tobramycin and CBS is the greatest, consistent with reduced log CFU
data. We therefore selected the combination of TOB and CBS as a
showcase and examined its synergy by time-kill assay. We treated B.
cepacia 6349 cells with either CBS or TOB alone, or their combination
at 0.5x MIC for 24 h and observed significantly enhanced bactericidal
effects of the drug combinations in comparison to single components
evidenced by more than 1000-fold decrease in CFU (Fig. 1B).

This journal is © The Royal Society of Chemistry 20xx

We next examined antibacterial effect of the combinatorial TOB and
CBS in a cell infection model using mammalian cell A549 as a
showcase. Prior to this, we evaluated potential cytotoxicity of the
combination in A549 cells. After 24 h incubation of a high dose of
TOB (128 uM) and CBS (100 pg/mL) individually and bactericidal
concentration of the co-therapy (64 uM TOB and 12.5 pg/mL CBS),
nearly 90% cells remained viable, which is comparable to the cell
viability at high dose of CBS (Fig. S3), suggesting no apparent toxicity
of the combination therapy in mammalian cells. A549 cells were
infected with B. cepacia at a multiplicity (MOI) of 500 for 4 h and then
exposed to TOB, CBS or their combination. We observed nearly 1000-
fold decrease in the cell-associated bacterial loads, i.e., from 107 CFU
to 10* CFU, for the combination therapy (Fig. 1C), indicating that
bismuth drugs combined with antibiotics are capable of invading
mammalian cells and killing cell-associated bacteria simultaneously.

Bismuth compounds exhibit anti-biofilm activity and also kill
persisters.

We further evaluated whether a bismuth drug in combination with
antibiotics using TOB as a showcase could prevent biofilm formation
in B. cepacia 6349. The bacterium was first inoculated into the high
affinity binding plate for 8 h for attachment, followed by the addition
of CBS, TOB or their combination for another 48 h incubation. We

J. Name., 2013, 00, 1-3 | 3
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Fig. 2 Transcriptomics analysis of B. cepacia response to CBS treatment. (A) Genes significantly up- or down-regulated upon
treatment with 50 pg/mL CBS for 30, 60, 120, 240 min. (B) Bubble plot of KEGG pathway enrichment analysis of DEGs treated with
50 pg/ml CBS for 10, 30, 60, 120, 240 min. “DEG number” indicates the number of DEG induced by CBS in each pathway. “Fold of
change” indicates the median of fold of change of DEGs in each pathway. (C) Heatmap showing the expression level of key DEGs

in TCA cycle, oxidative phosphorylation and ribosome and translation.

observed significant reduction in the CFU (from 10° to 10%) of the
bacterium treated with the combination of TOB and CBS at 0.5x MIC
(64 UM TOB and 12.5 pg/mL CBS), while the CFU dropped from 10°
to 108 for CBS or TOB treatment individually, indicating that CBS
could work in tandem with tobramycin to inhibit biofilm formation
(Fig. 1D). Moreover, we found that the combination therapy showed
relatively good biofilm-killing activity by reducing bacterial loads
from 102 CFU to 10° CFU, in comparison, TOB alone failed to kill
biofilm-associated bacteria and CBS only exhibited weak anti-biofilm
ability (Fig. S471), indicating that CBS could potentiate the anti-biofilm
activity of tobramycin. We next examined the feasibility of
combinatorial CBS with antibiotics in killing B. cepacia persister cells.
We first isolated persister cells by exposing stationary-phase B.
cepacia cells to 5 mg/mL ciprofloxacin (5x MIC) for 4 h, then further
treated the persister by bactericidal concentration of TOB and CBS
individually or their combination and monitored the growth of
persister cells. The time-kill curves showed that the combination
therapy consisting of 12.5 pug/mL CBS and 64 uM TOB could inhibit
the growth of persister cells rapidly in the first 4 h and then gradually
eradicated persisters, at 24 h all the persisters were completely
eradicated, in contrast, the single components of CBS or TOB
inhibited the growth of persister cells to a less extent (Fig. 1E).

We also examined resistance development in the absence or
presence of CBS by in vitro serial passage assay using meropenem

4 | J. Name., 2012, 00, 1-3

(MER) as a model antibiotic, for which Bcc strains showed less
resistance (Table S2t). As shown in Fig. 1F, the MIC of MER was
increased by 32-folds for the 20th passaged B. cepacia, compared to
only 8-fold increase in the MIC value of CBS. However, we observed
only 2-fold increase in the MIC of MER combined with 12.5 ug/mL
CBS against B. cepacia 6349, indicating that bismuth could slow down
antibiotic resistance development in Bcc.

Transcriptomics analysis reveals dynamic killing of CBS to B. cepacia.

To explore antimicrobial mechanism of bismuth compounds (as CBS)
against Burkholderia, we first analyzed the transcriptome profiles B.
cepecia 6349 upon the treatment of CBS (50 pg/mL) for 10 min, 30
min, 1 h, 2 h and 4 h by RNA sequencing (RNA-seq). The growth
inhibition curve of B. cepacia (1x108 CFU/mL) treated with 50 pg/mL
CBS showed a moderate inhibitory effect of CBS compared to the
control group (Fig. S5t), demonstrating that good quality RNAs were
extracted, and bacteria were not in a severely damaged state. The
number of differentially expressed gene (DEGs) was increased
significantly with the increase of treatment time and 107 genes were
continuously affected by CBS in the whole process of eradication (Fig.
2A, Fig. S6t).

To further analyze these DEGs, KEGG was applied to reveal the most
enriched pathways. As shown in Fig. 2B, five pathways, i.e., ribosome
and translation, TCA cycle, oxidative phosphorylation, glyoxylate

This journal is © The Royal Society of Chemistry 20xx
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metabolism and flagellar assembly were most significantly altered
upon exposure to CBS (50 pg/mL). Among these five pathways, TCA
cycle, oxidative phosphorylation, ribosome and translation showed
increasing trends in DEGs numbers with time. Besides, TCA cycle was
the only up-regulated pathway in the presence of CBS. At the first 10
min treatment, the number of DEGs in each pathway ranged from 9
to 28 and no DEG was enriched in ribosome and translation,
indicating that treatment of bacterium by CBS for 10 min only
induced weak response of B. cepacia. With the incubation time
increasing, the DEG number and median fold change in glyoxylate
metabolism and flagellar assembly did not exhibit drastic change and
remained relatively stable, ranging from -1.13 to -1.77 with DEG
number less than 30. On the contrary, the other three pathways
exhibited obvious and dynamic changes with time. A significant
increase in DEGs number was observed in TCA cycle, reaching the
highest fold of change (1.76) at 30 min and disappearing at 2 h
treatment, implying that CBS might target TCA cycle in the initial
phase. The drastic change in oxidative phosphorylation occurred in

This journal is © The Royal Society of Chemistry 20xx

the middle phase (from 1 to 2 h), with DEGs number increasing from
65 to 89 and fold of change from -2.75 to -3.24 respectively,
indicating that treatment of bacteria with CBS for 1 to 2 h resulted in
oxidative phosphorylation being attacked. In the last phase (from 2 h
to 4 h), DEG number and fold of change in ribosome and translation
pathway were all significantly greater than those in other pathways
and the trend remained increasing, suggesting that CBS perturbed
ribosome and translation in the final stage. These results
collaboratively suggest that CBS may target TCA cycle at the initial
phase, then oxidative phosphorylation and eventually concentrate
on translation and ribosome.

Several key genes of these three pathways were also analyzed. As
shown in Fig. 2C, malate synthase A (aceB), dihydrolipoyllysine-
residue acetyltransferase (aceF) and 2-oxoglutarate dehydrogenase
E1 component (sucA) were significantly up-regulated in the first 2 h
CBS treatment, implying that key enzymes encoded by these three

J. Name., 2013, 00,1-3 | 5
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different molar equivalents of Bi'" (as CBS). (F) The succinate lev

genes may be inhibited by CBS. Meanwhile, key DEGs in oxidative
phosphorylation were mainly responsible for encoding two enzymes,
NADH-quinone oxidoreductase subunit (encoded by nuoJ, nuoH and
nuoE) and ATP synthase (encoded by atpABGDEF). The increasing
fold of change in ATP synthase implies that CBS may interfere energy
production in B. cepacia. DEGs in ribosome and translation were
related to the assembly of large ribosome subunit 50S and elongation,
and the significant down-regulation of these genes was indicative of
CBS mediated disruption of translation and ribosomal structure.

Proteome-wide tracking Bi"-binding proteins in B. cepacia by GE-
ICP-MS.

To further unveil the molecular mechanism of antimicrobial activity
of CBS against Bcc at a proteome level, we next applied our home-
made gel electrophoresis and inductively coupled plasma mass
spectrometry (GE-ICP-MS), allowing metal ions and their associated
proteins to be identified simultaneously?, to identify Bi'l-binding
proteins in Bcc at proteome-wide scale. By carefully optimizing the
conditions of the column gel system, we identified in total 15 and
11Bi"-binding proteins in cytosolic and membrane proteins (Fig. 3A
and 3B, Table S41 and S5t) respectively. The integrations of the Bi'
binding protein peaks showed that the alkyl hydroperoxide
reductase (AhpC) had the highest bismuth content, followed by
universal stress protein A (UspA) and single-stranded DNA-binding

6 | J. Name., 2012, 00, 1-3

binding affinity (Kq) was calculated via fitting the data. (D) Double
on of CBS on BcMDH. (E) In vitro enzymatic activity of MDH with
el of B. cepacia in the presence of different concentration of CBS.

protein (SSB), indicating that these proteins have relatively higher
expression levels or higher binding affinity to bismuth owing to their
high ratios of Cys and His, for which bismuth exhibits a higher binding
preference.*!

The identified Bi"-binding proteins were subjected to the Gene
Ontology (GO) analysis with the Database for Annotation,
Visualization and Integrated Discovery (DAVID).42 These binding
proteins are mainly involved in oxidative phosphorylation, TCA cycle,
ribosome, pyruvate metabolism and bacterial membrane (Fig. S7t).
To further understand the relationships among the identified Bi'l-
binding proteins, three functional categories are viewed in protein-
protein interaction networks (Fig. 3C). The largest numbers of Bi'l-
binding proteins were found in the network of translation and
transcription, followed by TCA cycle and ETC, indicative of multiple
pathways being disrupted by bismuth at a protein level.

We next integrated our transcriptomics and metalloproteomics data
to evaluate the effects of CBS on B. cepacia. We identified TCA cycle,
oxidative phosphorylation, translation and ribosome to be the three
common enriched pathways, which may contribute to the toxicity of
CBS in B. cepacia (Fig. 3D).

Bismuth drug primarily targets enzymes in TCA cycle.

This journal is © The Royal Society of Chemistry 20xx
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TCA cycle, as the second step of aerobic respiration, is capable of
completely oxidizing nutrients, which produces electron donors, e.g.
nicotinamide adenine dinucleotide (NADH) and flavin adenine
dinucleotide (FADH,) to further feed electron transport chain (ETC),
thereby preparing for energy production. Three key enzymes in TCA
cycle, i.e., malate dehydrogenase (MDH), malate synthase (AceB)
and succinayl-coA synthase (SCS), were identified to be Bi'"-binding
protein and the genes related to TCA cycle (e.g. aceB, sucA and aceF)
were significantly regulated by CBS from 10 min to 2 h treatment,
implying the important role of TCA cycle in the bacterial eradication
by CBS at the initial phase (Fig. 3A and 2C). To further evaluate the
biological consequence of the binding of bismuth to these enzymes,
we measured the enzymatic activities of two enzymes, i.e., MDH, and
SCS in the absence and presence of CBS in cells by malate
dehydrogenase assay kit and succinyl-coA synthase assay kit. As
shown in Fig. 4A, even low dose (2 pg/mL) CBS could decrease
enzymatic activities of MDH and SCS, while subinhibitory
concentration (20 pg/mL) of CBS could reduce MDH and SCS activity
to around 55% and 75% respectively. Considering AceB catalyzes the
conversion of glyoxylate to malate, followed by the further
dehydrogenation catalyzed by MDH with the reduction of NAD* to
NADH, the activities of AceB and MDH in bacterial cells were also
assessed by NADH level in bacterial cells. As shown in Fig. 4B, even
10 pg/mL of CBS led a decrease in NADH level from 52.5 to 36.9
pmoles/mg, demonstrating the strong inhibitory effect of bismuth on
enzymatic activities of AceB. We further studied the in vitro binding
of bismuth to the identified Bi"-binding proteins using B. cepacia
malate dehydrogenase (denoted as BcMDH) as a showcase. The
recombinant BcMDH was overexpressed and purified as described in
the SI (Fig. S8t). The binding of Bi! (as Bi(NTA)) to BcMDH was
monitored by UV-vis spectroscopy and the appearance and increase
in the absorption band centered at 340 nm assignable to Bi"'-S ligand-
to-metal charge transfer transition (LMCT) (Fig. 4C) with the addition
of Bi(NTA) indicated the binding of Bi' to the enzyme. The absorption
band at 340 nm levelled off at a molar ratio of [Bi(NTA)]/[BcMDH] of
0.5, suggesting that two BcMDH bound to one Bi" (Fig. 4C).
Subsequently, the change in enzyme kinetics of BcMDH induced by
different Bi'" (as CBS) was also examined and the Lineweaver Burk
plot is shown in Fig. 4D. With the increase of Bi'' concentration from
0 to 40 pg/mL, the apparent Vmax decreased from 0.370 to 0.196
UM/s; while Km values were maintained at around ~27.3 uM,
indicating that Bi'" (as CBS) inhibits BcMDH via a non-competitive
mode. We further examined the effect of CBS at different
concentration on the enzymatic activity of MDH and observed
significant declines in BcMDH activity upon treatment of 10 uM
BcMDH with 1, 2 and 5 molar equivalents of CBS for 2 h. Even at one
molar equivalent of CBS, nearly 40% inhibition of enzymatic activity
was induced (Fig. 4E), thereby indicating that bismuth can effectively
inhibit BcMDH. Given that SCS is responsible for converting succinyl-
coA to succinate and succinate is also an important byproduct
generated by TCA cycle for electron transport.*3 We also examined
the level of succinate to assess whether bismuth affected enzymatic
activity of SCS upon the binding. We observed a dose-dependent
decrease in succinate level and even low dose of CBS (2 pug/mL) could

This journal is © The Royal Society of Chemistry 20xx
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induce nearly 30% succinate decrease, from 35.24 ngérpg(g;ge%%%g
ng/mg (Fig. 4F), indicative of strong inhibitio®ef:ABS 0iPSCS; Besidées
glucose as the key fuel feeding TCA cycle, can be considered as an
indicator to evaluate TCA cycle function by calculating its
consumption rate.* As Fig. S9t, subinhibitory
concentration of CBS (20 pg/mL) decreased glucose consumption to
a level lower than 1000 (ug/mL) from 2000 (ug/mL) after 2 h
incubation, underscoring the significant inhibition of bismuth on TCA
cycle.

shown in

Bismuth targets two key enzymes in ETC to impede energy
production.

Oxidative phosphorylation is the last step of aerobic respiration and
collaborates with TCA cycle to generate adequate energy to support
various reactions and functions in bacterial cells. In this biological
process, electron transport chain (ETC) plays a curial role, responsible
for electron transport through enzyme complexes, i.e., complex |, II,
Il and IV.%> Two terminal oxidases in complex IV, cytochrome bo(3)
ubiquinol oxidase (CyoC) and cytochrome bd(1) ubiquinol oxidase
subunit | (CydA), which are responsible for catalyzing the oxidation
of ubiqunol to ubiqunone and producing proton motive force (PMF)
respectively, were found to be bound by Bi'" (Fig. 3B). We first
examined whether the binding of bismuth to these enzymes resulted
in the dissipation of PMF by using intracellular pH probe BCECF-AM,
which detects the fluorescent signals of B. cepacia cells treated with
or without different concentration of CBS. CCCP was used as a
positive control, since it is capable of transporting protons across
biological membrane to dissipate proton gradient partially.%¢ As
shown in Fig. 5A, we observed a dose-dependent decrease in
fluorescence signals, while at 40 pug/mL CBS, the fluorescence signal
decreased to the level of the group treated with 40 pug/mL CCCP,
indicative of the drastic dissipation of PMF in B. cepacia by CBS.
Meanwhile, we also measured membrane potential, which was
regarded as the indicator of CyoC for the oxidation of ubiqunol, by
potential-sensitive membrane dye DiSCs(5) using 1% SDS as a
positive control. We observed a significant increment of fluorescence
in the groups treated with CBS at concentrations ranging from 2
pg/mL to 20 pg/mL for 2 h, confirming that bismuth dissipated
membrane potential via depolarizing the membrane (Fig. 5B).
Besides, oxygen, as the terminal electron acceptor, can also be
considered as an indicator of normal functions of electron transport
chain.*” We next measured the oxygen level of B. cepacia treated
with or without CBS by the extracellular oxygen consumption assay
(ab197243; Abcam, Cambridge, MA). The higher the fluorescence
signal, the less oxygen is in the sample. As shown in Fig. S10t, low
dose of CBS (10 ug/mL) did not cause a drastic decrease in total
oxygen consumption within 24 h, but significantly attenuated the
oxygen consumption rate, leading to oxygen depletion saturated at
around the 18 h, compared to 7.5 h in the control. However, more
drastic decrease in oxygen consumption was seen at 20 pg/mL
(subinhibitory concentration) CBS treatment, further confirming
oxygen consumption in B. cepacia was greatly and continuously
affected by bismuth drugs and ETC is impaired.

J. Name., 2013, 00, 1-3 | 7
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Fig. 5 Bismuth impairs energy production through binding to CyoC and CydA. (A) The dissipation of PMF in WT strain. CCCP was

used as a positive control. (B) DiSC5(5) membrane potential measurement for B. cepacia WT strain in the presence of different
concentration of CBS. 1% SDS was used as a positive control. (C) Bacterial growth curves of the wild-type and two variant strains

(6349-pcyoC and 6349-pcydA represent cyoC-overexpression strain and cydA-overexpression strain respectively) in the presence

of 25 ug/mL CBS. (D) The dissipation of PMF in the two variant

strains by CBS. (E) DiSC3(5) membrane potential measurement in

the two variant strains. (F) ATP measurement in B. cepacia WT strain.

Given that CyoC and CydA, two important enzymes in ETC for energy
production, were identified as Bi"-binding proteins, we examined
whether these enzymes served as targets of CBS. We first generated
two B. cepacia 6349 strains, i.e., 6349-pcyoC and 6349-pcydA
constructed with plasmid pMLBAD*® with the genes encoding CyoC
and CydA overexpressed respectively, and examined the effect of
CBS on the growth of these variant B. cepacia strains. As shown in Fig.
5C, two variant strains showed similar growth curves and reached
stationary phase 4 h earlier than wild type (WT) strain, indicating that
the overexpression of two terminal oxidases enhances the bacterial
aerobic respiration, thereby accelerating growth rate. After reaching
stationary phase, ODggo Vvalues of three strains were the same,
suggesting that the variants only accelerated growth rate but did not
change final bacterial content. However, treatment of both 6349-
pcyoC and 6349-pcydA strains with an inhibitory concentration of
CBS (25 pg/mL) could only inhibit their growth to a certain extent, in
contrast, the growth of WT strain was completely inhibited,
indicating that the binding of bismuth to CyoC and CydA functionally
disrupts ETC, accountable for bismuth antimicrobial activity against
B. cepacia. In addition, we also examined the membrane potential
and PMF, the two important indicators of ETC function, of the variant
strains. As shown in Fig. 5D, declines in fluorescence due to
dissipated PMF could not be observed in the cyoC-overexpressed
strain treated with subinhibitory concentration of CBS (20 ug/mL)

8 | J. Name., 2012, 00, 1-3

either, while high dose of CBS (40 pg/mL) could induce slight
fluorescence increase in cydA-overexpressed strain, compared with
drastic fluorescence increment in WT strain. Similarly, both
subinhibitory concentration (20 pg/mL) and high dose of CBS (50
pg/mL) failed to induce fluorescence increment, indicator of altered
membrane potential in two variant strains (Fig. 5E). These results
collaboratively suggest that the bindings of bismuth to CyoC and
CydA result in altered membrane potential and dissipated PMF. As a
key component of oxidative phosphorylation, ETC is responsible for
transporting electron to ATP synthase (ATPase) and accumulating
PMF.% In ATPase, PMF is utilized to drive specific conformational
change, thereby completing oxidative phosphorylation to generate a
plenty of ATP.30.51 According to transcriptomics analysis (Fig. S11t),
a group of DEGs encoding ATPase, i.e., atpA, atpD, atpG, atpB, atpE,
atpF, were significantly down-regulated. The in vitro expression level
of these genes was further examined by RT-PCR. As shown in Fig.
S12t, the relative units of mRNA of these genes were all lower than
0.5, especially atpA with a relative unit of 0.036, implying the ATP
synthesis might be severely inhibited by CBS treatment. We
therefore examined ATP production and observed a rapid dose-
dependent decline in ATP content upon exposure of B. cepacia cells
to CBS, confirming that the ability of bacteria to generate energy is
drastically damaged by bismuth drugs (Fig. 5F). In contrast, even the
high dose of CBS (40 pg/mL) only induced minor decreases in ATP

This journal is © The Royal Society of Chemistry 20xx
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levels in the 6349-pcyoC and 6349-pcydA strains (Fig. S137), by 10.7%
and 16.0%, respectively. This result underscores CyoC and CydA as
targets of bismuth drugs to disrupt energy production.

Bismuth drug inhibits translation at the later stage of B. cepacia
eradication.

Ribosome is the organelle responsible for protein synthesis and a
main target of antimicrobial agents.>2 Using metalloproteomics
approach, we have identified three Bi'-binding proteins, RpoA, RplA
and RpmA (Fig. 3B), which are related to ribosome, indicating that
bismuth may also interfere with ribosome function in B. cepacia.
Meanwhile, our transcriptomics data revealed that DEGs related to
ribosome occurred from 30 min and the number and fold change of
DEGs were all altered more greatly with the incubation time,
indicating that the regulation of CBS on ribosome requires time to
execute. Moreover, all these genes were significantly down-
regulated by CBS, implying that the pathogen may not be able to
defense this sort of stress induced by bismuth drugs. About 56 down-
regulated ribosome-related genes were seen, which are thought to
be responsible for various function related to ribosome and
translation, e.g. tRNA binding, rRNA binding, mRNA binding,
structural assemble of ribosome etc.>3 We first examined the in vitro
expression levels of five genes with largest folds of change by RT-PCR,
i.e., ribosomal protein L27 (rpmA), 50S ribosomal protein L4, L1 (rp/D,
rplA), DNA-directed RNA polymerase subunit alpha (rpoA) and 30S
ribosomal protein S17 (rpsQ) upon exposure of CBS (Fig. S117). As
shown in Fig. 6A, a dose-dependent decrease in the expression levels
of all five genes were noted, in particular, the expression level of rpsQ
was even decreased to 0.06, strongly indictive of bismuth-induced
down-regulation of ribosome genes.

Apart from structural ribosomal proteins, translation is another
important pathway that involves DEGs with large fold of change
induced by bismuth. As shown in Fig. S11t, translation elongation
factor Tu 2 (tufB), elongation factor G (fusA), protein chain
elongation factor EF-Ts and EF-P (tsf, efp), were significantly down-
regulated after 4 h CBS treatment. The down-regulation of these
genes by bismuth were also confirmed by in vitro the expression level
using RT-PCR (Fig. 6B). We next evaluated CBS inhibitory effect on B.
cepacia promoter of translation genes by using green fluorescent
protein (GFP) as reporter. The plasmid was constructed with the
vector pMLS7 as reported previously*8 and the promoter evaluated
in this study was constitutive promoter of S7 ribosomal protein,
which was also demonstrated to be down-regulated by CBS.%8 With
the increase in CBS concentration, we observed a dose-dependent
declines in fluorescence signals compared to the control group,
indicating that bismuth inhibits bacterial translation in a dose-
dependent manner (Fig. 6C). Besides, when the bacterium was
treated with a high dose of CBS (50 pg/mL), we observed rapid
decrease in fluorescence from 0 min to 120 min but only slight
changes in the fourth hour of the treatment, further confirming that

bismuth-induced translational down-regulation takes time to act (Fig.

6D).

This journal is © The Royal Society of Chemistry 20xx
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inhibits bacterial translation. (A) Nascent mRNA level of genes
in ribosome in B. cepacia with or without CBS. (B) Nascent
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incubated with CBS for 0, 10, 30, 60, 120, 240 min.

Bismuth shows excellent activity against B. cepacia in vivo.

We finally investigated the therapeutic potential of bismuth drugs
against Bcc in Galleria mellonella infected model. The infection was
first induced by injecting 1x10> CFU B. cenocepacia J2315 into the
larvae of G. mellonella. G. mellonella was then treated with vehicle
(PBS), a low dose of CBS (10 mg/kg) and a high dose of CBS (20 mg/kg)
1 h post-infection and observed for 5 days to count the survival rate
and larvae used for bacterial load counting were collected after 24 h
treatment (Fig. 7A). As shown in Fig. 7B, 50% larvae were rescued by
20 mg/kg CBS within 5 days, in comparison, all larvae in the control
group died within 24 h. Meanwhile, CBS either at a high dose or a low
dose was able to reduce bacterial load within larvae, by ca. 3-fold and
2-fold respectively compared with control group (Fig. 7C), indicating
the great potential of bismuth drugs in the treatment of Bcc infection
in clinic.

The in vivo efficacy of the combination therapy was also evaluated
by G. mellonella infection. As shown in Fig. 7D, monotherapy of CBS
(10 mg/kg) or low dose of TOB (30 mg/kg) showed 25% and 40%
survival of larvae within 5 days, respectively, while in the group with
combinational treated with 10 mg/kg CBS and 30 mg/kg TOB
simultaneously showed a high survival rate (62.5%) in the group At
the same time, only ~2-fold of reduction in bacterial load within
larvae could be observed in mono-drug treated groups (CBS or TOB
individually), the therapy exhibited
significantly enhanced antibacterial activity with 4-fold of reduction
in bacterial load within larvae (Fig. 7E), indicative of clinical potential

whereas combination

of Bi'-containing combination therapy.
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Fig. 7 CBS shows a great therapeutic potential in vivo. (A) Scheme of
the experimental protocol of the G. mellonella infection model. (B)
Survival rates of G. mellonella larva. Infected larva (n= 8) were
injected with 1x10> CFU B. cenocepacia 12315 at the right proleg
under the treatment of 10 mg/kg or 20 mg/kg CBS at left proleg. (C)
Bacterial load in G. mellonella infection model. (D) Survival rates of
G. mellonella larvae (n= 8) treated with 10 mg/kg CBS individually, 30
mg/kg (64 mM/kg) TOB individually or the combination of 10 mg/kg
CBS and 30 mg/kg (64 mM/kg) TOB at left proleg. (E) Bacterial load
in G. mellonella infection model. The dosage of CBS and TOB in
combination therapy were 10 mg/kg and 30 mg/kg, respectively. The
P value of survival model was two-sided, log[rank] (Mantel-Cox) test,
while P value was determined by two-sided, Mann-Whitney U-test.

Discussion

Emergence and rapid development of multidrug-resistant (MDR)
bacteria and lack of antibiotics with new molecular targets post a
significant challenge on public healthcare systems globally.
Alternative strategies are urgently needed to tackle AMR crisis.
Recently, metals and metallodrugs based approaches have received
increasing attentions either as metallo-antibiotics®10.17.54 or as
adjuvants of antibiotics!2 30 55 to combat AMR due to their multiple
targeted mode of action, which is less likely to develop resistance.
Amongst all the antimicrobial metals, bismuth is one of the few
metallodrugs used in clinic to treat H. pylori infection when
combined used with antibiotics. Very recently, we demonstrated
that combination of bismuth drugs with antibiotics could revitalize
the antimicrobial activity of antibiotics against multidrug resistant P.
aeruginosa owing to the fact that bismuth disrupts iron homeostasis

10 | J. Name., 2012, 00, 1-3

to facilitate antibiotics accumulation in P. aeruginosg,3 This, study
strongly suggests the great potentials of bismiith iR ta¢kling KIVR4RE
its medicinal application could be further expended.

Herein we found that bismuth drugs and compounds exhibit very
good antimicrobial activity against drug resistant B. cepacia with a
MIC value of 25 pg/mL for CBS, comparable to that for H. pylori. CBS
also demonstrated synergistic effects with antibiotics from beta-
lactam, aminoglycoside and tetracycline antibiotic family. The
combination of CBS and TOB could inhibit biofilm formation,
eradicated biofilm-associated bacteria also kill peresister cells.
Moreover, CBS in combination with antibiotics could slow down the
development of high-level resistance, which is possibly attributed to
pathogens are usually less likely to generate mutation to multiple
targets simultaneously. Importantly, the in vitro activity could be
well translated into in vivo evidenced by about 50% survival rates of
G. mellonella larva in the infected model (Fig. 7B).

The molecular mechanism of action of bismuth (using CBS as a show
case) was studied by transcriptomics and GE-ICP-MS based
metalloproteomics. Transcriptomics analysis revealed a dynamic
killing processed of CBS against B. cepacia. KEGG analysis showed
that CBS-induced DEGs were mainly enriched in glyoxylate
metabolism, flagellar assembly, TCA cycle, oxidative phosphorylation
and ribosome and translation (Fig. 2B). Among these five pathways,
DEGs in glyoxylate metabolism and flagellar assembly remained
relatively stable, while those in other three pathways exhibited
obvious changes with time. TCA cycle was the only up-regulated
pathway in the presence of CBS and only differentially expressed in
the first 2 h. Oxidative phosphorylation and ribosome and translation
all demonstrated an increasing trend in DEG number, while the
former showed the greatest down-regulation from 1 h to 2 h and the
dominant role of the latter occurred in the last 2 h (Fig. 2B). By using
GE-ICP-MS#0, 15 and 11 Bi-binding proteins were identified from
cytosol and membrane respectively (Fig. 3A and 3B), providing
fundamental basis for further studying the molecular mechanism of
bismuth against Bcc. By integrating targets from two approaches,
TCA cycle, oxidative phosphorylation and ribosome and translation
were considered to be the most important three pathways in
eradication of B. cepacia by CBS. These results collaboratively
suggest that CBS may initially target TCA cycle, then oxidative
phosphorylation and eventually concentrate on ribosome and
translation.

As the initial target of CBS, several enzymes, i.e. MDH, SCS and AceB,
were identified to be Bi'-binding proteins, while DEGs e.g. sucA, aceB
and aceF, were up-regulated by CBS for first 2 h (Fig. 3A and 2C). The
inhibition of these three enzymes by bismuth drugs resulted in
decrease in the level of two electron donor of ETC, i.e. NADH and
succinate, while the non-competitive binding of Bi'"'" to BcMDH
monitored by UV-vis spectrometry showed that two BcMDH bound
to one bismuth with a Ky of 1.80 x 10-22 M (Fig. 4C and E), implying
that the relatively strong interaction between bismuth and enzymes,
leading to dysfunction of TCA cycle, which produced reducing

This journal is © The Royal Society of Chemistry 20xx
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Scheme 1 Proposed major biological pathways in B. cepacia disrupted by bismuth drugs. Bismuth binds to MDH and SCS, resulting in TCA cycle dysfunction, including
inhibiting the generation of electron carrier (NADH) and decreasing succinate level. In ETC, less electron carrier and down-regulated NADH-quinone oxidoreductase

affected electron transport in complex |, while decreased succinate level induced inactivation of complex Il. When electrons transported to complex IV, two terminal
oxidases, i.e., Cyo and Cyd were inactivated by bismuth, leading to altered membrane potential and dissipated PMF. The whole process of electron transport completes
at complex IV and chemiosmosis prepared for oxidative phosphorylation is impaired, while the expression of complex V (ATPase) was also down-regulated by bismuth,

thus, energy production in B. cepacia is greatly suppressed by bismuth drugs, thereby resulting in bacterial fundamental function to be abolished.

equivalent, e.g. NADH, to feed ETC.>¢ In addition, membrane proteins
including outer membrane protein A (OmpA) and outer membrane
protein assembly factor D (BamD), were identified to be bound by
bismuth by metalloproteomics and outer membrane protein W
(ompW) was significantly down-regulated by 4 h treatment of CBS,
implying that CBS may also disrupt membrane integrity (Fig. 3B, Fig.
S11t), leading to increased membrane permeability, which may also
contribute to membrane potential alteration (Fig. S14t).

This journal is © The Royal Society of Chemistry 20xx

With the increase in incubation time to 1 h, CBS began to target
oxidative phosphorylation. Two terminal oxidases, i.e., CyoC and
CydA, were identified as Bi"-binding proteins, such bindings resulted
in altered membrane potential and dissipated PMF (Fig. 5A and B),
indicative of disruption of electron transport by CBS. Meanwhile,
transcriptomics exhibited significant Bi"-induced down-regulations
on ATPase, implying Bi"-induced interferences on energy production
(Fig. S111). The altered membrane potential coupled with dissipated
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PMF contribute to the decreased ATP level (Fig. 5A, B and F), while
the impeded energy production was rescued in cyoC- and cydA-
overexpressed strains (Fig. S137), indicating that bindings of Bi'! to
these two enzymes disrupted energy production in B. cepacia.

In the last phase (2-4 h) of exposure of B. cepacia to CBS, B. cepacia
with deprived energy supply exhibited more down-regulated genes
in ribosome and translation with median fold of change of -3.73 (Fig.
2C). Bi"-induced dose-dependent and time-dependent declines in
fluorescence of GFP and significant down-regulated of mRNA level of
key DEGs in this pathway indicate that bismuth inhibits the
transcription of ribosomal protein and bacterial translation (Fig. 6A-
6D), which is attributed to accumulated energy loss in previous two
phases.

Taken together, bismuth primarily targeted TCA cycle, the second
step of aerobic respiration, via binding to key enzymes, thereby
resulting in inhibition of the production of electron carrier (NADH)
and key metabolite (succinate). Subsequently, bismuth bound to two
terminal oxidases, i.e., CyoC and CydA, leading to altered membrane
and dissipated PMF,
phosphorylation of Bcc, which is the last step of aerobic respiration.

potential thereby hindering oxidative

The inhibition of bismuth on the second and third step of aerobic
respiration greatly interfered oxygen consumption and abolished
energy production in B. cepacia. Finally, bismuth bound to and down-
regulated several ribosome-related proteins, resulting in energy
deprivation, bacterial translation is greatly inhibited (Scheme 1).

Conclusions

We show that bismuth drugs and compounds possessed
excellent antimicrobial activity against B. cepacia including
inhibition of biofilm formation and eradication of planktonic
bacterial cells and peresisters. We also demonstrated excellent
in vivo antimicrobial activity against Bcc. Our multi-omics and
bioassays reveal that bismuth induced impaired metabolic
pathways, ie., TCA cycle, oxidative phosphorylation and
translation through binding to key enzymes and regulating key
genes in these pathways. Specifically, bismuth significantly
impaired functions of ETC, thereby depriving energy supply for
bacterial survival. Further studies on the identified targets may
bring more perspectives and understandings on the
antimicrobial mechanism of action of bismuth drugs, thereby
better promoting the clinical applications of bismuth drugs in
the fight against AMR. Metallo-agents may represent a new
arsenal for our fight against antimicrobial resistance, the silence
pandemic.17:54
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