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Abstract
Background—Helicobacter pylori, a neutralophile, colonizes the acidic environment of the
human stomach by employing acid acclimation mechanisms that regulate periplasmic and
cytoplasmic pH. The regulation of urease activity is central to acid acclimation. Inactive urease
apoenzyme, UreA/B, requires nickel for activation. Accessory proteins UreE, F, G and H are
required for nickel insertion into apoenzyme. The ExbB/ExbD/TonB complex transfers energy
from the inner to outer membrane, providing the driving force for nickel uptake. Therefore, the
aim of this study was to determine the contribution of ExbD to pH homeostasis.

Materials and Methods—A nonpolar exbD knockout was constructed and survival, growth,
urease activity, and membrane potential were determined in comparison to wildtype.

Results—Survival of the ΔexbD strain was significantly reduced at pH 3.0. Urease activity as a
function of pH and UreI activation were similar to the wildtype strain, showing normal function of
the proton-gated urea channel, UreI. The increase in total urease activity over time in acid seen in
the wildtype strain was abolished in the ΔexbD strain, but recovered in the presence of supra-
physiologic nickel concentrations, demonstrating that the effect of the ΔexbD mutant is due to
loss of a necessary constant supply of nickel. In acid, ΔexbD also decreased its ability to maintain
membrane potential and periplasmic buffering in the presence of urea.

Conclusions—ExbD is essential for maintenance of periplasmic buffering and membrane
potential by transferring energy required for nickel uptake, making it a potential non-antibiotic
target for H. pylori eradication.

Introduction
Helicobacter pylori, a Gram-negative neutralophile, is the only organism known to colonize
the normal acid-secreting human stomach. The bacteria infects about 50% of the world’s
population (1). Colonization is associated with several human gastric diseases, including
gastritis, peptic and duodenal ulcers, gastric carcinoma and MALT lymphoma (2–5).
Eradication of the bacteria involves a complex regimen of minimally two antibiotics and a
proton pump inhibitor (6). Problems with patient compliance and emerging antibiotic
resistance have made it progressively more difficult to successfully treat the infection (6).
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Targeting the mechanisms that allow the organism to survive the gastric environment, where
the median luminal pH is 1.4 (7), offers potential for future non-antibiotic treatment
regimens.

H. pylori is able to survive and grow in acid through the use of mechanisms collectively
termed acid acclimation (8). This system is named to contrast it with the acid resistance or
tolerance mechanisms seen in other neutralophiles that can only transit the stomach, such as
Escherichia coli and Vibrio cholerae. In these organisms, cytoplasmic pH is maintained
between pH 4–5 in an acidic environment via amino acid/amine counter transporters or
proton export by the F1F0 ATPase, allowing survival but not growth (9). H. pylori instead
employs mechanisms to maintain the periplasmic pH around pH 6.1 and the cytoplasmic pH
near neutral in acidic medium, allowing both survival and growth (10).

At the center of acid acclimation is a neutral pH optimum urease enzyme, made up of
structural subunits UreA and UreB, which form an apoenzyme complex that requires nickel
for activation (11). Urease accounts for up to 7% of total protein expression in H. pylori
(12). Cytoplasmic accessory protein pairs UreE/UreG and UreF/UreH are essential for
nickel incorporation into apoenzyme and production of active enzyme (13). H. pylori
express UreI, an inner membrane localized, proton gated urea channel with 50% open
probability at pH 5.9, which provides urea to cytoplasmic urease (10, 14). Urease hydrolyzes
urea into carbon dioxide and ammonia (15). Urease associates with UreI at the inside of the
inner membrane, allowing for rapid hydrolysis of urea at the membrane and movement of
carbon dioxide and ammonia back through the channel into the periplasm (13, 16). Once in
the periplasm, ammonia is protonated to form ammonium. Carbon dioxide is converted to
bicarbonate via a periplasmic localized a-carbonic anhydrase enzyme, and the periplasm is
buffered to about pH 6.1, which allows for maintenance of cytoplasmic pH compatible with
survival and growth despite low medium pH (8).

Finding other candidate proteins that may play a role in acid acclimation would lead to a
better understanding of this complex system. Rain et al completed a protein-protein
interaction map of H. pylori using a yeast two-hybrid system (17). On review of this data, an
interaction was identified between UreI and ExbD (17). ExbD is the product of gene
HP1340 in the 26695 strain and is an inner membrane protein that is part of a 3 protein
complex (ExbB(HP1339)/ExbD/TonB(HP1341)) (18). The H. pylori genome possesses two
additional homologues of both exbB (HP1445, HP1129) and exbD (HP1446, HP1130),
genes of unknown function. The ExbB/ExbD/TonB protein complex is found in many Gram
negative bacteria. In Gram negative bacteria, a proton motive force across the inner
membrane maintains bacterial viability and powers active transport (19). The outer
membrane forms a protective barrier. Small molecules are able to enter through porins (20).
Larger molecules required by the bacteria, such as siderophore iron, need to cross the outer
membrane via active transport, but the outer membrane cannot maintain an electrical
potential (21). Import of these large molecules, required for survival, depends on the proton
motive force maintained across the inner membrane (22, 23). The ExbB/ExbD/TonB
complex, localized to the inner membrane, transfers energy to the outer membrane, in the
form of conformational changes in TonB, allowing active transport of essential molecules
such as iron and nickel (24, 25). TonB gathers energy from the inner membrane, transfers
that energy to an outer membrane TonB-gated transporter, then re-energizes in a cyclic
manner (26, 27). TonB and ExbD interact through their periplasmic domains, and ExbD aids
with energy transfer and recycling of TonB (24, 28, 29).

Much of the work in other Gram negative bacteria has focused on iron transport. In H.
pylori, iron is a required nutrient, but nickel plays a significant role in acid acclimation due
to its required role in urease activity (30). In addition to urease, the [Fe-Ni]-hydrogenase
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requires nickel and is essential for colonization (31). One active urease molecule requires 24
nickel ions (32). Nickel moves through the inner membrane via NixA, a nickel transporter
(33). More recent work has looked at movement of nickel through the outer membrane.
FecA3 and FrpB4 are outer membrane proteins involved with movement of complexed or
insoluble nickel through the outer membrane (34). Entry of nickel needs to be tightly
regulated since too little would impair urease activity and acid survival and too much would
lead to generation of reactive oxygen species and cell damage (35). NikR is involved with
regulation of genes responsive to nickel, including ureA, ureB, nixA, frpB4, and fecA3 (34,
36, 37). In high nickel, NikR binds to the promoter regions for frpB4 and fec3A, leading to
repression of these genes and decreased nickel uptake (34). Like other outer membrane
proteins, FrpB4 and Fec3A are energized by the ExbB/ExbD/TonB system, and NikR
regulates expression of exbB and exbD (34, 36). Schauer et al further demonstrated that the
ExbB/ExbD/TonB system powers movement of nickel through FrpB4 (38). The authors
proposed that the ExbB/ExbD/TonB system energizes iron uptake at neutral pH and nickel
uptake at acidic pH, facilitating acid activation of urease and therefore acid survival (38).

The ExbB/ExbD/TonB system is clearly important for acid acclimation given its role in
driving nickel transport. Since ExbD was shown to interact with UreI (17), this protein in
particular may be important for survival and growth in the gastric environment. The aim of
the present study was to further define the role of exbD in H. pylori bioenergetics and acid
acclimation via characterization of an exbD deletion mutant.

Materials and Methods
Bacterial strains and culture conditions

H. pylori strain ATCC 43504 was obtained from the American Type Culture Collection. A
non-polar ATCC 43504 exbD/HP1340 deletion mutant was constructed by allelic exchange
using a kanamycin resistance gene as described below. Bacteria were grown under
microaerobic conditions (5% O2, 10% CO2, 85% N2) either on Trypticase Soy Agar (TSA)
plates supplemented with 5% sheep blood (Gibco BRL-Life Technologies) or in brain heart
infusion (BHI) medium (Difco Laboratories) supplemented with 7% horse serum (Gibco
BRL-Life Technologies) and 0.25% yeast extract (Difco Laboratories). All bacteria grown
in media were in the presence of Dent selective supplement (Oxoid Limited) and the ΔexbD
was grown in the presence of 20 μg/mL kanamycin (Sigma).

Construction of H. pylori ΔexbD strain by allelic exchange mutagenesis
A genomic knockout of HP1340 was constructed by homologous recombination.
pBluescript (Stratagene) containing a kanamycin resistance gene in the multi-cloning site
flanked by SalI (5′) and BglII (3′) was used to generate the knockout plasmid. Primers were
designed to flank the regions approximately 400 base pairs upstream of the 5′ end of the
gene and 600 base pairs downstream from the 3′ end. The construct was designed for
insertion into the pBluescript multi-cloning site between the XbaI and KpnI restriction sites,
the intervening restriction sites were removed in the process of knockout construction. The
400 base pair upstream segment was amplified with a 5′ primer containing a site for
digestion by XbaI (5′-cgtttctagattatgtggacatatttg-3′) and a 3′ primer containing a site for
digestion by SalI (5′-gatggtcgacattttttcatgatcctg-3′). The 600 base pair downstream segment
was amplified with a 5′ primer containing a site for digestion by BglII (5′-
cagcattatggagatcttaaaagagcataatcatg-3′) and a 3′ primer containing a site for digestion by
Acc65I (5′-ccgtaacgctcggtaccgcattgatcgtaaagctcacc-3′). The purified PCR products were
sequentially ligated into pBluescript around the kanamycin resistance gene. The construct
was introduced into H. pylori strain 43504 by natural transformation and colonies were
selected in the presence of 40 μg/mL kanamycin on plates (once mutants were selected,
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colonies were expanded in liquid media as described above, in the presence of 20 μg/mL
kanamycin). Knockouts were confirmed by a series of PCR reactions with primers to the up
and downstream genes and the antibiotic resistance marker (data not shown). The exbD gene
is in the middle of a 3-gene operon, and the products of these 3 genes have interrelated
functions. Reverse transcriptase (RT)-PCR was used to confirm not only the presence, but
also the transcription of tonB, the downstream gene. RNA was isolated from wildtype H.
pylori and ΔexbD and subjected to RT-PCR using primers to both the exbD and tonB
genes. As expected, a transcript for the exbD gene was seen in the wildtype bacteria but
not in the ΔexbD strain, but the downstream tonB gene was expressed in both strains,
confirming the exbD deletion is nonpolar.

RNA extraction and RT-PCR
Total RNA was isolated from H. pylori strain 43504 and 43504 ΔexbD using TRIzol®

reagent (Invitrogen) combined with RNeasy columns (Qiagen). The bacterial pellet was
resuspended in 500 μl of TRIzol® reagent and lysed at room temperature for 5 min before
100 μl of chloroform was added. After centrifugation at 12,000 × g for 10 min at 4°C, the
supernatant was mixed with 250 μl of ethanol and applied to an RNeasy spin column
(Qiagen), and RNA purification was performed following the manufacturer’s instructions
(beginning with the application to the column). RT-PCR was then carried out with RNA
from both strains, with 6 μg of RNA as the starting material. RT reaction was completed
using RT omniscript (Qiagen) according to the manufacturer’s instructions. PCR on the
generated cDNA was done using primers to HP1340 and HP1341 (tonB). Primers for the
exbD gene were 5′-ggcgatgggctgaatgttgtccc-3′ (sense) and 5′-gtctataagggttttagggtc-3′
(antisense). Primers for the tonB gene were 5′-taaaatggcgcagattaggg-3′ (sense) and 5′-
gatgcacggtttcttctggt-3′ (antisense). All PCRs were done with an annealing temperature of
55°C on a PTC-200 DNA engine PCR machine (MJ Research). PCR products were detected
by capillary electrophoresis using an Agilent Bioanalyzer (Agilent Biosystems).

Measurement of growth at neutral pH
H. pylori strain 43504 wt and ΔexbD were grown overnight on TSA plates. 75 mL BHI
(Difco) with 7% horse serum (Gibco) was added to each of three 250 mL flasks. 40 μg/mL
kanamycin was added to one flask. Bacteria were added at an OD600 of 0.1 (1 flask with wt,
1 with ΔexbD, 1 with ΔexbD + kanamycin 40 μg/mL). 3 mL was removed immediately
from each flask and the OD600 checked as the zero time point. The flasks were incubated
under microaerobic conditions and aliquots were removed regularly to record the OD600 for
a total of 30 hours. The log10 of the OD600 was plotted as a function of time for each culture.

Measurement of survival at acidic and neutral pH
H. pylori 43504 wt and ΔexbD were grown overnight on TSA plates. BHI was prepared at
pH 7.4 and pH 3.0. The media at pH 3.0 was made with 50 mM homopipes and the pH was
lowered with HCl. 5 mM urea was added to the pH 3.0 media for each strain. Each strain
was resuspended in 600 μL BHI and 220 μL was added to 10 mL at each pH. Bacteria were
incubated for 1hr in microaerobic conditions. 1 mL of each condition was added to 9 mL
BHI, and serial dilutions were done using 1 mL into 9 mL BHI. 100 μL was plated in
duplicate for each condition. Colonies were counted after 3 days. Data was expressed as
percent survival at pH 3.0 compared to pH 7.4 for each strain.

Urease activity of intact bacteria
Urease activity was measured radiometrically (39, 40). Bacteria were added to 100 mM
sodium phosphate buffer containing 5 mM KCl, 138 mM NaCl, 0.5 mM MgCl2, 1 mM
CaCl2, 10 mM glucose, 1 mM glutamine, and 5 mM [14C]urea with a specific activity of 10
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mCi/mmol. The range of pH of the buffer used was between pH 3.0 and 8.0. The pH of the
buffer between 4.5 and 8.0 was achieved by mixing various amounts of 100 mM sodium
phosphate monobasic and 100 mM sodium phosphate dibasic to the desired pH. Below a pH
of 4.5 the desired pH was achieved by the addition of HCl. The pH of the buffer during the
course of the experiment did not change by more than 0.1 pH units. Plastic wells containing
500 mM KOH soaked filter paper hung from rubber stoppers were used to collect the
liberated 14CO2 that resulted from the hydrolysis of urea by urease. Urease activity was
measured for 30 min at 37°C with constant agitation. The reaction was terminated by the
addition of 5N H2SO4 and incubated 30 min at 37°C. The wells were placed in scintillation
cocktail (HiIonicFluor; Packard Instruments), and the radioactivity was measured by
scintillation counting (1216 RackBeta; LKB Institute). Protein concentration was
determined by the BCA method (Pierce). Results were expressed in μmol/min/mg protein.

Measurement of total urease activity over time
H. pylori 43504 wt and ΔexbD grown on TSA plates were harvested and suspended in 500
μL of BHI media, pH 7.3. For some experiments with the ΔexbD strain, 250 μM nickel
chloride (Sigma) was added to the media to bypass the requirement for ExbD. A total of 220
μL of the cell suspension was added to 15 mL of BHI at pH 7.3 or to 15 mL BHI adjusted to
pH 5.5 by the addition of HCl and was incubated at 37°C under microaerobic conditions. 1.5
mL aliquots were obtained at 0, 30, 90, and 180 minutes and immediately centrifuged at
17,900 × g for 5 minutes at 4°C. The pellets were resuspended in 25 mM ice-cold phosphate
buffer (PB), pH 7.0, and centrifuged at 17,900 × g for 5 minutes at 4°C. The pellet was
resuspended in 150 μL of 25 mM phosphate buffer, pH 7.0 (PB) containing 0.01%
polyoxyethylene-8-lauryl ether (C12E8; Sigma). C12E8 was used to permeabilize the
bacterial membranes without disruption of the bacteria, as visualized by acridine orange
fluorescence in a confocal microscope (14).

Urease activity was measured radiometrically as outlined above using 10 μL of the C12E8-
treated bacterial suspension.

Measurement of membrane potential
Membrane potential was determined as previously described (41). Briefly, the bacteria were
harvested from plates into 300 μl HP medium (5 mM KCl, 138 mM NaCl, 0.5 mM MgCl2,
1 mM CaCl2, 10 mM glucose, 1 mM glutamine) buffered with 100 mM phosphate. The
fluorescent membrane potential sensitive dye, 3,3′ - dipropylthiadicarbocyanine iodide
(DiSC3(5)), was dissolved in dimethyl sulfoxide (DMSO) and 3 μl added to 3 ml of
appropriate buffer to give a final concentration of 1 μM. The bacterial suspension was then
added to 3 mL of the dye solution at different pHout in a fluorimeter cuvette to reach an OD
of 0.160 at 600 nm (usually 15–20 μl).

Fluorescence quenching due to potential dependent uptake of the dye was measured in a
fluorimeter set at an excitation wavelength of 600 nm and emission wavelength of 665 nm.
Data points were collected every 0.050 seconds. The dye solution was added 5 minutes
before adding the bacteria to allow temperature equilibration. With addition of the bacteria,
the fluorescence quenched due to dye uptake dependent on the interior negative potential.
Urea was added once the fluorescence stabilized.

The calibration of the membrane potential was carried out as previously described by the
addition of valinomycin followed by the addition of K+ until no further change in
fluorescence was observed (40). This enables calculation of the K+ equilibrium potential
found with the addition of the K+ selective ionophore, valinomycin, using the Nernst
equation:
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where [K+]in 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+]in, and 5 mM is
medium concentration when valinomycin is added. The membrane potential in the absence
of valinomycin can then be calculated. No change in medium pH was found in these strong
buffers before or after the addition of urea over the time course of measurement. Membrane
potential is displayed based on the calibration once the dye reaches equilibrium. The initial
fluorescence quench depends on accumulation of the dye inside the bacteria and the
fluorescence present prior to equilibrium does not necessarily imply a positive interior
potential. Membrane potential was determined at pH 3.0, 4.5 and 7.4 in the wt and ΔexbD
strains with the addition of 5 mM urea. An increase in membrane potential following urea
addition in acid is due to reduction of the ΔpH, thus elevating ΔΨ.

Results
Growth of H. pylori wildtype and ΔexbD strains at pH 7.4

Growth was measured at pH 7.4 in the wildtype and the ΔexbD strains. Growth was also
measured in the ΔexbD strain in the presence of kanamycin to control for any effect of
kanamycin on growth independent of the gene deletion. The OD600 was measured at time
zero, every 2 hours for the first 10 hours (data not shown), and again every 2 hours between
24–30 hours. Growth leveled off in all conditions between 24–30 hours (data not shown).
Data was plotted as log of the OD600 as a function of time. There was no significant
difference in the slope of the growth curves over time between the three conditions,
suggesting that ExbD is not required for normal growth at neutral pH. The presence of
kanamycin also did not have a deleterious effect on bacterial growth (data not shown).

Survival of ΔexbD and wildtype H. pylori at pH 3.0 and pH 7.4
Wildtype H. pylori and ΔexbD strains were incubated for 1 hour at pH 3.0 or 7.4, with 5
mM urea added to the pH 3.0 conditions. Bacteria were then serially diluted, plated, and
colonies counted. Data were expressed as percent surviving at pH 3.0 compared to pH 7.4
(100%) for each strain (figure 1). The wildtype bacteria showed 32.6 ± 2.0 % survival at pH
3.0 (mean ± s.e.m, n=3). The ΔexbD mutant showed only 4.9 ± 3.7 % survival (mean ±
s.e.m, n=3). In the absence of exbD, there is decreased survival at acidic pH in the presence
of urea as compared to wildtype.

Intact urease activity of the ΔexbD strain
Intact urease activity was measured radiometrically in the wildtype H. pylori and ΔexbD
strains over a pH range from 3–8. Urease activity was expressed in μmol/min/mg protein
(figure 2). As expected, and as shown previously (40), in intact wildtype H. pylori, urease
activity is maximal between pH 3–5.5, with a sharp decline to minimal activity at pH 7.0
and 8.0. In the intact organism, urea access to urease is accelerated by UreI, an inner
membrane localized, H+ gated urea channel, with a pKa of ~6 (10, 14). The enzyme activity
curve of the ΔexbD mutant is similar to the wildtype, suggesting that ExbD does not play a
direct role in UreI function. The decrease in acid survival in the mutant is not attributable to
inhibition of UreI opening.
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Variation in total urease activities of H. pylori wildtype and ΔexbD strains incubated at pH
5.5 and 7.4

H. pylori wildtype and the ΔexbD mutant were incubated for 180 minutes and aliquots were
removed (at 0, 30, 90, 180 minutes) for measurement of total urease activity. Total urease
activity was measured in the presence of C12E8 in order to bypass UreI. Urease activity was
expressed as percent of control (wildtype pH 7.4) as a function of time (figure 3). There was
no increase in urease activity over time at neutral pH in either strain. The wildtype showed a
rapid and sustained increase in urease activity over time in acid, as shown previously (42).
In the wildtype, at pH 5.5, total urease activity was 175% of control within 30 minutes and
ultimately reached a maximal level of 3.5-4x control. This rapid, sustained increase in
urease activity over time was abolished in the ΔexbD mutant. This suggests a role for ExbD
in activation of apourease in acid.

Total urease activity over time was measured in the ΔexbD strain in the presence of very
high nickel in the media (250 μM NiCl2) to see if ExbD regulation of NixA could be
overcome. As above, the acid induced increase in total urease activity is abolished in the
ΔexbD, but urease activity is restored to wildtype levels in the presence of high nickel
(figure 4). This confirms the singular role for ExbD in regulating nickel for urease
activation.

Alteration of membrane potential in the H. pylori ΔexbD mutant at acidic pH
Membrane potential was measured in the wildtype H. pylori and ΔexbD strains using the
potential sensitive fluorescent cationic dye DiSC3(5). The dye accumulates on the
membrane and is translocated into the lipid bilayer. Aggregation within the cytoplasmic
membrane leads to a decrease in fluorescence, corresponding to an increase in membrane
potential (larger negative number with respect to zero in mV). Wildtype H. pylori maintains
a constant proton motive force (PMF) across the inner membrane between pH 3.0 and 8.0.
The PMF is the algebraic sum of the pH difference (ΔpH) and the potential difference (ΔΨ)
across the inner membrane. The PMF is maintained at a relatively constant level via
reciprocal changes in ΔpH and ΔΨ (43). The cytoplasmic pH is about 7.8, so at acidic pH,
the ΔpH is the major contributor to the PMF. In order to grow at pH 4.0 with a neutral
cytoplasmic pH, H. pylori needs to maintain the periplasmic pH above the medium pH to
prevent an inward proton gradient from driving the membrane potential close to 0 mV,
incompatible with many required cellular functions (43, 44). In the wildtype, at pH 4.5, and
more significantly at pH 3.0, addition of urea results in an increase in ΔΨ as the periplasm
becomes less acidic since the ΔpH across the inner membrane decreases. This increase in
ΔΨ was abolished in the ΔexbD mutant at pH 4.5 (data not shown) and 3.0 (figure 5). This
failure to increase ΔΨ in the ΔexbD strain suggests that ExbD is necessary for periplasmic
buffering by increasing urease activity via regulation of cytoplasmic Ni2+ uptake.

Discussion
H. pylori has developed the mechanism of acid acclimation to combat the acidity at its site
of colonization, the human gastric mucosa. As a neutralophile, it relies on periplasmic pH
homeostasis in order to grow in the stomach. As the periplasmic pH falls in acidic media,
UreI, the inner membrane proton gated urea channel, opens and urea moves into the
cytoplasm (14). Urease and its accessory proteins move to the membrane at acidic pH,
allowing for rapid breakdown of urea in close proximity to the periplasm (13, 16). The
products of urea hydrolysis move back through UreI into the periplasm, again adding to the
efficiency of periplasmic buffering (16). Nickel is required for activation of urease and is
found in trace levels in the blood (45). Nickel incorporation into apourease, leading to
enzyme activation, is increased at acidic pH, and is independent of protein synthesis (42).
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The availability of nickel therefore provides one of several levels of regulation of urease
activity and aids survival in acid.

Nickel crosses the outer membrane before it enters the cytoplasm via the inner membrane
nickel transporter NixA (33). The outer membrane of Gram negative bacteria contains
porins that allow passive entry of small molecules (46). Many compounds essential to
bacterial survival are often either in too low abundance and/or too large to pass through
porins in sufficient amounts, and therefore require active transport (47). The ExbB/ExbD/
TonB system transfers energy to the outer membrane in order to drive active transport of
critical molecules (47). This system is most extensively studied in the context of iron and
cobalamin transport in E. coli (21). Given the presence of this complex of genes in H. pylori
and the requirement for nickel, a molecule in relatively low abundance, investigation has
illustrated a role for ExbB/ExbD/TonB in nickel uptake (38).

Fur, an iron responsive regulator, and NikR, a nickel responsive regulator, have an effect on
the exbB/exbD/tonB operon (36, 48–51). Based on this finding, Schauer et al studied the
dual role of ExbB/ExbD/TonB in iron and nickel uptake (38). The protein complex was
necessary for iron uptake at neutral pH, where Fe2+ is oxidized to the insoluble Fe3+ form
(38, 52). At acidic pH, the complex was also responsible for nickel accumulation, an effect
that was abolished when the operon was deleted (38). This work also identified FrpB4 as the
outer membrane, TonB dependent receptor involved with nickel transport (38).

The ExbB/ExbD/TonB complex is clearly important in regulation and energizing of nickel
movement through the outer membrane. Given that ExbD was shown to interact with UreI
(17) and that additional components of acid acclimation have been identified in recent years,
the work presented here clarifies the specific role of ExbD in the context of gastric
colonization.

In E. coli, knockout of exbD leads to TonB protein degradation (53). This illustrates the
importance of ExbD for function of the complex. Survival of the nonpolar ΔexbD was
normal at neutral pH but survival was diminished compared to wildtype at pH 3.0,
suggesting a role for this protein in the gastric environment. exbD is upregulated in acid in
only 1 of 4 reported in vivo and in vitro acid transcriptome studies (48, 51, 54, 55), likely
reflecting its dual role in iron and nickel import rather than diminishing its importance at
acidic pH. exbD is part of the regulon controlled by the HP0165/HP0166 TCS (56), which is
activated in response to low pH. Although ExbD interacts with UreI (17), it is not required
for acid activation of channel opening. Increase in total urease activity with time is
dependent on the presence of UreI, as demonstrated by comparison with a ΔureI strain (42),
and is also dependent on the presence of ExbD, underscoring the significance of nickel
uptake for enhanced urease activity.

The effect of the loss of ExbD on the time course of urease activation can be overcome in
the presence of high levels of nickel, demonstrating its role in nickel uptake. Over the three
hour time course of the experiment, at acidic pH, the total urease activity in the presence of
nickel increased about 4 fold over the baseline at zero time. With supra-physiologic levels of
nickel present, there is likely sufficient passive movement through outer membrane porins to
obviate the need for active transport. The total activity in the ΔexbD strain at neutral pH
with high nickel reaches the levels seen at acidic pH after 3 hours, although the rate of rise is
slower. This likely reflects such an excess of nickel that a higher proportion of apoenzyme is
activated than is possible under physiologic conditions in the ΔexbD mutant.

Wildtype H. pylori is unable to maintain a membrane potential below pH 4.0 in the absence
of urea, with more physiologic potential levels seen between pH 6–8 (41). In the absence of
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ExbD, at acidic medium pH, in contrast to wildtype, the bacteria are unable to generate a
membrane potential, diminishing survival, despite the addition of urea. This demonstrates
the importance of ExbD in urease dependent periplasmic buffering. Without energy transfer
for sufficient nickel entry to activate enough urease to buffer the periplasm in acid, ΔpH
increases and proton motive force will approach zero.

ExbD is an inner membrane protein, putting it in close proximity to the site of urea
hydrolysis. ArsS, the inner membrane localized histidine kinase that senses acidity, has
exbD in its regulon (56). As mentioned above, ArsS is involved with trafficking of
cytoplasmic urease and its accessory proteins to the inner membrane, in association with
UreI (57). The role of ExbD in acid acclimation is illustrated by the model shown in figure
6. Since ExbD interacts with UreI, it likely adds an additional level of control to ensure that
urease is activated and breaks down urea in as close proximity to the periplasm as possible,
maintaining cytoplasmic and periplasmic pH in acceptable ranges.

ExbD is required for stability of the ExbB/ExbD/TonB complex (53) that is also shown here
to be required for acid survival and periplasmic buffering in H. pylori. Periplasmic pH
regulation is required for gastric survival of H. pylori. ExbD is required for acute response to
acidic media for maintenance of membrane potential and activation of urease activity, as a
component of the acid acclimation mechanism. Given the critical role for ExbD in acid
survival, this protein represents a potential non-antibiotic drug target for eradication of
infection.
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Figure 1.
Survival of wildtype H. pylori and ΔexbD at pH 3.0 vs pH 7.4. Bacteria were incubated for
1 hour at pH 3.0 + 5mM urea or pH 7.4, then serially diluted and plated. Colony counts
showed a decrease in survival in the ΔexbD at acidic pH compared to wildtype (mean ±
s.e.m., n=3).
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Figure 2.
Intact urease activity curve of wildtype H. pylori and ΔexbD. Urease activity was measured
in the intact bacteria by measuring release of [14C]O2 from [14C]urea at various media pHs.
In the wildtype bacteria, there is low activity at neutral pH, with a steep increase in activity
between pH 6.5–5.5 and maximal activity below pH 5.5. This is due to opening of the
proton gated urea channel, UreI, allowing urea access to cytoplasmic urease. The shape of
the urease activity curve is similar in the ΔexbD, demonstrating that absence of ExbD does
not affect channel function itself.
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Figure 3.
Time course of urease activation of H. pylori. H. pylori wildtype and ΔexbD strains were
incubated in BHI, pH 5.5 or 7.4, for 30 to 180 min, and total urease activity was measured in
the presence of the nonionic detergent C12E8 to bypass UreI. In the wildtype strain, there
was a >3-fold increase in urease activity at pH 5.5 compared to that at pH 7.4 after 30 min,
and it remained elevated for 3 h. The absence of ExbD had no effect on urease activity at pH
7.4 but abolished the increase in urease activity in acidic pH seen in the wildtype strain.
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Figure 4.
Time course of urease activation in the ΔexbD in the presence of high nickel. H. pylori
ΔexbD strain was incubated in BHI, pH 5.5 or 7.4, in the presence of 250 μM NiCl2 for 30
to 180 min, and total urease activity was measured in the presence of the nonionic detergent
C12E8 to bypass UreI. In the presence of supraphysiologic levels of nickel, the acid-induced
activation of urease activity over time is restored in the ΔexbD.
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Figure 5.
Membrane potential measurement in the presence and absence of ExbD. DiSC3(5) was used
to measure membrane potential at pH 3.0. In the wildtype (black line), with the addition of
urea, there is a sustained increase in membrane potential, allowing maintenance of the
proton motive force in the face of acidic medium pH. The ΔexbD (grey line) is unable to
sustain an increase in membrane potential under the same conditions.
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Figure 6.
The role of ExbD in the acid acclimation response in H. pylori. In acidic media, the
periplasmic pH is maintained at ~6.1 by acid acclimation. At this pH, the membrane
potential is ~−100 mV, about 100 mV less negative then at pH 7.4. The ExbB/ExbD/TonB
complex energizes the uptake of nickel through the TonB-dependent transporter FrpB4 by
responding to the change in membrane potential and increasing the flux of nickel through
NixA into the cytoplasm. Once in the cytoplasm, nickel incorporation, required for urease
activation, is aided by cytoplasmic urease accessory proteins UreE-H. Simultaneously,
protonation of UreI leads to its opening. Decreased periplasmic pH is also sensed by
HP0165 and subsequent activation of its cognate response regulator, HP0166 (not shown in
the model), leading to mobilization of urease and its nickel insertion accessory proteins at
the inner membrane. Urea moves through UreI, where it is hydrolyzed at the inner
membrane to CO2 and 2NH3. The products of urea hydrolysis move back through UreI into
the periplasm. CO2 is converted to bicarbonate, catalyzed by a periplasmic, inner membrane
localized carbonic anhydrase. The periplasm is then buffered by the products of urea
hydrolysis, allowing H. pylori, a neutralophile, to survive and grow in an acidic
environment.
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