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ABSTRACT. We examined the structurdunction relationships of residues in the fifth transmembrane domain
(TM5) of the Na/H* antiporter A (NhaA) fromHelicobacter pylori(HP NhaA) by cysteine scanning
mutagenesis. TM5 contains two aspartate residues, Asp-171 and Asp-172, which are essential for antiporter
activity. Thirty-five residues spanning the putative TM5 and adjacent loop regions were replaced by
cysteines. Cysteines replacing Val-162, lle-165, and Asp-172 were labeled with NEM, suggesting that
these three residues are exposed to a hydrophilic cavity within the membrane. Other residues in the putative
TM domain, including Asp-171, were not labeled. Inhibition of NEM labeling by the membrane
impermeable reagent AMS suggests that Val-162 and lle-165 are exposed to a water filled channel open
to the cytoplasmic space, whereas Asp-172 is exposed to the periplasmic space. D171C and D172C mutants
completely lost N&/H* and Lit/H* antiporter activities, whereas other Cys replacements did not result

in a significant loss of these activities. These results suggest that Asp-171 and Asp-172 and the surrounding
residues of TM5 provide an essential structure for thinding and Na or Li* exchange. A168C and
Y183C showed markedly decreased antiporter activities at acidic pH, whereas their activities were higher
at alkaline pH, suggesting that the conformation of TM5 also plays a crucial role in the HP NhaA-
specific acidic pH antiporter activity.

Sodium proton antiporters are ubiquitous membrane resolution {1). For EC NhaA, three Asp residues in the
proteins found in the plasma membrane and organellefourth and the fifth TMs (TM4 and 5) are essential for ion
membranes of cells from various origins, including plants, transport 12), whereas His-2251@, 14) and Gly-338 15)
animals, and microorganism$-5). These antiporters play play important roles in pH sensing. Although extensive
a primary role in the regulation of intracellular pH and studies have been performed, the structfivection relation-
cellular Na concentrations by exchanging Néor H*. In ships integrating the mechanisms of ion transport and pH
Escherichia coli three Nd/H* antiporters (EC NhahA sensing are not fully understood.

NhaB, and ChaA) are knownl), and their functional
characteristics have been well describBd¥). Among the
three antiporters, EC NhaA plays a major role in regulating

. . o dependent antiporter activity very different from that of EC
!ntracellular Na concgntratlonsjo. The activity of EC NhaA NhaA (16). HP NhaA is constitutively active from weakly
is dependent on environmental pH and increases markedly

. . acidic to alkaline pH (pH 6.0 to 8.5), in contrast to EC NhaA,
as pH is elevate.d.from n_eutral to ?"ka"”e' atpH 7.0, EC even though the two proteins have extensive homology at
NhaA has a negligible antiporter activity, whereas at pH 8.5, .

o . ) the primary sequence level. We have analyzed the molecular
it is enhanced by 3 orders of magnitu@. (The topological : . S ) o

] . . _basis underlying this difference in pH sensitivity between
arrangement of 12 putative transmembrane helices (TM) in

i . HP and EC NhaA in an effort to elucidate the mechanisms
EC NhaA has been modeled on the basis of its hydropathy : . 2 S
profile and its secondary structure, as revealedphgA of pH sensing by antiporterd, 13, 16-19). Chimeric and

fusion experimentslQ), as well as on the basis of its tertiary {sg%?rgég?ﬁazgaéi?ﬁéyiﬁfqUivseezz(;vr\llget?gltj rtwgeir?g?arle:ocpe
structure, elucidated by crystallographic analysis at 7 A

y ey grap y structure between TM8 and 9 (loop8) of HP NhaA but by
TM4, 5, and 10, which are highly conserved between the
T This study was supported by a Grant-in-Aid for scientific research two NhaAs (L7, 18). Moreover, mutations causing severe

ggyotpgal\rll)?ri]stry of Education, Science, Culture, Sports and Technol- reduction of activity at any pH range have been mapped to

* Corresponding author. Tel: 06-6850-5812. Fax: 06-6850-5812. two distant regions in the primary sequence, T\sand

We have previously shown that NhaA frath pylori (HP
NhaA) functions inE. coli and exhibits a profile of pH

E-rlnail: kanazawa@bio.scigsa}a-u.ac.jp. TM10—11 (18). These results suggest that TM4, 5, 10, and
Abbreviations: NhaA, N&H* antiporter; EC NhaAE.coli NhaA; ; i i
HP NhaA, H.pylori NhaA: TM. transmembrane domain: NEM, 11 together constitute the esser_wtlal components of the ion

N-ethylmaleimide; AMS, 4-acetamidé-maleiimidylstilbene-2,2 transport pathwayl@). In our previous study, we conducted
disulfonic acid. cysteine scanning mutagenesis of TM4 and analyzed altered
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antiporter activity in the mutantd9). These results indicated Site-Directed MutagenesiSite-directed mutations were
that TM4 faces an aqueous environment and that Thr-140introduced using the two-step PCR methdb)(or the
and Asp-141 may form a Naor Li* binding site. oligodeoxyribonucleotide-directed dual amber (ODA) method

Recently, the crystal structure of EC NhaA at 3.4 A was (26). Cys-less HmMhaA was constructed in the previous study
reported 20). The crystal structure clearly showed the (19) and was used to replace residues with Cys. DNA
presence of a negatively charged ion funnel-like structure, fragments encoding Cys-less HP NhaA were cloned into
which is open to the cytoplasm and terminates in the middle PBR-HP instead of native HP NhaA. pKF19k, harboring the
of the membrane at a putative ion binding site. Because theFLAG-tagged Cys-less HP NhaA gene, was used as a DNA
crystals were grown at pH 4, the structure represents thetemplate for ODA mutagenesis. DNA fragments encoding
inactive state of NhaA. Thus, the active state structure is HP NhaA, in which a single cysteine had been introduced,
not unknown. To reveal the ion transport mechanism of were ligated back into the corresponding sites of pBR-HP.
NhaA, it is essential to analyze the structure of the active The DNA sequences of all mutagenizelaeA were verified
form of NhaA. In this study, to survey residues involved in by DNA sequencing.
the antiport mechanism including its pH dependency, we Immunological Detection of FLAG-Tagged NhaAe
performed scanning cysteine substitution and chemical expression of HP NhaA and mutated HP NhaA was detected
modification by NEM of residues within TM5 together with by western blot analysis, as described previousl; 7).
the neighboring loop regions of HP NhaA. The NEM binding ~ Preparation of Membrane Vesicles, and™d*™ and Li*/
assay is applicable only to neutral pH conditions, and HP H™ Antiporter AssaysEverted membrane vesicles frdn
NhaA is fully active at pH 7, whereas EC NhaA is not. coli cells, which had been transformed with various expres-
Therefore, the Cys scanning mutagenesis and subsequerion plasmids, were prepared and used to determing Na
assays are only applicable to the structure of HP N2 ( H*t or Lit/H" antiporter activity, as described previously

Twenty-three residues between Leu-160 and Phe-182 werel28—30). Everted membrane vesicles (100) were resus-
in a hydrophobic membrane domain, but some residuesPended in 2 mL of assay buffer (10 mM Tricine and 140
within this region (Val-162, lle-165, and Asp-172), residing MM KCl, adjusted to the desired pH with KOH). Proton flow
on one side of a putative-helix, are located in a hydrophilic ~Was measured by monitoring fluorescence quenching of
environment, possibly facing a water filled ion transport 9-amino-6-chloro-2-methoxyacridine (ACMA,) after the ad-
channel. These results are consistent with the crystal structuredition of potassium lactate (5 mM, pH 7.0), a substrate of
of EC NhaA and provide important structural and functional the electron transport respiratory chain. Fluorescence de-

insights into the ion transport mechanism of HP NhaA. ~ duenching after the addition of 5 mM NaCl or LiCl was
monitored with a fluorimeter (JASCO FP-750, JASCO Ltd.,

MATERIALS AND METHODS Tokyo Japan) to measure antiporter activity. As shown
previously, the end level of dequenching is a good estimate
Materials and Reagentfestriction endonucleases, T4 of antiporter activity 81).
DNA ligase, and KOD DNA polymerases were purchased [*4CINEM Modification The F4CJNEM binding experi-
from TOYOBO (Osaka, Japan), and LA-Taq polymerase was ment was performed using sonicated membranes prepared
purchased from TaKaRa Bio, Inc. (Shiga, Japan). Oligo- from E. coliKNabc cells expressing Cys-less NhaA or single
nucleotides were synthesized by Invitrogen (Carlsbad, CA). cysteine mutants. Sonicated membranes (0.5 mg protein)
N-[ethyl-1-“C]maleimide (FCINEM, 1.3 GBg/mmol) was  were incubated in 10@L of 50 mM MOPS-KOH buffer
purchased from NEN Life Science Products (Boston, MA). (pH 7.0) containing 0.1 M KCI and 0.5 mM“CINEM
Other reagents and materials were of the highest COM-(perkin-Elmer Life Sciences) at 30C for 5 min. The
mercially available grade. modification reaction was stopped by adding 1000f 20
Bacterial Strains and Culture ConditionsheE. coli strain mM unlabeled NEM to the reaction mixture, followed by
KNabc (AnhaA::Km', AnhaB:Enf, AchaA:Cnl, SufE, ultracentrifugation at 200,0@or 1 h at 2°C. The resultant
hsdA5, thi, A (lac-proAB)/F' (traA36, proAB™, laclf, precipitate was resuspended in 200 of 10 mM sodium
lacAM15)) (22, 23) was used to express HP NhaA mutant phosphate buffer (pH 7.4) containing 0.1 M NaCl and 1%
proteins and construct various plasmids, respectively. Cells Triton X-100. The suspension was centrifuged at 1783000
were cultured in L broth (LB)Z4) containing 87 mM KCI  for 30 min with an Airfuge (Beckman) to remove insoluble
instead of NaCl (LBK). For growth on solid plates, agar, substances. The resultant supernatant was subjected to
(1.5% wiv) was added to the medium. Transformants were immunoprecipitation with anti-FLAG M2 monoclonal anti-
selected using an appropriate antibiotic. For analysis of saltbodies conjugated to agarose beads (Sigma, St. Louis, MO).
tolerance in KNabc transformed with various plasmids, Immunoprecipitates were solubilized in & of 0.125 M
various concentrations of NaCl or LiCl were added to LB Tris-HC1 buffer (pH 6.8) containing 4% SDS, 20% glycerol,
plates containing 87 mM NaCl. The plates and broth cultures and 0.004% bromophenol blue. SBBAGE was performed
were incubated at 37C. with the solubilized aliquot, according to the method of
Construction of Expression Plasmidéhe construction of ~ Laemmli 32). The“C-labeled NhaA protein was visualized
HP NhaA expression plasmids derived from pBR322 has and quantified using a BAS2500 bio-imaging system (Fuji
been described previousiy ). HP NhaA with a FLAG Film, Tokyo, Japan).
epitope tag at the'2nd of the coding region was expressed  Prevention of FCJNEM Binding by 4-Acetamido-4
from these plasmids under the control of tie¢ promoter. maleimidylstilbene-2-Aisulfonic Acid (AMS) or Siter lons.
NhaAs expressed from these vectors contain an additionalln these assays,/A. of 100 mM AMS (final concentration,
sequence, GMQ, at the junction of the FLAG tag sequence5 mM), 5 uL of 10 mM AgNG; (final concentration, 0.5
(DYKDDDDK). mM), or an equivalent volume of distilled water was added
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Ficure 1: Secondary structure model of HP NhaA predicted by hydropathy analyiarfd our previous study (shaded in grai®) The

residues substituted to cysteine in TM5, loop4, loop5, and TM6 (Lys-161 to Leu-192) are shown in white on a black background. The
native cysteine residues (Cys-226 in TM7 and Cys-344 in TM10) were substituted to serine in the Cys-less HP NhaA.

to 100 uL of a suspension of intadE. coli KNabc cells proteins in the membrane preparation were detected using
expressing mutant NhaA or to a sonicated membrane antibodies against the FLAG tag, which was fused to the
suspension containing a mutant NhaA, followed by incuba- C-termini of the mutants. All of the mutant NhaAs, with the
tion for 30 min at 30°C. Subsequently, 2@L of 3 mM exception of V162C, were present in the membrane in
[““CINEM (final concentration, 0.5 mM) was added to the amounts comparable to that of the wild type. Therefore, the
reaction mixture, followed by incubation for 30 min, and differences in antiporter activity between Cys-less and cyteine
then the mixture was diluted with 99 of the same buffer  mutants, with the exception of V162C, cannot be attributed
containing 5 mM unlabeled NEME. colicells were collected g their defective insertion into the membrane. The IRg
and washed once with the same buffer immediately after gntiporter activity of each cysteine NhaA mutant was
dilution and then were disrupted by brief sonication. The zgsessed using everted membrane vesicles prepare@from
membranes were collected by ultracentrifugation and solu- ¢qji KNabce cells expressing a single cysteine mutant NhaA.
bilized, and NhaA proteins were immunoprecipitated, as The activity was tested at pH 7.5 in the presence of 5 mM
des_cribed above. The'intensities of radioactive bands fol- NaCl, conditions that supported maximal activity for both
lowing p_retreatment with AMS or Agwere compa_re_d t_o the wild type and Cys-less HP NhaA. Although the antiporter
those without treatment. To prevent AgCl precipitation, -,y ities of most of the mutants (28 of 33) were similar to
KNOs was added to all buffers instead of KCI. that of the Cys-less HP NhaA, A168C, D171C, D172C, and
DNA Mampula}tlon and Ot.he_r Procedur.el@reparat]on .Of Y183C NhaA, antiporter activities were significantly lower
plasmids, digestion by restriction endonucleases, ligation of than that of Cys-less HP NhaA (Figure 2B). No activity was
the DNA fragments by T4 DNA ligase, and other techniques observed in the D171C and D172C ml.Jtants, which is

related to DNA handling were performed according to consistent with previous results, suggesting that two Asp
published procedure838). The nucleotide sequences of DNA residues of the EC NhaA corresponding to these HP NhaA

fragments cloned into the various expression plasmids in this’ ~>. . N o .
study were determined using an automated DNA sequencelres'dues. are part of an ion binding site in the antiport
(Model 377; Applied Biosystems, Foster City, CA). Protein mechanism12). To assess the role of Ala-168 and Tyr-183
concentration was determined by the Lowry method using I the anitiporter mechanism, we analyzed kinetic parameters

bovine serum albumin as a standagd)( for these mutants (Table 1). _The apparéqt for Na'
increased 11- and 14. 5-fold in the A168C and Y183C
RESULTS mutants, respectively, whereas the appakgntor Li* also

Antiporter Actiity of Single Cysteine Mutants of HP increased 2.6- and 7.3-fold in the A168C and Y183C
NhaA To replace residues in TM5 and flanking regions mutants, respectively. Thénax values were similar to that
(Figure 1) with cysteines, we used a Cys-less HP NhaA of Cys-less HP NhaA. These increaseKjpvalues suggest
mutant in which both of the two native cysteine residues that Ala-168 and Tyr-183 play an important role in the
were changed to serine residues without decreasing antiporteantiport mechanism. The different degrees in the changes
activity (19). We first measured the amount of NhaA protein of Ky, between N& and Li" might be due to the difference
by western blot analysis of the total membrane preparationsin the structures involved in Neand Li* binding suggested
(Figure 2A). The expression levels of the mutant NhaA previously (7, 19, 39).
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FiGuRe 2: Expression and transporter activity of Cys-less and cysteine mutant NhaAs. (A) Membrane protepns (Gt& protein)

from the KNabc strain transformed with a plasmid expressing a FLAG-tagged Cys-less NhaA or single cysteine mutant NhaAs were
subjected to SDSPAGE (12.5% acrylamide). As a negative control, membrane proteins of cells transformed with pBR322 alone were also
analyzed. After electrophoresis, the proteins were transferred to a GVHP membrane and probed with the anti-FLAG monoclonal antibody
M2 (Sigma), followed by incubation with horseradish peroxidase-linked anti-mouse IgG. Immunoreactive bands were visualized using
ECL (Amersham Biosciences). (B) Everted membrane vesicles were preparedt frooli KNabc transformed by plasmids expressing
Cys-less HP NhaA or various Cys-substituted mutants. The'HNaantiporter activities at pH 7.5 were determined as described in the
Materials and Methods section. The graph shows percent activity, measured as fluorescence dequenching, relative to that of the Cys-less
parent mutant.

Labeling of Introduced Cysteines witH“CJNEM. To of three Cys mutants (V162C, 1165C, and D172C), Cys
examine the accessibility of the residues in TM5 and adjacentmutants between Lys-161 and Phe-182 exhibited very low
loops to a hydrophilic environment, we assessed the labelingreactivity to NEM. In addition, on the basis of our previous
of each cysteine residue in the cysteine-scanning mutantresults (9), we predicted that loop 4 (between TM4 and
NhaA series withT?"CINEM (Figure 3). Because maleimide TM5) extended to Ala-159. Thus, TM5 begins with Leu-
reagents including NEM react with the deprotonated form 160 and ends with Phe-182, suggesting that the integral
of sulfhydryl groups and the reaction requires a water membrane portion is composed of 23 residues (Figure 4A).
molecule as a proton accept@5(-37), this procedure can  The NEM labeling experiments indicated that V162C and
be used for the topological definition of residues in the D172C were highly reactive (Figure 3), whereas 1165C
membrane domain. On the basis of the hydropathy analysisexhibited lower reactivity. When these residues are super-
(16), the membrane insertion of TM5 was predicted to be imposed on arw-helical wheel model and the helix of
between Phe-163 and Tyr-183 (Figure 1). With the exception TM5 in the EC NhaA crystal structure (Figure 4A and B),
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Ficure 3: [*CINEM modification identifies residues exposed to a hydrophilic environment. Sonicated membranes @cein) ofE.

coli cells expressing the cysteine scanning mutants were incubated with 0.3“@MMEM for 5 min at 30°C, followed by solubilization

and immunoprecipitation of NhaA using an anti-FLAG M2-agarose beads (Sigma). The protein bands were visualized affsk@&DS

as described in Materials and Methods. (A) Radioactive NhaA bands visualized with a BAS-2500 Bioimaging Analyzer (Fujifilm) (upper
panels) and the NhaA protein bands visualized by Coomassie Brilliant Blue staining (lower panels). (B) Relative am$GitBM

binding calculated from the band intensities in A. TMC|NEM binding was normalized to that of the A159C mutant, whose mutation is
located in a hydrophilic loop region (Figure 1). TM5 and TM6 shown at the bottom are based on NEM labeling results.

o N ,
Table 1: Apparent Kinetic Parameters of Cys-Less, A168C, D171C, Inhibition of [**C]NEM Labeling by Membrane Imperme-

D172C, and Y183C Mutant Nh&A able Thiol-Reactie ReagentsTo identify whether a putative
Na Lit+ cavity facing TM5 is open to the cytoplasm or the periplasm,
K. Vo K. Vi, we analyz_ed _the effect of a membra}ne_—impqrmeable male-
(mM) (% dequenching) (mM) (% dequenching) imide derivative, 4-acetamidée-faleiimidylstilbene-2,2
Cys-less 0.4 0.2 99+ 1 007001 779 disulfonic acid (AMS), on T*CINEM binding using both
A168C 4.5+0.1 71+ 6 0.18+ 0.01 85+ 5 intact cells and sonicated membranes. For intact cells
Bi%g ; ; ; ; expressing a single cysteine NhaA mutant, pretreatment with
v183C 58124 744 6 0.514 0.05 554 22 AMS was predicted to only block the binding of NEM to

, , — cysteine residues that are accessibly from the periplasmic
aNa'/H* and Lit/H" antiporter activities were measured for the y Y perip

everted membrane vesicles prepared from KNabc cells expressing Cys-Side’ not the cytoplamic sid@&7). Y183C and T184C? were
less or the indicated mutant NhaA in the presence of various hot labeled by NEM when cells were pretreated with AMS
gOQCTthTZtiOHSdC\J}‘ NaCll (0.6%0 mM)l Orl |-tiC(; (t?-otﬂfrﬁ mM)atpH  (Figure 5), indicating that these residues reside in the
0. eKkm an max Values were calculate Yy the linear regression H : H H
of Lineweaver-Burk plots. The data represent the average of two periplasmic loop (loops) (Figure 1). In contrast, the Iabel!ng
independent experimentsThese values could not be determined Of A159C (loop 4), V162C, 1165C, and D172C by NEM in
because of very little activity. intact cells was not significantly reduced by AMS, indicating
that these residues are not exposed to the periplasmic space
the residues all reside on one side of the helix. Thus, Val- but probably face the cytoplasmic compartment. However,
162, lle-165, and Asp-172 are likely to be on one side of a it is also possible that these residues could be exposed to an
putativea-helix, and this side may face a water-filled cavity. occluded aqueous compartment not accessible from either
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Ficure 5: Effects of AMS on J4CJNEM binding to the cysteine
mutant NhaA proteins in intact cells (A) and in sonicated
membranes (B). For both A and B, the upper panels show the
radioactive bands on SDFAGE gels, and the lower panels show
the Coomassie Brilliant Blue staining of NhaA. (A) Intact cells
expressing the cysteine mutants were preincubated in the presence
(+) or absence-{) of 5 mM AMS for 30 min at 30°C, followed

by incubation with 0.5 mM¥CINEM for 30 min. After labeling
was stopped by diluting in excess unlabeled NEM, the cells were
disrupted by brief sonication. The membrane fractions were
solubilized, and the NhaA proteins were immunoprecipitated. (B)
Sonicated membranes were preincubated in the presercer(
absence ) of AMS followed by labeling with *CINEM. The
membranes were solubilized and NhaA immunoprecipitated, as
described above.

cytoplasm

Ficure 4: (A) Helical wheel projection of TM5, viewed from the
cytoplasmic side. The residues of cysteine mutants that showed
NEM reactivity, as shown in Figure 3, are outlined in gray. Cys
mutants that showed lower activities (shown in Figure 2) are shown

V162C | T165C | DI172C€ Y183C

Agt

with white lettering on a black background. (B) Model of TM5 [ »>
structure, generated by homology modeling based on the X-ray NhaA
crystal structure of EC NhaA (pdb code, 1ZCD), showing function-

ally important residues (Ala-168, Asp-171, Asp-172, and Tyr-183) ey
and the residues located in the hydrophilic environment (circled Nhaa —pe- N

residues) 42). Solid black lines represent the boundary of the
membrane indicated by4C]NEM binding experiments (Figure 3).

curface. in sonicated membranes prepared from cells ex PSS, CiEeL S ons SIREN DRG0 Se e,
pressing each of these mutant NhaAs, AMS pretreatmemcysteine mutants were preincubated in the presefterabsence
blocked NEM labeling of A159C, V162C, 1165C, T184C, (=) of 0.5 mM AgNQ; for 30 min at 3C°C, followed by incubation
and T185C (Figure 5). Because sidedness of the membranegiith 0.5 mM L4CINEM for 30 min. After labeling was stopped by

is not maintained in the sonicated membranes, AMS is able dilution with excess unlabeled NEM, the cells were disrupted by
to access cysteine residues from both sides of the lipid brief sonication. The membrane fraction was solubilized, and NhaA
bilayer. Therefore, the rgsult is consistent with the intact cell ‘é\'g‘é i,r\?erpeuc%%raelfz'gga;iddgﬁigzg'?ﬁﬁ;;ﬁrg? gs on SBAGE
results, with the exception of D172C.

Interestingly, NEM labeling of D172C NhaA in the andV. parahemeolyticysre activated by alkaline pH in the
sonicated membranes was not blocked in the presence otytoplasm 8, 38). HP NhaA, however, is fully active at
AMS (Figure 5B), implying that Asp-172 may be embedded acidic pH as well as at alkaline pH. In our previous article
in a narrow pocket on the surface of the putative water filled (18), we proposed that HP NhaA has two activation
cavity and is accessible to NEM but not to AMS. Because mechanisms, one active at acidic pH and another active at
Asp-172 is one of the essential residues for ion transport in alkaline pH, similar to that of EC NhaA. To identify
NhaA, it is very important to know whether the aspartate mutations that affect the pH dependence of the antiporter
residue is accessible from the periplasmic side or not. The activity, we surveyed the antiporter activities of all 35
inhibition of [**CJNEM modification of D172C in intact cells  cysteine mutants under different pH conditions. Most of the
was further tested, using silver ions that are membrane mutations, including 1165C, did not affect the pH dependency
impermeable but much smaller than AMS to bloBiC[NEM of antiporter activities. As expected, D171C and D172C
binding. To our surprise, NEM binding of D172C was showed no activity at any pH. The N&i* antiporter
prevented by silver ions in intact cells (Figure 6). These activities of the A168C and Y183C mutants were remarkably
results indicate that Asp-172 is indeed accessible from thereduced at acidic pH. The pH profiles of Y183C and A168C

periplasmic side.
pH Dependence of the Antiporter A6ty of Mutant NhaA.
NhaA homologues found in other bacteria, includigoli

are similar to that of EC NhaA, which is only active at
alkaline pH (Figure 7) Thus, we concluded that Ala-168 and
Tyr-183 are involved in an activation mechanism oftNa
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Ficure 7: Changes in pH dependence of antiporter activity in the
Cys-less and Cys mutant NhaAs. Everted membrane vesicles were B
prepared from KNabc transformants of Cys-less HP NhaA, Cys
mutant HP NhaAs, and EC NhaA. Antiporter activities were
determined as described in Materials and Methods. The percent
fluorescence dequenching observed after the addition of 5 mM NacCl
or LiCl is plotted against the pH of the assay. (A)Nd" antiporter
activity. (B) Li*/H* antiporter activity. Cys-less HP NhaA@J;
I165C, @); A168C, (0); Y183C, (O); EC NhaA, #).

H* antiport at acidic pH that is specific to HP NhaA. To
our surprise, the Li/H antiporter activity for the A168C
mutant was similar to the Cys-less control. We have
previously reported that Naand Li* binding involves
different structuresl(7, 19, 39), and these data are consistent
with the A168C mutation affecting Nabut not Li* binding.

DISCUSSION

We found that the Cys replacement of several residues in Ficure 8: Schematic diagrams of TM5 and associated domains
TM5, V162C, A168C, D171C, D172C, and Y183C caused (a) Tm5 comprises 23 residues from Leu-160 to Phe-182, as
a decrease in antiporter activity. The D171C and D172C estimated by NEM accessibility experiments. In TM5, the residues
mutations, in particular, caused complete loss of activity. facing a water filled channel are shaded. Important residues for
These results are consistent with a previously reportedion transport are shown with white letters. A possible boundary

; : between cytoplasmic and periplasmic cavities is indicated by the
random mutation study of HP Nha/l§) and a previous arrow and the lateral line between Asp-172 and lle-165. (B) Model

analysis of the two corresponding Asp residues of EC NhaA sty cture of TM4, 5, 10, and 11, generated by homology modeling
(12, 13), in which the replacement of Asp by Asn completely based on the crystal structure of EC NhaA (pdb code, 1ZCD),
abrogated antiporter activity. These results, thus, confirm thatshowing functionally important residues (Phe-144, Met-138, Ala-

these Asp residues function as ion binding sites. The 168, Asp-171, Asp-172, Tyr-183, and Lys-347) and residues located

. in the hydrophilic environment (circled residue&g(42). The EC
replacement of Asp by Cys may cause a conformational NhaA crystal structure shows that TM4, TM5, TM2, and TM9 form

change leading to the loss of activity. However, the replace- 3 water filled cavity open to the cytoplasmic sidf), The parts
ment of these two Asp residues in EC NhaA by 19 other of TM4 and TM5 shown within a shaded area face this cavity.
amino acids also caused total loss of activity (Inoue, H., Parts of TM2 and TM9, which are not shown here, form the front
Noumi, T., and Kanazawa, H., unpublished observations), side of this cavity. Solid black Ilnes r_epresent_the boun_dary of the
suggesting that the loss of activity is due to the change in membrane indicated by4CINEM binding experiments (Figure 3).
the side chain rather than a subsequent conformational
change. We showed previously that Asp-141 and Thr-140 acidic pH antiporter activity specific to HP NhaA. However,
in TM4 may be involved in Naor Li* binding (19). Because  Ala-168 and Tyr-183 are conserved between EC NhaA and
Asp-171 and Asp-172 are thought to be involved i H HP NhaA. Thus, these residues alone cannot determine the
binding, these four residues, Asp-171, Asp-172, Asp-141, HP NhaA specific acidic pH antiporter activity, and ad-
and Thr-140, may form the ion binding sites in the antiport ditional residues may contribute to this activity. One pos-
process. These residues are in close proximity in the ECsibility is that Ala-168 and Tyr-183 are functionally asso-
NhaA crystal structure20), which is consistent with this  ciated with Asp-171 and Asp-172, possibly forming a-H
hypothesis. binding site. Ala-168 is located in the hydrophobic environ-
The A168C and Y183C mutations caused an apparentment and the boundary between the two cavities, which open
decrease in affinity for the transported ions (Table 1), to the cytoplasm or the periplasm (Figure 8A). Moreover,
suggesting that these residues are also involved in ionlle-165, Ala-168, Asp-171, and Asp-172 seem to be located
binding. Interestingly, the A168C and Y183C mutations on the same surface of arrhelix according to the helical
caused a shift in the pH dependence of the antiporter activity wheel model and the EC NhaA crystal structure (Figures 4
to a range similar to that of EC NhaA (Figure 7). These and 8B). A recent multiconformation continuum electrostatic
results suggest that Ala-168 and Tyr-183 are involved in the analysis based on the crystal structure of EC NhaA showed

cytoplasm
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that Tyr-183 (Tyr-175 in EC) is involved in a cluster AMS binds to Cys residues on the membrane surface, its
composed of electrostatically interacting residues, including presence may lead to a relative increase in free NEM.
Asp-141 (Asp-133), Asp-171 (Asp-163), Asp-172 (Asp-164),  Because Asp-171 and Asp-172 are located in hydrophobic
and Lys-347 (Lys-300)40). We reported previously that and hydrophilic environments, respectively, a putative hy-
the M138K and F144L mutations in TM4 as well as K347N drophobic barrier seems to be located at Asp-171 and/or close
in TM10 decreased the antiporter activity at acidic [d8)( to residues between lle-165 and Asp-172 (Figure 8A).
similar to the A168C and Y183C mutations examined here. Although the structural characteristics of a putative hydro-
Therefore, these three residues are also involved in thephobic barrier are not precisely defined at present, it is highly
antiporter activity at acidic pH. On the basis of our study, probable that this putative hydrophobic barrier may function
together with the multiconformation continuum electrostatic as a gate between the two water filled cavities. These two
analysis results, we concluded that the proper conformationcavities and the putative gate structure may form an
of thea-helical structure of TM5, which depends on residues, hourglass-like structure. Because Asp-171 is essential for
including Ala-168, Tyr-183, Met-138, Phe-144 and Lys-347, antiporter activity, Asp-171 may not always be in a hydro-
may influence the K, of Asp-171 and Asp-172. The phobic environment that is not NEM reactive. Therefore, we
a-helical structure of TM5 defined by these residues may believe that alternating proton binding to both Asp-171 and
specify the different pH dependencies betweenEheoli Asp-172 occurs during the operation of the antiporter. Proton
andH. pylori proteins.H. pylori lives in acidic conditions  binding to one of these residues might cause a local
in the stomach and is pathogenic for stomach ulcers andconformational change, leading to a transient reduction in
cancer 41), and the structures involved in the. pylori the hydrophobic barrier and translocation of the ions. This
specific antiporter activity may provide a target for drug assumption could be an important clue for future experi-
treatments to reduce the antiporter activity. This reduction mental studies to detect conformational changes in the
of NhaA activity might lead to the modulation of cell growth  putative gate, which are required for ion translocation. The
of H. pylori in the stomach. topology of Asp-172 identified in this study is inconsistent

NEM labeling experiments revealed that TM5 is comprises with the crystal structure of EC NhaA, in which Asp-172
23 residues (Leu-160 to Phe-182), and three residues, Val-(Asp-164 in EC NhaA) is exposed to the cytoplasmic space.
162, lle-165, and Asp-172, are exposed to an aqueousThe apparent difference in topology of the two Asp’s from
environment. In addition to TM5, loop 5 between TM5 and HP and EC NhaA could also reflect active and inactive states
TM6 consists of residues 183 to 191. On the basis of an of the gate area. NEM binding to D172C was inhibited by
o-helical wheel model of the transmembrane region (Figure Ag™ but not by AMS. This difference may be due to
4A), three residues, Val-162, lle-165, and Asp-172, are differences in the size of the two inhibitors and suggests that
predicted to be on the same face of thidelix, suggesting  Asp-172 is probably located in a narrower hydrophilic space
that this face lines the aqueous cavity conducting ion that Ag" but not AMS is able to enter.
transport. The crystal structure of EC Nha20) (Figures Multiple conformational changes may occur during the
4B and 8B) showed that a water filled cavity open to the antiport in NhaA. In the present study, we labeled NhaA
cytoplasmic side is formed by the parts of TM4, TM5, TM2, with NEM in the absence of Neaor Li* at pH 7. Therefore,
and TM9. Val-162 (lle-154 in EC) and lle-165 (Met-157), the structure we predict here may reflect one of several
and possibly Asp-172 (Asp-164) face this cavity, consistent expected conformations. NEM labeling in the presence of
with our prediction for these residues of HP NhaA. NEM various concentrations of Nar Li* will provide additional
reacts with D172C but not with D171C, indicating that these information about the putative conformations of the trans-
two aspartate residues are in different environments. Theporter.
orientation of the side chains of two Asp residues in EC
NhaA crystal structure (Figure 8B) supports this result. REFERENCES
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