








fell rapidly, to 6.2 � 0.1 (n 	 3). In contrast, CO2 addition to
the UreI deletion strain resulted in a much slower decline in
pHin, to 6.5 � 0.2 (n 	 3). These data show the presence of
CO2 permeability in the wild-type strain that is absent in the
ureI deletion strain (Fig. 4A). To determine more accurately

the rate of pHin fall with the addition of CO2, bacterial cyto-
plasmic pH changes again were measured using BCECF-AM,
with single-wavelength excitation (502 nm) to allow collection
of data every 50 ms. The addition of CO2 resulted in rapid
acidification of the cytoplasm, as shown by the fall in fluores-
cence (Fig. 4B). The decrease in fluorescence was much more
rapid in the wild type than in the mutant. The fall in fluores-
cence is due to rapid reaction of the penetrating gas (CO2)
with OH� to form HCO3

� and H�, likely catalyzed by the
cytoplasmic �-carbonic anhydrase. In the absence of UreI, the
acidification was about fourfold slower, suggesting that UreI is
able to transport CO2. Hence, this channel that transports urea
is also able to transport CO2, as has been found with several
aquaporins (6, 20). These properties of UreI likely have sig-
nificance for acid acclimation of H. pylori if there is activation
and association of urease with UreI.

Permeation of NH3 and NH4
� through UreI. The effect of

ureI deletion on NH3 permeability of the inner membrane of
H. pylori was measured using BCECF-AM in wild-type and
ureI deletion mutants as a probe of cytoplasmic pH following
the addition of NH4Cl, as has been done with various eukary-
otic cells (11, 20, 26). When pHin was calibrated in the dual-
beam mode (Ex 	 436 nm and 502 nm), the value was 7.7 � 0.1
for both wild-type and ureI deletion mutant strains. Upon the

FIG. 2. Western blot analysis and urease activity of purified membrane fractions from wild-type and HP0244 deletion strains of H. pylori.
Representative Western blots are shown for UreA, UreB, UreE, and UreI from wild-type (A) and HP0244 deletion (B) strains that were exposed
to pH 7.4 and pH 4.5. The intensities of the protein bands were measured and converted to expression ratios of pH 4.5 to pH 7.4. (C) The amounts
of UreA, UreB, and UreE but not UreI protein increased after incubation at pH 4.5 for 30 min in wild-type H. pylori, whereas the absence of
HP0244 abolished the recruitment of UreA and UreB, but not UreE, to the membrane. (D) Urease activities from both membrane and soluble
fractions incubated at pH 4.5 and pH 7.4 from wild-type and HP0244 deletion strains were measured. The urease activity of the membrane fraction
increased �2-fold after incubation at pH 4.5 for 30 min in the wild-type strain (black bars) but not in the HP0244 deletion strain (gray bars). Urease
activity is expressed as a percentage of that in the pH 7.4 control.

FIG. 3. Deletion of HP0244 abolishes periplasmic buffering in H.
pylori. Wild-type (A) and HP0244 deletion (B) strains were incubated
at pH 5.0 in the presence of BCECF free acid to monitor periplasmic
pH changes. Representative images show that the addition of 5 mM
urea resulted in increased peripheral fluorescence due to increased
periplasmic pH in the wild type but not in the HP0244 deletion mutant.
Arrows indicate periplasmic fluorescence.
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addition of NH4Cl, pHin rose rapidly, to 8.3 � 0.1, in both the
wild-type and ureI deletion mutant strains. In the wild-type
organisms, the pH then returned to the original pHin within
100 s, whereas the deletion mutants maintained a pHin be-
tween 8.3 and 8.2. These data show the presence of NH4

�

permeability in the wild-type strain that is absent in the ureI
deletion strain (Fig. 4C and Table 1). These properties of UreI
likely have significance for acid acclimation of H. pylori if there
is activation of urease associated with UreI.

The response time in the dual-beam mode is too long to
detect the effect of ureI deletion on NH3 penetration. Hence,

single-wavelength analysis of BCECF (502 nm) was used as
described above to detect the rate of alkalization following
NH4Cl addition due to NH3 penetration into the cytoplasm.
There was an �3-fold increase in the rate of NH3 penetration
in the wild-type organism compared to the rate in the ureI
deletion mutant (Fig. 4D). The overall rate of NH3 entry ap-
peared to be higher than that of CO2 in terms of the rate of
change of fluorescence. Furthermore, the decline of fluores-
cence and, hence, reacidification occurred only in the wild-type
organism, not in the ureI deletion mutant, and this reacidifi-
cation was likely due to entry of NH4

� (or NH3 � H�) releas-
ing H� inside the organisms. These results suggest that UreI
transports both NH3 and NH4

�.
Regulation of membrane potential. The survival of bacteria in

acid depends on maintenance of a proton electrochemical gradi-
ent (���H

�, i.e., proton motive force [PMF]) across the cell mem-
brane, determined as the algebraic sum of the �pH and inner
membrane potential:

���H
� � PMF � � 61�pH � ��.

The PMF is kept relatively constant by reciprocal changes of
�pH and �� (14). Hence, with NH3 entry, as the cytoplasmic

FIG. 4. UreI is permeable to CO2, NH3, and NH4
�. (A) In the H. pylori wild-type strain (black line), CO2 addition rapidly decreased pHin,

followed by a slower decrease in pHin. Deletion of ureI (gray line) greatly reduced the initial rapid fall in pHin but had no effect on the slow phase
of pHin acidification. The initial rapid acidification phase is due to CO2 entry through UreI, and the secondary, slow phase of cytoplasmic
acidification is due to permeation of CO2 through the lipid bilayer, reflecting continued CO2 addition to the medium. (B) Single-wavelength (502
nm) excitation of BCECF was used for rapid measurement (data capture every 50 ms) of the rate of change of fluorescence. The rate of cytoplasmic
fluorescence decrease (alkalization) following CO2 addition was significantly higher in the wild-type organism (black line) than in the ureI deletion
mutant (gray line), showing that UreI is able to accelerate CO2 movement across the inner membrane of H. pylori (dF/dt � standard error of the
mean [SEM]) (n 	 3; P � 0.05). (C) NH4Cl addition rapidly increases pHin due to NH3 entry, followed by fall in pHin, in the H. pylori wild-type
strain (black line). Deletion of ureI (gray line) abolished the secondary fall in pHin. (D) The rate of cytoplasmic fluorescence increase (alkalization)
following NH4Cl addition was significantly higher in the wild-type organism (black line) than in the ureI deletion mutant (gray line), showing that
UreI is able to accelerate NH4

� movement across the inner membrane of H. pylori (dF/dt � SEM) (n 	 3; P � 0.05). Therefore, the secondary
fall in pHin is due to NH4

� entry through UreI, with generation of H� in the bacterial cytoplasm (dF/dt � SEM) (n 	 3; P � 0.05).

TABLE 1. Cytoplasmic pH and membrane potential following
NH4Cl addition

Strain Parameter Baseline value
Value with 50 mM NH4Cl

Immediate After 200 s

HP43504 pHin 7.7 � 0.1 8.3 � 0.2 7.40 � 0.06
�� (mV) �178.8 � 12.8 �157.6 � 10 �175.71 � 13.08

HP43504 pHin 7.7 � 0.1 8.3 � 0.1 8.1 � 0.1
�ureI �� (mV) �184.8 � 7.8 �168.8 � 7.9 �124.8 � 11.6
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pH increases, �� should decrease, and with NH4
� entry, cy-

toplasmic pH should decrease and �� should increase if ���H
�

is maintained constant. For growth in acidic media, the pH of
the periplasm cannot be allowed to fall to that of the medium,
even at pH 4.5, since at a relatively neutral cytoplasmic pH, the
inward pH gradient would drive the membrane potential close
to 0 mV, impairing solute transport and membrane protein
folding, limiting growth if not survival (14, 38).

The cationic dye diSC3(5) was used to measure the �� of H.
pylori wild-type and ureI deletion mutant strains under the
same conditions as those for measurements of pHin. This dye
accumulates on hyperpolarized membranes and is translocated
into the lipid bilayer. Aggregation within the confined mem-
brane interior results in decreased fluorescence. Thus, a de-
crease in fluorescence corresponds to an increase in ���.

Following addition of 50 mM NH4Cl, there was a decline of
�� by about 30 mV that compensated for the increase in �pH
in both wild-type and mutant bacteria, as predicted by the PMF
equation. In wild-type organisms, there was repolarization by
about 20 mV due to internal reacidification, whereas the ureI
deletion mutants continued to depolarize (Fig. 5 and Table 1).
These data corroborate the pH findings, showing that bacterial
bioenergetics maintain the PMF in response to changes of
�pH across the inner membrane. The repolarization observed
in the wild type but not in the ureI deletion mutants following
NH4Cl addition also suggests, as with pH measurements, that
UreI allows NH4

� transport, be it the cation or NH3 � H�, as
discussed below.

Cytoplasmic pH and �� at different medium pHs. The
effects of medium pH on pHin and �� for the wild-type strain
and the HP0244 deletion mutant were determined in order to
identify the role of HP0244 in survival at high acidity. OG-AM
was used for pHin measurement in the HP0244 deletion mu-
tant because of its maintained response to a lower pH. There
was an immediate fall in cytoplasmic pH, to �4.9 � 0.1, in the
HP0244 deletion mutant upon exposure to pH 2.5 in the pres-
ence of 10 mM urea. In contrast, the pH was maintained at
7.3 � 0.2 (n 	 3) in the wild type. The wild-type �� was
maintained at �90.1 � 7.4 mV (n 	 3) at pH 2.5 with 10 mM
urea, but in the mutants, �� fell to �5.2 � 0.7 mV (n 	 3)

within 50 s. This accounts for the decreased survival of HP0244
deletion mutants in vitro, by �7 log units after 30 min of
incubation (42). At neutral pH and at pH 4.5, there was no
difference in pHin or �� between wild-type and HP0244 dele-
tion mutant bacteria. Hence, HP0244 is required for mainte-
nance of the PMF only at the highly acidic pH that can occur
in its habitat in the stomach (29).

DISCUSSION

Work over the last decade has uncovered some aspects of
the mechanism of periplasmic pH regulation by H. pylori nec-
essary for acid survival and gastric colonization (25). At pH 6.0
and below, entry of urea through UreI allows an increase in
intrabacterial urease activity. Urea hydrolysis produces 2 NH3

and H2CO3. The NH3 can prevent cytoplasmic acidification by
absorbing entering protons, forming NH4

�, and can also buffer
protons entering the periplasm after exiting through the inner
membrane. Since the pKa of NH3/NH4

� is 9.2, ammonia pro-
duction does not generate a buffer effective at physiological
pH. Generation of effective buffer at close-to-neutral pH is
performed in the case of H. pylori by a pair of carbonic anhy-
drases, the cytoplasmic �-carbonic anhydrase and the mem-
brane-bound periplasmic �-carbonic anhydrase. The �-car-
bonic anhydrase facilitates formation of permeant CO2 from
H2CO3 generated by urease activity. This CO2 then enters the
periplasm, where the periplasmic �-carbonic anhydrase gener-
ates the HCO3

� from periplasmic CO2 to buffer the periplasm
to a pH of �6.1, the pH determined for the periplasm in the
presence of physiological concentrations of urea over a range
of medium pHs from 2.5 to 6.2 (30).

H. pylori expresses four complete TCSs and two orphan
response regulators (1, 3, 34). One two-component system,
CheA-CheY, directly regulates chemotaxis, while the remain-
ing two-component systems are probably involved in transcrip-
tional regulation. Of the three remaining TCSs, HP1365-
HP1364 (CrdRS) was demonstrated to positively regulate the
expression of the copper resistance determinant CrdAB-CzcAB
in response to increasing concentrations of copper ions (39).
Another TCS of H. pylori, ArsRS (HP0165-HP0166), is an
acid-responsive system. HP0165 is an integral membrane pro-
tein with two putative transmembrane helices and a relatively
large periplasmic domain. HP0165 can mediate a response to
small changes in periplasmic pH, and it has been suggested
that this sensor kinase responds directly to changes in the
hydrogen ion concentration of the periplasm (21–23). This
TCS in acid upregulates expression of the majority of the pH
homeostatic genes, namely, the urease gene cluster, hypA, rocF
(encoding arginase), the �-carbonic anhydrase gene (HP1186),
amiE, and amiF, as well as about 75 other genes (22, 43).

The known response regulator for HP0244 is HP0703.
HP0703 plays no role in the function of HP0244 in acid-re-
sponsive gene regulation, since its deletion has no effect on
acid survival (42). The properties of the acid-dependent re-
sponse of HP0244 are distinct from those of the previously
described acid response of the periplasmic pH sensor, HP0165.
The HP0165 sensor kinase responds to changes in periplasmic
pH, resulting in the regulation of about 100 genes at a medium
pH of 5.0, a pH where deletion of HP0244 has no effect (21,
41). There is some overlap of the genes regulated by these two

FIG. 5. Changes of membrane potential following addition of
NH4Cl. In the wild-type and mutant organisms, there was an immedi-
ate fall in potential due to alkalization of the interior, as shown in Fig.
4C, with an increase in �pH. In the wild-type strain, repolarization is
due to a fall in pHin that is absent in the HP0244 deletion mutant,
arguing for NH4

� permeation of UreI.
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kinases, but HP0165 regulates expression of most of the genes
that are potentially pH homeostatic, in contrast to HP0244,
which regulates only a few. Furthermore, deletion of HP0165
delays but does not abolish urease activation after incubation
at pH 4.5 (data not shown). H. pylori therefore uses two sensor
kinases to respond to different degrees of medium acidity,
using HP0165 for mild acidity and HP0244 for high acidity.
This likely reflects the need for the organism to retain growth
potential at the different acidities it is exposed to in the pres-
ence or absence of food.

The evidence for a role of HP0244 in membrane assembly of
active urease is shown by the loss of recruitment of urease
subunits and the loss of urease activation either at the mem-
brane or in the intact organism when this kinase is deleted.
This is independent of protein synthesis and therefore suggests
either direct interaction of some signaling protein with HP0244
or phosphorylation of such a protein. Without the kinase, the
organism is not able to elevate its periplasmic pH above that of
the medium and loses �7 log units of survival along with its
proton motive force (42). Measurement of cytoplasmic pH and
membrane potential at pH 2.5 in the presence of 10 mM urea,
where deletion of HP0244 severely impairs survival, shows that
both cytoplasmic pH and membrane potential are drastically
reduced. In the open reading frame (ORF), HP0244 is the last
gene in the operon, consisting of 3 genes (HP0246, HP0245,
and HP0244), and is followed by a stretch of �200 bp of
intergenic sequence preceding HP0243, which is expressed in a
separate operon downstream. Therefore, the phenotypes ob-
served in the HP0244 deletion strain are not due to polar
effects. Furthermore, we verified that the observed defect in
acid survival is due specifically to mutation of HP0244 by re-
placing the mutated locus with an intact copy of the HP0244
ORF (42). Since HP0244 is cytoplasmic, a fall in pH is prob-
ably the cytoplasmic change that is sensed by this histidine
kinase, unless there is a response to a small change in inner
membrane potential.

There have been several studies evaluating the permeability
of the water channel, aquaporin, to CO2, NH3, and NH4

�. In
general, permeation of CO2 is not described by the solubility-
diffusion model, probably requiring the presence of a protein
to account for its transport across certain membranes (31).
Experiments on AQP1, a member of the MIP family expressed
in Xenopus oocytes, which measured internal acidification,
showed that this channel was permeable to CO2 (6). By mea-
surement of the external pH of oocytes, it was also shown that
AQP1 transported CO2 and NH3 but that AQP4 and AQP5
transported only CO2 (20). There was an approximately four-
fold increase in the rate of CO2 penetration in oocytes express-
ing AQP1. The physiological relevance of this property for
mammals is controversial (7).

AQP3, -8, and -9 also transport both NH3 and NH4
� (11).

The ammonium transporter, AmtB, has 11 transmembrane
segments and is required for nitrogen accumulation by bacteria
and yeast. Based on the crystal structure, it appears that the
channel is able to bind NH4

� and to lower its pKa to allow
deprotonation and generation of NH3 that can pass through
the hydrophobic channel while the H� leaves by another route
(13, 15). A similar concept has been suggested for the simpler
water channel aquaporin 8 (26). However, in contrast, there

are data using methylamine indicating that an ion is actually
transported by AmtB (9).

The above data showing the transport properties of UreI in
H. pylori were interpreted based on the in vitro results where
inward transport of NH3, NH4

�, and CO2 was shown. In vivo,
transport is likely in the opposite, outward direction. In vivo,
protons will enter both the periplasm and cytoplasm, requiring
rapid and effective neutralization for gastric survival and col-
onization.

H. pylori expresses a cytoplasmic �-carbonic anhydrase that
accelerates the production of cytoplasmic CO2 from the
H2CO3 resulting from urease activity. If the CO2 exit is facil-
itated by UreI, then the periplasmic �-carbonic anhydrase can
more rapidly generate the HCO3

� necessary to buffer the
periplasm at pH 6.1. The relevance of this to acid acclimation
by the organism is shown by the absence of rapid periplasmic
pH elevation in the absence of assembly of urease with UreI
in the HP0244 deletion mutants. Elimination of �-carbonic
anhydrase impairs acid survival, and deletion of both carbonic
anhydrases reduces infectivity of the X47 mutant strain in the
mouse (4, 16). In this work, deletion of ureI significantly re-
duced bacterial cytoplasmic acidification due to CO2 addition.
This is most simply interpreted as showing that UreI is able to
transport CO2. This property of UreI would be predicted to
improve periplasmic pH regulation under acidic conditions.

At a medium pH of 2.5, the measured cytoplasmic pH in the
presence of urea and UreI is 7.4. With a periplasmic pH of 6.1,
there is an inward pH gradient of 1.3 units, and thus a 20-fold
outward gradient of NH3 from the cytoplasm to the periplasm
and a much larger gradient into the gastric lumen. The gastric
juice NH4

� concentration is �2 to 3 mM with H. pylori infec-
tion, similar to that of gastric juice urea. Urease activity is �5
�mol/mg bacterial protein/min, and urea supply from the
blood is essentially unlimited, which would allow a rapid and
large relative increase of intrabacterial NH3 � NH4

� unless
there was an exit path for one or both. Although the concen-
tration of NH3 is only about 1/100 that of NH4

� at cytoplasmic
pH, the rapid rate of efflux of NH3 from the cytoplasm via the
phospholipid bilayer and UreI and thence the periplasm
through the outer membrane is likely sufficient to restrict a
large elevation of NH3 � NH4

�. Under some circumstances
where the ammonia efflux does not keep pace with urease
activity, either ammonium transport by UreI or an active trans-
porter could be required (32, 33).

There is a �� of �101 mV for the cells, in principle hinder-
ing NH4

� efflux as a cation through UreI. Based on analysis of
aquaporins with 6 transmembrane segments, the in vitro ob-
servation of NH4

� inward conductance through UreI could be
translated in vivo to NH4

� binding to a cytoplasmic vestibule in
the channel, followed by deprotonation and transport of the
formed NH3 outward through UreI concomitant with a sepa-
rate efflux of H�, resulting in net export of NH4

� (11). This
would result in insensitivity of NH4

� export through UreI to
membrane potential.

UreI is a pH-gated urea channel that does not transport
thiourea, showing the precision of structural restriction by this
channel (40). However, NH3, NH4

�, and CO2 are much
smaller than urea, and the above data show that although the
urea pathway is closed at pH 7.4, there is permeation of these
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smaller molecules. The availability of a high-resolution crystal
should illuminate this issue.

A model incorporating these data is shown in Fig. 6. This
model shows that the cytoplasmic histidine kinase, HP0244, is
necessary for recruitment of urease to the inner membrane at
acidic pH, along with the nickel insertion proteins. This allows
activation of urease at the membrane in the vicinity of UreI.
The membrane association of urease activity provides a local-
ized increase in NH3, NH4

�, and H2CO3. NH3 efflux through
both the bilayer and UreI allows rapid neutralization of pro-
tons entering the periplasm. UreI may also serve as an exit
pathway for NH4

�, permitting continuing cytoplasmic pH ho-
meostasis (33). CO2 is produced by the cytoplasmic �-carbonic
anhydrase that then enters the periplasm largely via UreI, and
the periplasmic �-carbonic anhydrase converts this to HCO3

�

in the periplasm, leading to buffering of the periplasmic space.
The lack of survival of HP0244 deletion mutants at pH 2.5,
even in the presence of urea, demonstrates the importance of
this complex. There is no illustration of the possible role of the
complicated acid-responsive nickel cascade, since this is not
addressed in this work (35, 36).
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