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Abstract

Background—Successful eradication of Helicobacter pylori is becoming more difficult, mainly
due to emerging antibiotic resistance. Treatment regimens containing bismuth have increased
efficacy, but the mechanism is unknown. H. pylori is a neutralophile adapted to survive the acidic
gastric environment via acid acclimation, but demonstrates more robust growth at neutral pH.
Many antibiotics used to treat H. pylori rely on bacterial growth.

Aim—To investigate the mechanism of increased efficacy of bismuth-containing H. pylori
treatment regimens.

Methods—RNAseq and gPCR, urease activity in permeabilized and intact bacteria, internal pH,
and membrane potential were measured with and without colloidal bismuth subcitrate (CBS).
Bacterial survival was assessed with CBS and/or ampicillin.

Results—Genes involved with metabolism and growth were upregulated in the presence of CBS
at acidic pH. Urease activity of permeabilized H. pylori at pH 7.4 and 4.5 decreased in the
presence of CBS, but intact urease activity only decreased at acidic pH. The fall in cytoplasmic pH
with external acidification was diminished by CBS. The increase in membrane potential in
response to urea addition at acidic medium pH was unaffected by CBS. The impact of CBS and
ampicillin on H. pylori survival was greater than either agent alone.

Conclusions—Bismuth is not acting directly on urease or the urea channel. CBS impedes
proton entry into the bacteria, leading to a decrease in the expected fall in cytoplasmic pH. With
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cytoplasmic pH remaining within range for increased metabolic activity of a neutralophile, the
efficacy of growth dependent antibiotics is augmented.
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Background

Helicobacter pylori is a highly prevalent gram negative bacterium that infects the gastric
mucosa of about 50% of the world’s population. Infection at a minimum causes gastritis and
is a prominent etiologic agent of gastric and duodenal ulcer disease and gastric cancer 1.
Treatment success using standard regimens has become more difficult in recent years.
Standard first line triple therapy, including a proton pump inhibitor (PPI) and two
antibiotics, typically clarithromycin and amoxicillin or metronidazole, has seen a drop in
efficacy to close to 70%, far below the original goal of 80% 2. Increased antibiotic resistance
is considered the most important reason for decreased treatment efficacy, 3. Quadruple
therapy regimens containing bismuth are considered to have increased efficacy, and are
recommended for first line treatment in areas of high clarithromycin resistance 4. Three
recent clinical trials using colloidal bismuth subcitrate (CBS) combined with tetracycline
and metronidazole in a single pill formulation, given with a PPI, achieved eradication rates
ranging from 88-93% 6-8. Resistance of H. pylori to bismuth has not been reported %11,
Knowledge of the mechanism of action of bismuth compounds against H. pylori would be
beneficial in the development of improved treatment regimens in this era of declining
eradication success rates.

Bismuth is a trivalent heavy metal element used in many medical applications 2. This is
based on the ability of bismuth to replace other metals such as iron, nickel, and zinc, which
have catalytic or structural roles 13. CBS and bismuth subsalicylate (BSS) are commonly
used in H. pylori treatment regimens. CBS is water soluble while BSS is water insoluble,
and both have low systemic absorption 10. Bismuth absorption is not required for efficacy in
H. pylori treatment regimens 14, suggesting a local mechanism of action. Acid suppression
further decreases bismuth absorption 10, augmenting the local effect in the gastric lumen as
part of H. pylori treatment regimens. An effective bismuth concentration approximating 1
mg/mL has been suggested at standard therapeutic dosing °. Bismuth compounds also
protect the gastric mucosa and aid in ulcer healing 1617, Bismuth alone can sometimes clear
H. pylori infection, and eradication has been reported on rare occasions with CBS 18-20,

H. pylori is a neutralophile, yet it colonizes an acidic niche in the stomach 2123, The
bacterium is able to survive in acid via a mechanism of acid acclimation, centered around
the neutral pH optimum, cytoplasmic urease and the inner membrane localized, proton gated
urea channel, Urel 24 25, At acidic medium pH, the pH of the periplasmic space falls,
leading to opening of Urel and movement of urea into the cytoplasm 24 25, Urease, which is
activated at the inner membrane, facilitated by a trafficking response at acidic pH, catalyzes
the breakdown of urea into carbonic acid, then carbon dioxide and ammonia 26-28, The two
gases diffuse back through the urea channel and through the membrane into the

periplasm 27, Carbon dioxide is converted to bicarbonate with the help of a.-carbonic
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anhydrase, an inner membrane protein with a periplasmic catalytic domain, and bicarbonate
and ammonia buffer the periplasm into the range of survival for a neutralophile 2°. With
periplasmic buffering, the cytoplasmic pH is maintained within acceptable levels as well 30,

Neutralophiles survive between pH 4-8 and divide between pH 6-8, 31 and many of the
antibiotics used to treat H. pylori are growth dependent. There is increased transcription of
growth-dependent genes and higher in vitro efficacy of ampicillin against H. pylori at higher
medium pH 32. This suggests a higher rate of bacterial growth and division, allowing for
increased antibiotic efficacy. This has been demonstrated in clinical models as well. Dual
therapy with amoxicillin and omeprazole is successful in the setting of supratherapeutic
omeprazole dosing, with gastric pH maintained at a mean of =5.5 and >4 for 280% of the
time over the course of therapy 32. A more recent study showed a 95% eradication rate in
treatment naive patients and 89% in non-naive patients using a four times daily high dose
PPI and amoxicillin regimen 34. If more of the bacteria are exposed to a higher pH for a
greater percentage of time, the resultant increase in bacterial division will lead to increased
treatment efficacy, and this degree of acid suppression is not typically seen with
recommended dosing of currently available PPIs 32 35,

The mechanism of action of bismuth compounds against H. pylori is not definitively known.
It has been suggested, among other possible mechanisms, that bismuth inhibits H. pylori
urease by blocking the active site of the enzyme 36: 37, The results of these in vitro
experiments have not been confirmed in vivo, where very minor direct inhibition has been
noted 38: 39, This discrepancy is most likely related to the degree of access of bismuth to
cytoplasmic urease in the intact bacteria. Bismuth requires transport into the bacterial
cytoplasm. Bismuth uptake into H. pylori is limited by the presence of ferric ion, suggesting
a competitive uptake process using transporters designed for other metal ions 49. Uptake of
bismuth ions from CBS is linear up to 20 ug/mL and does not further increase beyond a
concentration of 40 pg/mL, and growth inhibition was also maximized at this

concentration 40,

Taking into account that both profound acid inhibition and the addition of bismuth
independently increase the efficacy of H. pylori treatment regimens, the aim of the current
study was to determine the mechanism of action of bismuth in the treatment of H. pylori
infection, with particular attention to the impact of pH on this system. Gene expression
using RNAseq and confirmation by gPCR were completed after incubation of H. pylori at
acidic pH with and without CBS. Urease activity in permeabilized and intact bacteria,
internal pH, membrane potential, and survival were determined at acidic and neutral pH.
The results reported here demonstrate that, in the intact bacteria, CBS does not act directly
on urease or the urea channel, but rather impedes proton entry into the bacterial cytoplasm.
The consequence is that the degree of cytoplasmic acidification in response to medium
acidification is diminished, remaining within the range of bacterial growth of a
neutralophile. This reduces the dependence on profound acid inhibition for optimal efficacy
of growth dependent antibiotics, leading to higher eradication rates.
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Materials and Methods

Bacterial strains and culture conditions

H. pylori strain ATCC 43504 was used. Strain 43504 was isolated from the antrum of an
Australian patient in 1985 and is CagA and VacA positive 41. Bacteria were grown under
microaerobic conditions (5% O, 10% CO,, 85% N) either on Trypticase Soy Agar (TSA)
plates supplemented with 5% sheep blood (Gibco-BRL, Life Technologies, Carlsbad, CA)
or in brain heart infusion (BHI) medium (Difco laboratories, Becton Dickenson, and Co,
Franklin Lakes, NJ) supplemented with 7% horse serum (Gibco) and 0.25% yeast extract
(Difco). Bacteria in media were grown in the presence of Dent selective supplement (Oxoid
Limited, Hampshire, UK).

RNA extraction

H. pylori were incubated in dialysis cassettes (Slide-A-lyzer, MWCO 10 kD, 3 mL capacity,
Thermo, Waltham, MA) suspended in a large volume of media at pH 4.5 with urea to
maintain constant pH and urea concentrations over an extended period as described
previously 32. Bacteria were incubated with or without CBS for 4 hours. The presence of
CBS did not alter the pH of the media. RNA was then extracted using a combination of
Trizol® reagent (Life Technologies) and the RNAeasy mini kit (Qiagen, Valencia, CA) as
described previously 3. Quality of RNA was confirmed using an Agilent Bioanalyzer
(Agilent Technologies, Santa Clara, CA) and was only used if the RNA integrity number
was >8.

RNAseq and qPCR

RNAseq analysis was done at the UCLA Clinical Microarray Core within the Jonsson
Comprehensive Cancer Center (http://pathology.ucla.edu/body.cfm?id=126). Sequencing
was generated using the Illumina HiSeq 2000 machine (Illumina Inc., San Diego, CA) with
a read length of 1x50 and depth of coverage of 15 million reads. Statistical analysis was
done with the assistance of the core director.

For gPCR experiments, 3 distinct RNA preparations from H. pylori incubated at pH 4.5 with
or without CBS for 4 hours were completed. Immediately following incubation and RNA
extraction as above, cDNA was created from 6 ug RNA using Omniscript® reverse
transcriptase (Qiagen). qPCR was then completed in triplicate for each sample and each
primer pair, using a Bio-Rad iCycler. Primer design was aided by the Primer3 software
available at biotools.umassmed.edu 42 43, Unique primers were designed for 100-300 base
pair regions of genes of interest that changed in the RNAseq analysis. Primer sequences are
shown in table 1. Standard PCR performed with genomic DNA from H. pylori strain ATCC
43504 as the template was used to assure that all primer pairs resulted in amplification of a
single product (data not shown). H. pylori genomic DNA was diluted serially by 10 fold to
produce the standard curve for the gPCR reaction. g°PCR was completed using 20 pL
reactions in a 96 well plate with SYBR Green (SsoFast EvaGreen® Supermix, Bio-Rad,
Irvine, CA), conditions were 92° for three minutes followed by 40 cycles of 92° for 30
seconds, 55° for 30 seconds, 72° for 40 seconds. Data were collected during the extension
step and mean starting quantity was calculated using the Bio-Rad software. A melting curve
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was used at the end of the run to confirm that there was only one peak and only one product
for each primer.

Urease activity measurement

Bacteria were added to 100 mM phosphate buffer containing 5 mM KCI, 138 mM NaCl, 0.5
mM MgCl,, 1 mM CaCl,, 10 mM glucose, 1 mM glutamine, and 5 mM [14C]-urea (specific
activity 10 mCi/mmol), with or without CBS at 500 ug/mL. For experiments measuring total
urease activity, 0.01% CqEg (Sigma) was added to permeabilize the bacteria and bypass the
urea channel, Urel. Buffer pHs were 4.5 or 7.4. The pH of the buffer during the course of the
experiment did not change by more than 0.1 pH units. Urease activity was measured
radiometrically 44 45, 10 uL bacteria was added to the buffer mixture containing 5mM
[14C]-urea. Plastic wells containing 500 mM KOH-soaked filter paper hung from rubber
stoppers were used to collect the total 14CO, from the hydrolysis of urea. Urease activity
was measured for 30 minutes at 37°C with constant agitation. The reaction was terminated
with 5N H,SO4 to release all the generated CO, and incubated for 30 minutes at 37°C. The
wells were placed in scintillation cocktail (HilonicFluor; Packard Instruments, Meriden,
CT), and the radioactivity was measured by scintillation counting (1216 RackBeta; LKB
Instruments, Victoria, Australia). Protein concentration was determined by the BCA method
(Pierce). Results were expressed in umol/min/mg protein.

Measurement of internal pH (pH;)

Internal (cytoplasmic) pH was measured using the membrane-permeant, pH-sensitive
fluorescent probe 2,7-bis-(2-carboxyethyl)-5-carboxyfluorescein acetoxymethyl ester
(BCECF-AM, Life Technologies) as described previously 30. Experiments were done with
or without CBS at 500 pg/mL. Experiments were also completed at 40 pg/mL and 80 pg/mL
CBS with the same results (data not shown). Experiments were initiated at pH 7.4, then after
about 175 seconds, HCI was added to drop the pH to 4.5.

Each experiment was calibrated independently. Once the fluorescence of the internal
BCECF had been measured, 150 nM of the protonophore 3,3,4,5-tetrachlorosalicyanilide
(TCS) was added to equilibrate the internal pH with that of the medium. HCI was then added
to obtain minimum fluorescence of the dye, followed by the addition of NaOH to obtain
maximum fluorescence of the dye. The internal pH was calculated using the equation:

PH;=pK,+log(((R — R,)/(Ry — R)) x (F, (A2)/F;(A2)))

where pK, = pK, of BCECF = 6.98, R = value at 502 nm/value at 436 nm for each data
point, R = ratio at minimum fluorescence, Rg = ratio at maximum fluorescence, Fa(A2) =
minimum fluorescence at 436 nm, and Fg(A2) = maximum fluorescence at 436 nm.

Membrane potential measurement

Membrane potential was determined using the fluorescent membrane potential sensitive dye,
diSC5(5) as previously described 46.
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The calibration of the membrane potential was carried out as previously described by the
addition of valinomycin (Sigma, St. Louis, MI) followed by the addition of K* until no
further change in fluorescence was observed 46. This enables calculation of the K*
equilibrium potential found with the addition of the K* selective ionophore, valinomycin,
using the Nernst equation:

Ay=61log[K '], /5

where [K*]ip, is equal to the external K* concentration at which the potential difference
becomes zero in the presence of valinomycin, i.e. where [K*]out = [K*Tin, and 5 mM is
medium concentration when valinomycin is added. The membrane potential in the absence
of valinomycin can then be calculated. Membrane potential was measured at medium pH 4.5
and 7.4 with or without 500 ug/mL CBS. Experiments were also done at 40 ug/mL and 80
ug/mL CBS with similar results. 5 mM urea was added to each experiment after addition of
bacteria.

Survival assays

Results

Bacteria were harvested from plates after overnight incubation and resuspended in BHI. For
4 conditions, 2 plates were resuspended in 13 mL BHI and 3 mL was used for each
condition. Bacteria were placed in dialysis cassettes (Slide-A-lyzer, MWCO 10 kD, 3 mL
capacity, Thermo) suspended in a large volume of media (750 mL) adjusted to pH 4.5 with
HCl or 7.4 and 5 mM urea as described previously 32. Either bismuth (40 pg/mL), ampicillin
(250 pg/mL), or ampicillin and bismuth were added to one beaker at pH 4.5 and 7.4 for each
experiment, and each was completed in direct comparison to controls without additives.
Bacteria were incubated for 8 hours to incorporate one doubling time. At the end of the
incubation period, the pH was confirmed to be unchanged in the bulk media. Bacteria were
removed from dialysis cassettes, serially diluted, and plated in duplicate. Colonies were
counted after 3-5 days. Data is expressed as percent of each pH control. Each condition was
completed in triplicate.

RNAseq analysis of H. pylori incubated with CBS shows upregulation of genes involved
with metabolism and growth

A total of 187 genes were upregulated at pH 4.5 in the presence of CBS. Of these, 84 were
of known function (figure 1, table 2). The most common gene categories were cell envelope,
cellular processes, DNA and energy metabolism. Increased transcription of the cell envelope
synthesis genes, murC and murD, cell division genes ftsE and ftsN and genes involved
energy metabolism, atpF and atpB are indicative of replication and increased metabolism.
Upregulation of select genes from each category was confirmed by gPCR (figure 2).

Urease activity in permeabilized bacteria is decreased in the presence of CBS

Total urease activity was measured radiometrically in the presence of C12Eg, which
permeabilizes the membrane and allows free access of urea to cytoplasmic urease enzyme,
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bypassing the proton-gated urea channel, Urel, 2425, As expected in control experiments,
the urease activity was high (close to 5 umol/min/mg protein) at pH 7.4, which is near the
pH optimum of the urease enzyme, and lower at pH 4.5 (~2 pmol/min/mg protein). In the
presence of CBS, there was a significant decrease in urease activity at both pHs, with a
>50% decrease at pH 7.4 (figure 3). In permeabilizing the membrane, there is likely greater
access of bismuth to the bacterial cytoplasm, and there appears to be a direct inhibitory
effect of supraphysiologic internal concentrations of bismuth on the urease enzyme.

Urease activity of intact bacteria in acid is decreased in the presence of CBS

Urease activity was measured in intact H. pylori in the presence and absence of CBS. In the
intact bacteria, urea enters the cytoplasm via Urel, which has a higher open probability at
acidic pH 2°. In intact H. pylori, there was an increase in urease activity at acidic pH, when
the urea channel is more likely to be open 24 25, In the presence of CBS, there was no
significant difference in the already low level of urease activity at pH 7.4 in the intact
bacteria (figure 4). At pH 4.5 in the presence of CBS, there was a significant decrease in the
intact urease activity, by approximately 30%, suggesting an impediment of urea access to
urease. This explanation is favored over direct inhibition of the enzyme since an equivalent
decrease was not seen at pH 7.4.

Fall in H. pylori cytoplasmic pH in response to acid challenge is diminished in the
presence of CBS

Internal pH of H. pylori was measured using BCECF-AM. As expected, at media pH 7.4,
the cytoplasmic pH is about 7.2. There was no change at external pH 7.4 in the presence of
CBS. At media pH 4.5, the cytoplasmic pH fell to about 5.6, which is in the range for
survival but below the level for bacterial division in a neutralophile 3. In the presence of
CBS at pH 4.5, the cytoplasmic pH fell to about 6.2, which is now within the range for
bacterial division and growth (figure 5). With internal pH increasing in acid in the presence
of CBS, there will be increased bacterial growth and therefore increased susceptibility to
growth dependent antibiotics.

CBS has no effect on membrane potential of H. pylori

H. pylori, as a neutralophile, is unable to maintain sufficient membrane potential for survival
at low pH in the absence of urea 24 46, In the presence of urea, membrane potential with
acidic media pH is restored to levels seen at neutral pH, due to opening of the proton gated
urea channel, Urel, and urea access to cytoplasmic urease, allowing for periplasmic and
cytoplasmic buffering and survival in acid 24. CBS does not alter this response, the addition
of urea at media pH 4.5 leads to an equivalent increase in membrane potential as is seen in
the control experiments, measured using the potential sensitive dye DiSC3(5) (figure 6).
Since CBS does not alter the response of membrane potential to the addition of urea, Urel
remains unhindered. This suggests that the mechanism of action of CBS on H. pylori does
not involve direct blockage or inhibition of the urea channel.
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CBS in combination with the growth dependent antibiotic ampicillin leads to decreased
survival of H. pylori

Survival of H. pylori after an 8-hour incubation is decreased by both CBS and ampicillin.
Bacteria were incubated in dialysis cassettes suspended in 750 mL media with urea and with
or without CBS, ampicillin, or both. Susceptibility to growth dependent antibiotics was
greater at pH 7.4 than 4.5 (data not shown), but this difference was not significant
(significant difference is instead seen between pH 3 and 7.4 32). Although CBS alone results
in a significant loss of survival, the decrease in survival at pH 4.5 with CBS and ampicillin
is greater than with either agent alone, demonstrating that CBS augments the effect of the
growth dependent antibiotics in this model system (figure 7).

Discussion

H. pylori has a significant worldwide disease burden, and the efficacy of standard treatment
regimens is declining. Although there are many possible reasons for decreased treatment
efficacy, antibiotic resistance, particularly to clarithromycin, has been identified as the most
important 4. As no specific new medications have been introduced in recent years, novel
treatment regimens have been created using different combinations, durations, and
sequences of available medications 4’. The addition of bismuth has shown increased
efficacy of a variety of treatment regimens. Metronidazole resistance can be overcome by
addition of bismuth and bismuth containing regimens can be used as first line treatment in
areas of high clarithromycin resistance 4 48. The mechanism of action of bismuth in H.
pylori treatment is unknown, and knowledge of this mechanism may aid in the development
of new or tailored regimens.

The data presented here suggest that bismuth plays a role in maintenance of cytoplasmic pH
in H. pylori in the setting of external acidification. PPI efficacy and gastric pH are important
factors in H. pylori eradication 4951, It is well known that use of twice daily PPI in
conjunction with treatment regimens increases efficacy over once daily, and the benefit is
further augmented by the use of newer, more potent PPI formulations 2 3, In addition,
patients with a polymorphism in CYP2C19 metabolize omeprazole more slowly, leading to
a higher intragastric pH and higher treatment efficacy compared to rapid metabolizers >4,
Supra-therapeutic PPI doses allow for treatment with amoxicillin alone regardless of
CYP2C19 genotype 34, In in vitro studies, genes involved with metabolism and growth are
upregulated at pH 7.4 compared to pH 3, and the efficacy of ampicillin is increased at higher
pH, as bacteria are dividing, allowing the antibiotic to work more efficiently 32. Increased
transcription of genes involved with metabolism and growth is similarly seen here in acid
when CBS is present, suggesting a facilitation of bacterial growth and division. Since PPls
that are commercially available at this time do not provide persistent elevation in gastric pH
to the degree required to ensure most bacteria are dividing °°, the presence of bismuth may
play a role in augmenting this effect.

It has been reported that the action of bismuth on H. pylori may be related to inhibition of
urease activity. Urease depends on nickel for activation, and bismuth is able to replace
metals such as nickel!3. Much of the data related to urease and bismuth has focused on the
free enzyme, and in vivo cytoplasmic bismuth levels, dependent on metal transport systems,
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are likely much lower 9. Similar results were seen here when bacteria were permeabilized by
C12Eg, allowing free access of urea and bismuth to urease. The significant drop in urease
activity in response to direct interaction with a high concentration of bismuth was seen at
both acidic and neutral pH. In contrast, when measuring urease activity of intact bacteria, the
drop in urease activity was only seen at acidic pH. Since there was no change in urease
activity at neutral pH, this suggests either a barrier to urea diffusion or a barrier to proton
diffusion rather than a direct inhibitory effect of bismuth on urease enzyme in the intact
bacteria. Internal pH and membrane potential measurements were used to further address
this question.

As shown previously, internal pH falls with acidic medium pH, and this is partially rescued
by the addition of urea 3. In the presence of bismuth, the fall in cytoplasmic pH in response
to medium acidification is not as great. As a result, the cytoplasmic pH remains within the
range for metabolism and growth of a neutralophile despite the acidic environment.
Measurement of membrane potential at acidic pH confirms that bismuth is not acting
directly on the urea channel. At acidic medium pH, H. pylori membrane potential is
diminished due to a decreased proton motive force across the inner membrane, and potential
is restored by addition of urea 24. The response to urea addition in acid is unaffected by the
presence of CBS. There is a consistent but not statistically significant baseline increase in
membrane potential in the presence of CBS, which fits the model suggested by the internal
pH measurements. By impeding proton entry into the cytoplasm, CBS is able to augment the
effect of acid suppression by maintaining cytoplasmic pH in a range that promotes increased
transcription of metabolic and cell division genes, thus improving antibiotic efficacy.

Amoxicillin and its parenteral equivalent ampicillin work by inhibiting bacterial cell wall
synthesis. H. pylori resistance to these antibiotics is extremely rare 4. Survival studies were
done over an 8 hour time period to allow for passage of at least one doubling time, using a
system that maintains constant pH and urea concentrations 32. Since the bactericidal effect
of CBS and ampicillin is greater than for either agent alone, and there is an overall trend
toward an augmented effect at neutral pH, this again supports the idea that CBS augments
both the effect of acid suppression and of growth dependent antibiotics.

Other mechanisms of action have been proposed for bismuth, and it should be taken into
account that the effect may be multifactorial. Most proposed mechanisms center around
enzyme inhibition, metal interference, or bacterial structure and adherence. Bismuth can
bind fumarase, part of the tricarboxylic acid cycle, impacting bacterial energetics or motility
via decreased flagellar rotation 9 96, but this again raises the question of the degree of
bismuth access to the enzyme in vivo. Hpn, an H. pylori protein that binds nickel and zinc,
has been assumed to bind bismuth as well since mutant strains lacking the protein are four
times more sensitive to CBS %7, but this also assumes significant bismuth uptake and does
not definitively predict mechanism. H. pylori adherence to cultured cells and human
mucosal preparations is decreased in the presence of CBS %8-60, Ultrastructural changes in
the bacteria have been reported with prolonged incubation with bismuth 1°. These and other
mechanisms likely contribute to the action of bismuth on H. pylori since bismuth alone can
decrease bacterial load and rarely can clear the infection 18: 19, Since bismuth complements
regimens that include growth dependent antibiotics and strong acid inhibition enhances
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cterial growth, it follows that the concept of reduced proton entry into H. pylori and
toplasmic pH alteration could represent a dominant mechanism of action. Bismuth
pears to partially relieve the dependence on achievement of profound and sustained acid

inhibition for augmented efficacy of growth dependent antibiotics, leading to improved H.
pylori treatment success.
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Figurel.
Genes involved with metabolism and growth are upregulated in the presence of CBS. H.

pylori were incubated in dialysis cassettes suspended in 750 mL media at pH 4.5 with urea
and with or without CBS for 4 hours. Media pH did not change over the course of the
experiment. RNA extraction and RNAseq were performed, showing 187 upregulated genes.
Genes of known function are represented in the pie chart by category.
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Figure 2.
Upregulation of genes involved with metabolism and growth in the presence of CBS was

confirmed by qPCR. Bacteria were incubated under the same conditions used for RNAseq,
in dialysis cassettes suspended in 750 mL media at pH 4.5 with urea and with or without
CBS for 4 hours, followed by RNA isolation, RT reaction, and qPCR using primers from
selected genes in each relevant category (gene numbers are from strain 26695). SQ=starting
quantity of RNA, N=9 (3 preparations each run in triplicate), error bars represent SEM, p
values calculated by t-test, *p<0.05.
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Figure 3.
Urease activity of permeabilized H. pylori is decreased at both pH 4.5 and pH 7.4 in the

presence of CBS. Urease activity was measured quantitatively by using [14]C-labeled urea
and detecting output of 14C-labeled carbon dioxide. Results are normalized to total protein
in each sample. Bacteria were permeabilized with C15Eg, allowing free access of urea and
bismuth to the bacterial cytoplasm. N=6, error bars represent SEM, p values calculated by t-
test, *p<0.05.
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Figure4.
Urease activity of intact H. pylori is decreased at pH 4.5 in the presence of CBS, but

unchanged at pH 7.4. Urease activity was measured quantitatively by using 14C-labeled urea
and detecting output of 14C-labeled carbon dioxide. Results are normalized to total protein
in each sample. N=6, error bars represent SEM, p values calculated by t-test, *p<0.05.
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Figure5.
The drop in cytoplasmic pH of H. pylori in response to acid challenge is diminished in the

presence of CBS. Internal pH was measured using BCECF-AM, and each experiment was
calibrated independently. A representative tracing with and without CBS is shown in (A).
Combined data are shown in (B). Experiments were started at external pH 7.4, and then HCI
was added to lower the pH to 4.5. N=3, error bars represent SEM, p values calculated by t-
test, *p<0.05.
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Figure®6.
Restoration of H. pylori membrane potential at pH 4.5 with addition of urea is unaffected by

CBS, showing that the urea channel is not directly blocked. Membrane potential was
measured using diSC3(5), and experiments were calibrated individually using valinomycin
and KOH. The tracing shown represents combined data for 3 experiments for each
condition.
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Figure?7.
H. pylori survival with ampicillin and CBS is less than with either agent alone. Bacteria

were incubated for 8 hours in dialysis cassettes suspended in 750mL media at 4.5 with urea,

then diluted and colonies counted. Ampicillin and/or bismuth were added as indicated. Data

are expressed as percent of control. N=3 experiments for each condition, error bars represent
the standard deviation, p values calculated by t-test, *p<0.05.
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Primers used for gPCR”

atpF (HP0623)-5’ atatcccgcatgatccaaaa
atpF (HP0623)-3’ gccgtgatactgcetctttce
murC (HPO748)-5’ | ggcgtggttttccaagatta
murC (HPO748)-3" | ggccttatggcgtaaatcaa
exbD (HP1129)-5° | ccttctggctcaaaaactge
exbD (HP1129)-3° | ccgcacggatactaacccta
ftsE (HP1136)-5’ taagccctttgtgegctact
ftsE (HP1136)-3’ tcactttgagttgggcttga

*
Gene numbers refer to H. pylori strain 26695
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Table 2

Genes up-regulated in the presence of CBS

Accession number® | CBS/Control | Description/gene name

Cell envelope

HP0623 4.85 UDP-N-acetylmuramate-alanine ligase (murC)

HP0805 4.59 lipooligosaccharide 5G8 epitope biosynthesis-associated protein (Iex2B)
HP0494 3.52 UDP-N-acetylmuramoylalanine-D-glutamate ligase (murD)
HP0230 3.30 CMP-3-deoxy-D-manno-octulosonate-cytidylyl-transferase (kdsB)
HP1581 3.19 undecaprenyl phosphate N-acetylglucosaminyltransferase (Ilm)
HP1416 3.06 lipopolysaccharide 1,2-glucosyltransferase (rfaJ)

HP0159 2.87 lipopolysaccharide 1,2-glucosyltransferase (rfad)

Cell division

HP0647 6.89 cell division protein FTSN

HP0316 2.87 Predicted GTPases (dynamin-related)

HP0748 2.74 cell division protein (ftsE)

Motility

HP0384 7.19 motility accessory factor

HP1462 3.13 secreted protein involved in flagellar motility

HP0496 2.68 motility accessory factor

HP1031 2.68 flagellar motor switch protein (fliM)

HP1420 2.59 flagellar export protein ATP synthase (flil)

DNA metabolism

HP0260 5.36 adenine specific DNA methyltransferase (mod)

HP0051 3.83 cytosine specific DNA methyltransferase

HP0142 3.73 AJG-specific adenine glycosylase (mutY)

HP0675 3.70 integrase/recombinase (xerC)

HP0425 3.67 recombinase (recJ)

HP0478 3.56 adenine specific DNA methyltransferase

Energy metabolism

HP1136 3.37 ATP synthase F0, subunit b

HP1133 2.14 ATP synthase F1, subunit gamma (atpF)

HP0277 2.40 ferredoxin (atpG)

HP0388 2.75 ubiquinone menaquinone biosynthesis methlytransferase

*
Accession number from H. pylori strain 26695
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